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Abstract: The lunar surface progressively darkens and reddens as a result of sputtering from solar wind
particles and bombardment of micrometeoroids. The extent of exposure to these space weathering agents
is frequently calculated as the location in a diagram of reflectance at 750 nm vs. 950 nm/750 nm color
(R-C). Sim & Kim (2018) examined the R-C trends of pixels within ∼3,500 craters, and revealed that the
length (L) and skewness (s) of R-C trends can be employed as a secondary age or maturity indicator. We
broaden this research to general lunar surface areas (3,400 tiles of 0.25◦ × 0.25◦ size) in 218 mare basalt
units, whose ages have been derived from the size-frequency distribution analysis by Hiesinger et al. (2011).
We discover that L and s rise with age until ∼3.2 Gyr and reduce rather rapidly afterward, while the
optical maturity, OMAT, reduces monotonically with time. We show that in some situations, when not
only OMAT but also L and s are incorporated in the estimation utilizing 750 & 950 nm photometry, the
age estimation becomes considerably more reliable. We also observed that OMAT and the lunar cratering
chronology function (cumulative number of craters larger than a certain diameter as a function of time)
have a relatively linear relationship.
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1. INTRODUCTION

Lunar regolith experiences alteration of brightness and
color as its degree of exposure to space increases. Sput-
tering from solar wind particles and bombardment of
micrometeoroids are the main causes for the darkening
and reddening of the regolith (Keller & McKay 1997).
These space weathering processes induce formation of
“nanophase metallic iron particles” in the rims of re-
golith grains and “microphase opaque (or Britt-Pieters)
particles” in agglutinates (Hapke 2001; Pieters & Noble
2016). It has been demonstrated through various soil
sample studies, laboratory experiments, and theoretical
modeling, that the nanophase iron particles are respon-
sible mainly for reddening and the microphase opaque
particles mainly for darkening (Pieters & Noble 2016,
and references therein). Nevertheless, precise weath-
ering processes, like the relative importance between
micrometeoroids and solar wind and the evolutionary
pathway in the reflectance-color (R-C) space as a func-
tion of exposure by each weathering agent, are not fully
understood yet.

In a space of 750 nm reflectance (R750) vs.
950 nm/750 nm color (C950/750), Lucey et al. (2000a,b)
quantified the degree of optical maturity (darkening and
reddening; OMAT) and iron content (FeO) with the
Euclidean distance to a “hypermature” point and an
angle from a horizontal line starting from the hyper-
mature point, θFe, respectively. The method developed
by Lucey et al. isolates the impacts of maturity and
iron content simply and is highly useful in estimating
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the amount of exposure to the space weathering agents
with the minimum amount of observational data.

To prevent random, pixel to subpixel-scale devia-
tions such as newly formed small, unresolved craters
and to achieve statistically reliable, representative val-
ues, OMAT and FeO values are usually calculated by
averaging R750 and C950/750 values in some wide area
around the point of interest. The distribution of pixel
values in the R-C space for an area, on the other hand,
contains additional information than the simple OMAT
and FeO from averaged R and C values. Staid & Pieters
(2000) and Wilcox et al. (2005), for example, analyzed
the rotation angles of the linear trends in the R-C space
formed by pixels in mare craters. Hemingway et al.
(2015) evaluated the R-C trend for the entire mare re-
gion on the Moon and proposed a model that the po-
sitional evolution of the R-C distribution trend for a
certain region on the Moon is determined not only by
the maturity and iron content of the region, but also by
the local solar wind flux. These studies show the po-
tential values of the information included in the shape
and location of the pixel distribution trend in the R-C
space.

Sim & Kim (2018, Paper I hereafter) analyzed the
trends in the R750 vs. C950/750 space of 3,495 craters
with diameters larger than 2 km and wall slopes steeper
than 15◦ to systematically understand the features of
R-C trends of both mare and highland craters in near
and far side of the Moon. They described the trend
shapes with three parameters, 95th-percentile length
along the fitted line to the trend (L), statistical skew-
ness (the third moment of the distribution along the
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Figure 1. The shapes of 218 mare basalt units and locations of 3,400 0.25◦ × 0.25◦ tiles that are used in the present study.
The ages of units derived from the CSFD measurements (H11) are color-coded.
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fitted line to the trend; s), and clockwise rotation angle
from the horizontal line (θ; see Figure 2b for picturized
definition), and found that L and s have correlations
with three maturity-related parameters, optical matu-
rity (OMAT), wall slope, and the depth-to-diameter ra-
tio of the crater while θ values are faintly different from
θFe values but they are tightly correlated.1 L values
of mare craters were linearly correlated with OMAT
at lower (more mature) OMAT values (OMAT < 0.3),
whereas those of highland craters were linearly corre-
lated with OMAT at higher (fresher) OMAT values
(OMAT > 0.2). s values of both mare and highland
craters were linearly correlated with OMAT and wall
slope at all s range. This means that, in addition to
OMAT, L and s can be used as auxiliary secondary
maturity indicators to improve statistical reliability.

