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Abstract On the Moon, the low-density crust exerts a strong filter to magma ascent. Many lunar craters
are filled with mare, and evidence of pyroclastic activity and shallow magmatism is often located within
craters called floor-fractured craters (FFCs). Interpreting quantitative observations on mare-filled craters and
FFCs based on mechanical models, we show that a surface unloading caused by an impact crater provides
a driving overpressure to the magma stalling at depth. This overpressure counterbalances the melt negative
buoyancy, favoring its ascent through the crust. Providing a large unloading and a thin crust, magma can
ascend up to the crater floor. FFC characteristics are consistent with a magma denser than the crust by
200–300 kg/m3 and an elastic lithosphere thickness larger than 70 km. Our study suggests that small impact
cratering likely induced magmatism and thereby crustal evolution in the early times of terrestrial planets.

Plain Language Summary On the terrestrial planets showing particularly old surfaces, such as on
the Moon, volcanic deposits and evidence of magma intrusions are often found on the floors of relatively
small impact craters, too small for the melt to have formed because of the impact itself. Why then is the
process of magma ascent and eruption linked to that of cratering? Here we show that the unloading
associated to an impact crater decompresses the elastic medium situated beneath. If magma is stalling at
depth, it becomes pressurized relatively to its encasing rocks, which allows for its ascent in the crust. Magma
might erupt at the surface if the unloading is sufficiently large and the crust relatively thin. Our model
well explains observations on evidence of magma eruption versus intrusion at different craters varying by
their sizes and by the crustal thickness at their locations on the Moon. We suggest that, in the early times
of planets where magmatism and cratering were dominant, magma ascent caused by crater unloading
might have modified the initial crustal composition and structure.

1. Introduction

The Moon is the only solar system body that presents a well identified primary crust. The lunar highlands, of
anorthositic composition, were probably formed very early by flotation of light anorthite minerals on top of
a crystallizing magma ocean (Wood et al., 1970) as is attested by their ancient ages (Boyet & Carlson, 2007;
Carlson & Lugmair, 1988). The lunar crust offers thus the opportunity to study geological processes, charac-
teristics of the early stages of planetary evolution. This primary crust has an average thickness of 34 to 43 km
that varies between less than 1 km in the basin Moscoviense and up to ∼60 km in the farside (Wieczorek
et al., 2013). The lunar crust density estimated using gravity data from the NASA’s Gravity Recovery and Inte-
rior Laboratory mission is on average very low, ∼2, 550 kg/m3, because of its anorthositic composition and of
its large porosity, a consequence of its intense bombardment (Wieczorek et al., 2013). Crustal density varies
laterally by ±250 kg/m3, with the most mafic exposures found in the south pole Aitken basin. It might vary ver-
tically; however, no systematic deep mafic exposures representative of a lower crust have yet been observed
(Besserer et al., 2014; Cahill et al., 2009).

The main driving force for magma ascent is buoyancy, function of the density contrast between the magma
and its encasing rocks. The low density of the lunar crust induced a neutral to negative buoyancy for the
magma that opposed to its ascent. The basaltic maria indeed preferentially erupted at the lunar surface within
large impact basins where part of the crust was removed by impact processes. The solidified grain density of
mare basalts varies from 3,270 kg/m3 for low Ti basalt to 3,450 kg/m3 for high Ti basalt (Kiefer et al., 2012).
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However, basaltic mare magmas at their liquidus have lower densities, estimated between 2,750 kg/m3 and
3,050 kg/m3 (Wieczorek et al., 2001).

On planets with no plate tectonics presenting an old, highly craterized surface, volcanic emissions are gen-
erally observed within impact craters and basins. On the Moon, pyroclastic deposits, small lava flows, and
evidence of magmatism are often located within impact craters (Schultz, 1976; Thomas et al., 2015). The
fractured and uplifted floors of some craters (referred to as floor-fractured craters, FFCs) are evidence of
crater-centered sill intrusions, (Jozwiak et al., 2012; Thorey & Michaut, 2014; Thorey et al., 2015; Wichman &
Schultz, 1995). On Mercury as well, traces of pyroclastic flows recently discovered by the MErcury, Surface,
Space ENvironment, GEochemistry, and Ranging mission are principally located within impact craters (Kerber
et al., 2009; Thomas et al., 2014).

Impact craters unload the crust by redistributing a given mass of material, which decompresses the underlying
elastic medium. If melt is being supplied at depth from a mantle source, it becomes pressurized relatively to its
encasing rocks. By using mechanical models of the lithospheric stress state coupled with quantitative obser-
vations at lunar floor-fractured and mare-filled craters, we present evidence that unloading forces caused by
impact craters provided a driving pressure to the magma ponding at the base of the crust, which allowed for
its ascent through the crust.

