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Introduction:  Lunar soils are characterized by
presence of nanometer size grains of reduced iron
(npFe0) in the 100-200 nm-thick outer zones of
regolith particles [1]. Particles of mature lunar soils
contain npFe0-grains also all over the volume [2]. The
average diameter of npFe0 in the particle rims has been
reported to be near 50 Å [3,4]. Besides, Fe0-grains of
sizes up to a few microns were also found [2,5].
“Overmaturation” of a soil, i.e., npFe0-grain growth up
to sizes as large as 0.1 – 1 µm may be important for
remote sensing of the surface at wavelengths of the
order of these sizes.

Nanometer grains of Fe0, being much smaller than
optical wavelengths, provide effective light absorption
without light scattering. Their presence causes darken-
ing of the lunar soil [6,7]. When metal grains grow to
sizes of the order of the wavelength or larger, they
become opaque. For such particles, scattering dominat-
es absorption. Such a “removal” of efficient light ab-
sorbers may cause brightening of “overmature” soil.

Here we estimate the possibility of overmaturation
of lunar and Mercurian regolith extending ideas of [8].

Kinetics of nFe0 growth:  To describe growth of
Fe0 grains we use ripening theory [9]. The factor that
initiates the first stage of the ripening process
(precipitation) is supersaturation of a silicate particle
(or a part of it) with Fe0 atoms. The excess Fe may be
caused by different processes, e. g., selective removal
of sputtered or evaporated atoms and redeposition of
excess metal of the particle surface [7], reduction after
local heating in meteoroid bombardment, etc.

Note that supersaturation itself may not result in
precipitation. The excess atoms join in grains if atomic
mobility is sufficiently high. In solid materials this can
be achieved at high temperatures, since diffusion
coefficients D that characterize the mobility of atoms
are extremely temperature-dependent. In melted par-
ticles the values of D exceed greatly those in solid
material.

Beside kinetic constraint, thermodynamic condition
should be satisfied, namely, supersaturation should be
so high that the radius of the critical nucleus R0 could
become smaller than the size of a cluster of a few
atoms: R0 = 2αsω/kTξ0 ≈ 3a. Here a ≈ 2·10-8 cm is
interatomic distance, ω = 10-23 cm-3 is atomic volume
of Fe, αs ≈ 103 erg/cm2 is specific energy of iron-
silicate boundary, k is Boltzmann constant, T is
temperature, and ξ0 is the initial relative
supersaturation, ξ0 = ∆c0/c, (we denote c the atomic
fraction of the solute in the matrix). Thus, at melting

temperatures of mare rocks (T ≈ 1500K), the condition
gives ξ0 ≈ 0.6. Taking concentration of iron in silicate
c ≈ 10-2 (estimated from [2,5]) we obtain ∆c0 ≈ 6·10-3

for the initial supersaturation. On the initial stage of
precipitation the grains grow due to excess solute
atoms. So the average radius r1 of the precipitated
grains is determined by relation: (4π/3)πr1

3n ≈ ∆c0,
where n is the number of grains in unit volume. This
gives r1 ≈ (3∆c0/4π)1/3n-1/3 = (3∆c0/4π)1/3d, where d is
the average distance between the grains. Taking d =
250 Å we obtain r1 = 28.5 Å, which is typical of Fe0

grains in the rims of lunar regolith particles [4]. The
duration t1 of formation of a population of small grains
is t1 ≈ r1

2/2Dξ0 [9], where D is diffusion coefficient of
Fe in silicate matrix. In melts, D ≈ 10-5 cm2/s, so t1 ≈
7·10-9 s, i.e., elementary act of maturation (formation
of nFe0 grains) takes very short time.

Next stage of Fe0 grain growth is ripening. On this
stage supersaturation is very low: ξ = ∆c/c << 1, so
further growth of the nFe0-grains occurs by exchange
of Fe0 atoms between the grains. The grains with radii
r > R grow at the expense of the grains with r < R that
dissolve. The grain size on this stage is [9]:

r(t) = [r1
3 + 8Dcαsωt/9(1 – c)kT]1/3,          (1)

where r1 is the size of npFe0 achieved on the previous
annealing stage and t is duration of annealing. The
distance between particles increases proportional to r.
Since c << 1, at t >> t2 ~ r1