Paper I interprets the correlations of L and s with
OMAT in the following manner: When the surface
is very fresh, most of the pixels are located near the
bottom-right end of the R-C trend, thus L is small and
s is close to zero. As the surface ages (intermediate ma-
turity), pixels generally move toward the upper-left end
of the trend while some pixels return to the fresh side
(bottom-right end) of the trend due to the gardening by
meteorites, which makes L larger and s more positive
(larger). When the surface sufficiently matures, most of
the pixels reside near the saturation point at the upper-
left end of the trend and only few pixels become slightly
fresher due to gardening (because most of the gardened
soil grains are already mature), which makes L shorter
and s less positive (smaller).

In the present study, we extend the work of Paper I
to the general surface of the Moon to test if valuable in-
formation can be derived from L, s, and θ values outside
craters as well. Other than the reflectance-based pa-
rameter like OMAT, parameters like a crater wall slope
and a depth-to-diameter ratio can be implemented as
approximate age estimators for craters, but the crater
size-frequency distribution (CSFD) analysis is the only
reliable age estimator for the general lunar surface out-
side craters. Here, particular attention will be given to
how parameters on spectral properties such as OMAT,
L, and s are correlated with the age estimated from
physical characteristics using the CSFD.

2. DATA

As in Paper I, we utilize the topographically corrected
Multiband Imager(MI)’s 750 and 950 nm mosaics (2,048
pixels per degree) from the SELENE (Kaguya) mis-
sion (Ohtake et al. 2008, 2013) for reflectance and color
data. The age obtained from CSFD measurements for
exposed mare basalt units on the lunar nearside by
Hiesinger et al. (2011, H11 hereafter) is used to esti-
mate the age of the lunar surface. The H11 data have

1Note that θ is the angle of the R-C distribution trend from the
horizontal line, while θFe is the angle between the horizontal line
starting from the hypermature point defined by Lucey et al.
(2000a,b) and the line connecting a certain point in the R-C
space and the hypermature point. In Lucey et al.’s procedure,
the iron content FeO is solely determined by θFe.

291 mare basalt units, each with an age estimate rang-
ing from 1.2 to 3.9 Gyr with three significant digits.

We restrict our analysis areas to select tiles that
are inside the 291 units for practical purposes. We place
0.25◦ × 0.25◦ size tiles2 centered at the grid formed by
longitudes at every degree between −89.5◦ and 119.5◦,
and latitudes at every degree between −49.5◦ and 49.5◦.
Out of 21,000 (210 × 100) tiles on the grid, 3,388 tiles
were inside one of 204 units. For the units that con-
tain no tiles in them, we manually place a tile close to
the center of the unit if the unit is within the latitudes
between −50◦ and 50◦ and is adequate to encompass
a 0.25◦ × 0.25◦ tile. Fourteen units met these criteria,
thus a total of 3,400 tiles inside one of 218 units are
employed in the present study. Figure 1 depicts the
shapes of mare basalt units, locations of the 3,400 tiles,
and the age of 218 units obtained from the CSFD mea-
surements. Hereafter, the variable Age is the age of
these 218 mare basalt units estimated by H11.

As demonstrated in Paper I, sloped surfaces can
have different degrees of space weathering from nearby
flatter surfaces. In order to minimize the effect of lo-
cally varying surface slope angles and directions on L
and s, we exclude sloped surfaces (slopes more than
5◦) from our analyses by utilizing the digital elevation
model (DEM; 512 pixels per degree) from the Lunar
Orbiter Laser Altimeter and SELENE Terrain Camera
(Barker et al. 2016). The photometric properties of
somewhat flatter areas inside and right outside craters
may differ significantly from those of typical, adjacent
locations. To eliminate these areas, we additionally
mask out regions within 2 times of the crater radius
(rc) from the crater center using the global database of
lunar impact craters by Robbins (2019), which is com-
plete down to diameters of 1–2 km. We confine this
process to craters with rc < 30 km assuming that flat
areas inside and outside the craters with rc > 30 km
are old enough to have similar photometric character-
istics to a nearby area. When masking with DEM, the
central region of the crater (flat floor area) is missed in
some cases of small craters not in Robbins’ database.
To eliminate these holes in the masking images, we per-
form a dilation operation twice to the masking image
with the radius of three pixels.

Three tiles are shown in Figure 2 as examples of the
masking, where the panels in the left column are R750

images of select 0.25◦×0.25◦ tiles and those in the mid-
dle column are the same images overlaid with masked
areas. Most medium to small craters have been masked
out, but craters smaller than 1–2 km are not. Our pho-
tometric analyses will hence include the effects of these
smaller craters, whose number density (frequency) is a
stable age indicator.

We adopt OMAT and θFe defined by Lucey et al.
(2000b) and Lucey et al. (2000a), respectively,

2The actual size of these tiles are 0.25◦ cos(lat) × 0.25◦ where
lat is the latitude, following the way SELENE MI mosaics are
provided. We consider the effects of this on our photometric
analyses as described in Section 3.
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Lon=309.5, Lat=40.5 (Unit P58)

a) L:0.072  q:85.0  s:0.320  w:0.0012
OMAT: 0.2  FeO:16.6  Age:1.3

Lon=310.5, Lat= 1.5 (Unit P24)

b) L:0.091  q:85.0  s:0.734  w:0.0013
OMAT: 0.2  FeO:17.8  Age:3.0

Lon= 19.5, Lat=12.5 (Unit T12)

c) L:0.046  q:86.1  s:0.103  w:0.0010
OMAT: 0.1  FeO:18.1  Age:3.7

Figure 2. Three 0.25◦ × 0.25◦ tiles as examples of our masking (middle panels) and R-C trend fitting (right panels). The left
panels are R750 images. Tile a) (Unit P58) is an example of young (1.3 Gyr old) surface, tile b) (Unit P24) is an example
of intermediate-age (3 Gyr old) surface, and tile c) (Unit T12) is an example of old (3.7 Gyr old) surface. The right panel
of tile b) shows the definition of the 95th-percentile length, L, statistical skewness s, and the clockwise rotation angle of the
fitting line from the horizontal line, θ.

OMAT ≡

[
(RC750 − 0.08)2 +

(
RC950

RC750
− 1.19

)2
]1/2

θFe ≡ −arctan

[
RC950/RC750 − 1.19

RC750 − 0.08

]
,

(1)

where RC750 and RC950 are the Clementine reflectances

at 750 nm and 950 nm, and we adopt the reflectance
conversion provided by Lemelin (2016),

RC750 = 1.51×R750 + 0.020

RC950 = 1.38×R950 + 0.022,
(2)

where R750 and R950 are the SELENE reflectances at
750 nm and 950 nm.
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Figure 3. (Upper panel) Average difference between L values
from the mock tiles targeted for latitudes of 3◦, 10◦, 20◦, 30◦,
40◦, and 50◦ and that from the original tile (mock minus
original). (Lower panel) Same as the upper panel, but for
s. Solid lines are fitting curves whose parameters are given
in Table 1.

3. SPECTRAL TREND IN R-C SPACE

We calculate three R-C trend shape parameters, L, s,
and θ for each of the selected 3,400 tiles in the mare
basalt region. Each tile has 512× 512 pixels and has a
diverse number of masked pixels. Since L and s (par-
ticularly L) may be dependent on the number of pix-
els employed in the calculation, we randomly choose
Nsamp pixels among unmasked pixels in each tile when
calculating L, s, and θ. Increasing Nsamp will raise
the chance of not having enough unmasked pixels in
the tile, and decreasing Nsamp will enhance the random
noise in estimating the shape parameters. We tried sev-
eral Nsamp between 482 and 1962 and discovered that
1282 is the smallest, statistically stable number. Our
photometric analyses are performed with this Nsamp.