3kT/αsωcD ≈ 2·10-5s, the
expression can be written as

r(t) ≈ (Dcαsωt/kT)1/3.
Implication to the Moon and Mercury:  (1) Fe0

formation (maturation) stage. Duration t1 of the
precipitation stage is of the same order as cooling time
τm ≈ 0.1(dm)2cv/κ of regolith particle after impact
melting by micrometeorites of diameters dm = 1000 –
400 Å, cv ≈ 2·107erg/cm3 being thermal capacity of a
unit volume and κ ≈ 105erg/(cm·s·K) thermal conducti-
vity for solid regolith particle. Hence maturation
process can occur even at micrometeoroid bombard-
ment, when particles are melted up characteristic to
rim depth. The melt is cooled quickly, which results in
amorphization of the rim. Time of rim formation can
be estimated according to the data [10] on the flux of
200 – 400 Å micrometeoroids, in assumption that the
melt volume is about 10 projectile volumes. Then total
surface of a regolith particle is once melted in about
2·103 years of exposure on the Moon surface, which is
much shorter that the total exposure time for a particle
of mature soil [11]. For Mercury, because of more
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intensive meteoritic bombardment, the time can be
expected to be by an order of magnitude shorter.

(2) Fe0 ripening (overmaturation) stage.  Our cal-
culations have shown that in small heated volumes,
where at least one of the sizes is smaller than 10 cm,
cooling is too fast for ripening to occur. Therefore for
most heating events, ripening at typical surface tem-
peratures should be considered. As diffusion coeffi-
cients crucially decrease with falling temperature: D =
D0·exp(–U/kT) (U ~ 1eV being activation energy and k
being Boltzmann constant), only day temperatures
should be taken into account. In Fig. 1 the kinetics of
Fe0 growth in silicate material is shown for lunar
(390 K, light blue lines) and Mercurian (650 K, red
lines) surface temperatures for wide range of activation

energy: from U =
1.4 eV (dashed lines)
to 2.5 eV (solid lines).
As shown in Fig. 1,
on Mercury surface it
may take from 1 to
109 years for nFe0

grains to grow to sub-
micron sizes. In mate-
rials with activation
energy of Fe0 diffu-
sion less than about
1.8 eV, overmatura-
tion takes less than

As interparticle contacts provide poor heat
conduction, at sizes of a regolith particle and more,
cooling is controlled by heat irradiation. Integration of
(1) over time when T and D(T) fall with time gives an
estimate of the size of heated zone, where Fe0 grains
grow up submicron diameters before cooling of the
solidifying melt. At low activation energy U = 1.4 eV,
this size (radius for a spherical zone and depth for a
flat layer) turned out to be about 10 cm. The estimate
applies both for the Moon and Mercury. Their surface
temperature may affect the process only at large
timescale (see the right end of the line with circles in
Fig. 1). At high activation energy U = 2.5 eV, neces-
sary size of heated volume increase to 10 km. This
means that only large impact may result in fast (during
times from hours to about a year) ripening of the
population of nFe0 grains in regolith.

Conclusions:  (1) Formation of particle rims, i.e.,
1000 Å-thick subsurface amorphous zone with
numerous nFe0 grains, can be due to melting of the
particle surfaces in bombardment by submicron micro-
meteoroids.

(2) Our estimates show that growth of nFe0 grains
up to diameters of 0.3 µm and more can occur on
Mercury surface or in large melted volumes on
Mercury and the Moon. For such grains, light
absorption changes to light scattering, which can
provide brightening of mature regolith (“overmatura-
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104 years, so in such materials reduced iron can be
converted from absorber to scatterer, which would
cause brightening of dark mature material. nFe0 grain
growth due to ripening process on Mercurian surface
was considered also in [12]. At lunar surface tempera-
tures, even at rather small U, nFe0 grain growth may
occur only at 100-year and larger timescale. Submic-
ron sizes can be reached after 107 years or more, which
exceeds duration of surface exposure, and, probably,
survival time of a regolith particle. This is consistent
with rear occurrence of micron and submicron Fe0

grains.
Is fast overmaturation possible?:  Fast overmatura-

tion can take place at elevated temperatures provided
that their duration is long enough for Fe0 grain growth
to occur. E.g., if ripening occurs in melt, we obtain
2r = 0.3 µm after t ≈ 1 s. The kinetics of Fe0 growth in
melt is shown by dot line in Fig.1. Note, that the
estimates for ripening in melt are not much sensitive to
the errors in the values D, c, and α that may vary only
within an order of magnitude. However, melt is rapidly
cooling and solidifying, so the ripening process is
quickly slowed down. Cooling time depends on the
shape of the heated zone and increases with its size.
Thus, ripening can occur in large heated volumes, so
long as diffusion rate exceeds cooling rate.

tion”).
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