Using a robust least absolute deviation method, we
estimate L, s, and θ by fitting a straight line to the pixel
distribution trend in the R750-C950/750 space. Then θ
is a clockwise angle of the fitted line from a horizontal
line (see Figure 2c). We clip out the outermost 2.5% of

Table 1
Fitting parameters for ∆L and ∆s

|lat| range p1 p2

∆L |lat| < 10◦ −2.33× 10−3 3.72× 10−1

. . . |lat| > 10◦ −2.51× 10−3 1.59× 10−5

∆s |lat| < 10◦ 3.30× 10−2 1.88× 10−1

. . . |lat| > 10◦ 3.17× 10−2 9.66× 10−5

The fitting formulas are p1 · erf(p2 · |lat|) for |lat| < 10◦, and
p1 + p2 · |lat| for |lat| > 10◦.

each end of the trend and acquire L as the highest span
along the fitted line and s as the skewness of the remain-
ing pixels. The skewness is defined to be positive when
pixels are more concentrated toward the upper-left side
in the trend (when the fatter tail is on the lower-right
side of the trend). In some tiles, there is more than
one trend or the trend is unusually thick. These are the
cases where the tile is comprised of different topograph-
ical characteristics or a part of the tile region is covered
by an ejecta blanket. These situations make the L, s,
and θ determination difficult, as a result, we exclude the
tiles with a trend width w larger than a certain value
(see Section 4) from our photometric analyses (w is de-
fined to be the mean distance of remaining pixels to the
fitted line).

The shapes of our tiles (and pixels in them) pro-
jected on the lunar surface are isosceles trapezoids be-
cause the original SELENE MI mosaics are provided for
each 1◦×1◦ area in selenographic coordinates regardless
of the latitude. Thus the pixels at the latitude lat have
smaller longitudinal ground coverage than those at the
equator by a factor of cos(lat). To test if this affects the
estimation of L and s, we perform the following exper-
iment: We assume that the tiles with lat < 15◦ are not
affected by the cos(lat) effect, and resample3 them as
if they are located at absolute latitudes of 3◦, 10◦, 20◦,
30◦, 40◦, and 50◦. Then L and s are calculated for each
mock tile and compared to those from the original tile.
Figure 3 shows the average differences between L or s
values from mock tiles and those from the original tiles
(mock minus original) as a function of latitude. Con-
sidering the typical variations in L and s in our entire
tiles, ∼0.15 and ∼1.5 respectively (see Figure 4a–f), the
average differences between the mock and original tiles
shown in Figure 3 are relatively insignificant. Neverthe-
less, we fit the points in Figure 3 with smooth functions
(given in Table 1) and correct our L and s values for
the cos(lat) effect with obtained fitting functions.

4. CORRELATION BETWEEN R-C TREND AND
MATURITY PARAMETERS

Figure 4 shows scatter plots between four R-C trend
shape parameters (L, s, θ, & w) and two maturity pa-
rameters (OMAT and Age) plus the iron content (FeO).

3The resampling is done while conserving the total pixel intensity
of original tile.
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Figure 4. Scatter plots between four R-C trend shape parameters (L, s, θ, & w) and two maturity parameters (OMAT and
Age) plus the iron content (FeO). Data points (tiles) located in the shaded areas of panels h and k are excluded from our
analyses (see text). Spearman’s rank correlation value is provided in the lower-left corner of each panel.
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Figure 5. Scatter plots between OMAT, Age, and FeO (panels a–c), those between L, s, and θ (panels d–f), and those
between L, s, & θ and w (panels g–i).
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OMAT and FeO values are the median values in each
tile, and Age is the age acquired from CSFD measure-
ments for the mare basalt unit that each tile belongs
to. Figure 5 shows scatter plots between OMAT, Age,
and FeO (panels a–c), those between L, s, and θ (panels
d–f), and those between L, s, & θ and w (panels g–i).

These two figures are to demonstrate the general
tendencies among new parameters that we acquire in
the present study and existing parameters. First we
briefly describe few correlations, and discuss them more
quantitatively later.

L displays a weak correlation with OMAT (Fig-
ure 4a; Spearman’s rank correlation ρ of 0.31). A
smaller OMAT value corresponds to more maturity,
therefore L has an inverse correlation with maturity.
This is the tendency found in Paper I (its Figure 3b):
the length of the R-C trend becomes shorter as the sur-
face matures, which is considered to be caused by satu-
ration in photometric evolution (darkening and redden-
ing). L is generally smaller for larger FeO (Figure 4b;
ρ = −0.11), and its correlation with FeO is weaker than
that with OMAT. Although FeO is supposed to be in-
dependent of maturity, the weak correlation between
L and FeO is probably caused by the dependence of
photometric evolution speed on FeO. The correlation
between L and Age appears more difficult (Figure 4c;
ρ = −0.030): the spread in L is the largest near Age =
3 Gyr, then L shows a relatively stronger inverse cor-
relation with Age. We will discuss this relationship in
detail later.

s displays correlations with OMAT, FeO, and Age
(Figure 4d–f; ρ = 0.070, −0.026, and −0.025, respec-
tively) that have similar tendencies to those seen for L.
This is the outcome of a relatively tight correlation be-
tween L and s as demonstrated in Figure 5e. We will
discuss a modified version of Figure 4f in detail later as
well.

θ shows some correlation with FeO (thus with θFe;
Figure 4h; ρ = 0.31). This also is the tendency found in
Paper I (its Figure 5c). This correlation supports the
assumption made by Lucey et al. (2000a,b) that the
evolutionary trend in the R-C space (at least approxi-
mately) converges to a hypermature point regardless of
θFe.

w has a stronger correlation with FeO (Figure 4k;
ρ = −0.71), but this has something to do with the fact
that the X- and Y -axes of the R-C space have different
scales: the same apparent spread perpendicular to the
fitted line in the right columns of Figure 2 results in a
larger w when θ (thus FeO) is smaller.

Figure 5b shows that Age and OMAT have some
anti-correlation ρ = −0.32. This is likely the first at-
tempt that shows the link between OMAT and a well-
established age estimate for extensive lunar surface ar-
eas. We will discuss this correlation in more detail later.

Figure 5c indicates that the mare basalt units stud-
ied in H11 have FeO values greater than ∼15% in all
ages, while FeO values smaller than ∼15% are found ex-
clusively in units older than 2.6 Gyr. This is probably
because older surfaces are more frequently mixed with

highland soils due to more massive meteor bombard-
ment and/or shallower mare layers in the early eras of
the Moon.

Now we discuss correlations between Age and L,
s, & OMAT in more detail. For this, we exclude tiles
that may be influenced by multiple R-C trends, ejecta
blankets from neighboring craters, or potential mixtures
with highland soils. In order to find proper correlations
between parameters that are not affected by these less
common features, our analyses hereafter exclude tiles
with θ < 83◦, θ > 88◦, w > 0.0027, or FeO < 14%
(shaded areas in Figure 4h,k).

Figure 6a–c depicts L, s, and OMAT as a func-
tion of Age with average values (diamonds) and their
uncertainties (error bars) for eleven Age bins indi-
cated by color bars at the bottom of the panels (the
bin ranges are selected such that the numbers of data
points in each bin are similar and the turnover around
Age ∼ 3.2 Gyr is well-captured). The rank correlations
of entire L and s data with Age are not significant as
shown in Figures 4c,f, but after culling the data with
forementioned θ, w, and FeO requirements, the depen-
dence of L and s bin averages on Age becomes more
prominent.

Both L and s have a steady increase with Age for
Age < ∼3.2 Gyr, then show relatively rapid reduction
afterward. These non-monotonic tendencies are not ev-
ident in the relations between L and OMAT or between
s and OMAT for craters (Paper I) or general surfaces
(Figure 4a,d). This is likely because the Age depen-
dence of OMAT is weak for Age < 3 Gyr and the bulk
of data points are located at Age ≳ 3 Gyr.

The non-monotonic evolution of L and s can be
understood in the following way. When a surface area
is very young, most of the area is bright and barely
reddened. Thus most pixels in the R-C space are posi-
tioned in the lower-right end of the trend, which makes
L and s small (short trend length and relatively sym-
metric trend distribution). As the surface ages, the
pixels collectively move toward the upper left (darker
and redder) direction along with the trend while some
pixels move back toward the lower-right end of the
trend due to gardening (freshening) by small to micro-
meteoroids. This gardening process cause L and s to
rise (longer trend length and more asymmetric trend
distribution with a fatter tail toward the lower-right
end). After some point of photometric evolution or
aging, two things take place: 1) gradual saturation in
darkening and reddening, and 2) slow-down in garden-
ing (as the majority of the regolith grains right beneath
the surface has become weathered). These two phe-
nomena are thought to be the causes of turnover after
Age ∼ 3.2 Gyr: L and s decrease with Age relatively
rapidly in this Age regime.

The epoch of kinks in the L and s evolution seen
in Figure 6a,b, ∼3.2 Gyr, is close to the epoch when
the width of FeO distribution significantly changes over
Age, ∼2.8 Gyr, as shown in Figure 5c. This may suggest
that the non-monotonic behavior of L and s has some-
thing to do with the FeO distribution. However, we
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Figure 6. L, s, and OMAT as functions of Age (panels a–c) and τ3 (panels d–f). Here, only the tiles with 83◦ < θ < 88◦,
w < 0.0027, and FeO > 14% are included. Color bars indicate Age bin ranges and their corresponding τ3 bin ranges that
are used to calculate bin averages (diamonds) and their uncertainties (error bars). The widths of Age bins are multiples
of 0.1 Gyr, and are chosen such that both the number of data points and the bin width do not significantly vary from bin
to bin. Solid lines are fitting curves whose parameters are given in Table 2. Fitting with two (L & s) or one (OMAT)
straight line(s) was performed for panels d–f (X-axis with τ3), then the fitting lines have been applied to panels a–d using
Equation (4).
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Table 2
Fitting parameters for L, s, and OMAT

τ3 range p1 p2

L τ3 < 1.13 6.23× 10−2 1.57× 10−2

. . . τ3 > 1.13 8.67× 10−2 −5.92× 10−3

s τ3 < 1.13 2.13× 10−1 2.18× 10−1

. . . τ3 > 1.13 5.44× 10−1 −7.42× 10−2

OMAT - 1.71× 10−1 −8.06× 10−3

The fitting formula is p1+p2 ·τ3. Note that τ3 = 1.13 corresponds
to Age = 3.2 Gyr.

find that changing the FeO constraint from FeO > 14%
to FeO > 16% only slightly alters L and s behaviors
in Figure 6a,b, and conclude that the non-monotonic L
and s evolution is not caused by different FeO spectra.

Figure 6c shows that OMAT is a monotonic func-
tion of Age, but decreases more rapidly after Age ≳
3.2 Gyr. This epoch roughly coincides with the time
when the lunar cratering chronology Ncum,1km (the cu-
mulative number of craters larger than 1 km in diame-
ter per km2 as a function of time) begins to flatten. We
adopt the empirically obtained chronology function by
Neukum et al. (2001),

Ncum,1km = 5.44× 10−14 [ exp(6.93 ·Age)− 1 ]

+ 8.38× 10−4 ·Age,
(3)

where Age is in units of Gyr. Figure 7 depicts that after
Age ∼ 3 Gyr, both cratering chronology and its deriva-
tive (crater production rate) flatten. Since micromete-
oroid bombardment is responsible for darkening, red-
dening and gardening, it is worth trying to express the
X-axes in Figure 6a–c in terms of chronology function.
For this, we define a unitless chronology variable,

τ3(Age) ≡
Ncum,1km(Age)

Ncum,1km(3Gyr)
, (4)

which is simply a chronology function scaled to 3 Gyr.
Figure 6d–f illustrates L, s, and OMAT as functions of
τ3 with average values (diamonds) and their uncertain-
ties (error bars) for eleven τ3 bins that correspond to
the Age bins in Figure 6a–c.

We find that OMATs are well fitted by a straight
line when plotted against τ3 (Figure 6f; note that five of
eleven bins are located at τ3 > 1.13 or Age > 3.2 Gyr),
and this is interesting because darkening and reddening
are known to be caused by both solar wind particles
and micrometeoroids whereas τ3 is related to the cu-
mulative amount of (micro)meteoroids only. This could
mean that the R-C trend evolution during the heavy
bombardment era was dominated by micrometeoroids.
On the other hand, there are several indications from
remote-sensing measurements that solar wind particles
are more effective in the spectral change of the lunar
regolith: higher albedos (less space-weathered) where
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Figure 7. (a) Lunar cratering chronology Ncum,1km by
Neukum et al. (2001). (b) Age derivative of Ncum,1km. Both
chronology and its derivative flatten after Age ∼ 3 Gyr.

local magnetic fields are strong enough to stand off the
solar wind (Kramer et al. 2011; Glotch et al. 2015),
higher albedos at higher latitudes due to the decreased
intensity of solar wind (Hemingway et al. 2015), and
the longitudinal dependence of east-west differences in
crater wall albedo and redness, which can be explained
by solar wind shielding during the Moon’s pass through
the Earth’s magnetosphere (Sim et al. 2017). Figure 6c
however implies that the micrometeoroid bombardment
may dominate the spectral change when its flux is over-
whelmingly abundant compared to the solar wind par-
ticles, such as during the heavy bombardment period
at Age > ∼3 Gyr.

Unlike OMAT, L(τ3) and s(τ3) cannot be fitted
with a straight line. Figure 6d,e depicts the fitting
with two joint straight lines. The curves shown in Fig-
ure 6a–c are the same fitting lines in Figure 6d–f ex-
pressed in terms of Age instead of τ3. Note that the
fitting curves plotted against Age well represent the be-
haviors of bin averages as well.

5. DISCUSSION

The relationships we have found between L, s, OMAT,
and Age have two immediate applications: 1) reducing
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Table 3
Bin averages and standard deviations for L, s, and OMAT

Bin Ranges

Age τ3 L σ(L) s σ(s) OMAT σ(OMAT)

1.2–1.8 0.39–0.59 0.0723 0.009 0.345 0.18 0.171 0.015
1.8–2.3 0.59–0.75 0.0709 0.010 0.361 0.15 0.165 0.011
2.3–2.7 0.75–0.88 0.0752 0.010 0.375 0.17 0.166 0.013
2.7–3.0 0.88–1.00 0.0746 0.012 0.367 0.18 0.163 0.012
3.0–3.1 1.00–1.06 0.0787 0.013 0.447 0.21 0.164 0.013
3.1–3.2 1.06–1.13 0.0820 0.015 0.453 0.21 0.162 0.013
3.2–3.3 1.13–1.26 0.0757 0.013 0.464 0.17 0.160 0.008
3.3–3.4 1.26–1.47 0.0769 0.012 0.469 0.20 0.159 0.011
3.4–3.5 1.47–1.86 0.0789 0.012 0.430 0.18 0.159 0.013
3.5–3.6 1.86–2.62 0.0760 0.018 0.371 0.22 0.161 0.021
3.6–3.75 2.62–5.31 0.0636 0.014 0.270 0.21 0.142 0.011

the uncertainty in estimating the exposure age of the
lunar surface from photometry, and 2) providing addi-
tional constraints in modeling optically maturing (dark-
ening and reddening) processes.

Although Figure 6f reveals a fairly linear relation-
ship between OMAT and τ3, the spread of OMAT val-
ues in each τ3 bin is quite broad (the bin average and
standard deviation values are given in Table 3). Typical
OMAT spread (standard deviation) in each bin, 0.013,
is nearly half of the difference between the averages in
the first and last bins, 0.029. Hence, when estimat-
ing an exposure age from OMAT for lunar surfaces of
≳ 0.25◦ × 0.25◦ size, a considerable degree of uncer-
tainty is unavoidable. Although L and s have bigger
relative uncertainties (ratios of typical spread in the
bin to the difference between the highest and lowest
bin averages) than OMAT does, additional considera-
tion of L and s will raise the reliability of photomet-
ric age estimation. For example, let us consider a re-
gion with OMAT = 0.142, L = 0.0636, and s = 0.270,
which correspond to the bin averages of the last Age
bin (3.6 < Age/Gyr < 3.75). Assuming Gaussian
distributions in each bin, the probability for a sur-
face with 3.0 < Age/Gyr < 3.4 accidentally having
OMAT = 0.142 or smaller is 8.7% (z-score of 1.71; con-
sidering both sides of the OMAT distribution). But the
probability drops to 0.8% when L and s accidentally
having 0.0636 and 0.270 or smaller, respectively.

The exact contribution of solar wind particles and
micrometeoroids to the darkening and reddening of the
lunar regolith is yet unknown (e.g., Pieters & Noble
2016). The works by Hemingway et al. (2015), Sim et al.
(2017), and Paper I provided insight on the distinct
roles of solar wind particles and micrometeoroids on
the evolution of the R-C trend. The modeling of dark-
ening and reddening by solar wind particles and mi-
crometeoroids along with gardening by small to micro-
meteoroids should be included in a full understanding
of optical evolution in the R-C space.The detailed evo-
lution of L, s, and OMAT with exposure age that we

discovered in the present study will serve as valuable
constraints to such complete modeling.
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