2. Observations on FFCs

FFCs were identified and classified into six different classes by Schultz (1976) based on their morphologies and
floor appearances and lately reexamined by Jozwiak et al. (2012). Evidence for intrusive activity below FFCs
includes radial and concentric fractures on crater floors, uplifted floors, and/or volcanic deposits. Although
two different formation mechanisms have been proposed for their formation, there is a general consensus in
favor of their magmatic origin (Jozwiak et al., 2012; Thorey & Michaut, 2014) rather than a viscous relaxation
of their floor (Wichman & Schultz, 1995). About 200 FFCs have been found; they are commonly adjacent to
basaltic maria and mascons.

Craters of Classes 2–4 show an uplifted floor, which either appears flat with a U-shaped moat, for FFCs of
Class 3 (examples are craters Gassendi and Hutton, Figure 1a,b), or convex up, for FFCs of Classes 2 and 4
(crater Bohnenberger, Figure 1c). Such floor appearances relate to an important intrusion volume. By mod-
eling the dynamics of a crater-centered horizontal intrusion and associated elastic deformation of the crater
floor, Thorey and Michaut (2014) have shown that the crater floor appearance can either be flat or convex up
depending on the ratio between the flexural wavelength of the layer overlying the intrusion, which mainly
depends on its elastic thickness, and the crater radius. The floor appearance is convex for a thick elastic over-
lying layer or a small crater; it is flat with a U-shaped moat for a thin elastic overlying layer or a large crater
(Thorey & Michaut, 2014). Observations indeed show that craters of Classes 2 and 4 with a convex floor tend
to be smaller than craters of Class 3, with a flat floor (Jozwiak et al., 2012; Schultz, 1976). Some FFCs of Class 3,
presenting a flat floor with a U-shaped moat, occur inside mare units and have their floors covered with lavas
(see crater Gassendi, for instance, Figure 1a); others present small lava extrusions within the circular moat. For
such craters, it is difficult to know which process, from intrusion or extrusion, occurred first and induced the
other (see supporting information Table S1).

Mare material has erupted on the floor of craters of Class 6 and along the walls of craters of Class 1. Craters of
these classes tend to be very large. They differ from mare-filled craters (such as crater Maksutov, Figure 1d),
which also present extrusive mare material on their floors, by the presence of floor fractures indicating some
intrusion (supporting information Tables S1 and S2). Their floors are either deep for Class 1 or completely
flooded for Class 6 (Jozwiak et al., 2012; Schultz, 1976).

Because craters of Class 5 are old and degraded (Jozwiak et al., 2012), they are not used in this analysis.

Thorey et al. (2015) have extracted the gravitational signatures of crater-centered intrusions by compar-
ing expected signals from intrusion models and observed gravitational anomalies measured by GRAIL at
FFCs. Results, for craters in the Highlands, are consistent with the intrusion of mare-type magma in a porous
anorthositic crust.

Deformation and uplift at FFCs is usually confined to crater interior: despite shallower floors compared to
fresh craters, FFCs generally follow the same rim crest to diameter relationship as the one for fresh craters
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Figure 1. Different examples of mare-filled or floor-fractured craters, see supporting information Table S1 for a summary
of the different crater types. The topography is indicated in meter in a color scale; we use the 64 ppd (472 m/pixel)
gridded data set from the Lunar Orbiter Laser Altimeter (LOLA) mission. FFC = floor-fractured crater.

(Jozwiak et al., 2012; Pike, 1974; Schultz, 1976). This suggests that crater unloading favored and controlled

magma ascent below these craters (Pinel & Jaupart, 2000; Thorey & Michaut, 2014).

However, it is not clear why the magma is preferentially stored at depth for craters of Classes 2–4. Previous

authors have proposed that the presence of a solidified impact melt sheet (Schultz, 1976) or of a strongly

brecciated zone (Jozwiak et al., 2012) would constitute a rigidity barrier, for the melt sheet, or a low-density

barrier, for the brecciated layer, below which the magma will tend to spread. However, the impact melt sheet

should be negligible for the smaller craters of Class 4, which are those associated to the deepest intrusions

(Thorey & Michaut, 2014). Furthermore, the brecciated zone should extend to greater depth and be more

porous for larger craters, implying a larger density barrier. Observations show on the contrary that craters of

Classes 1 and 6, where magma erupted on the crater floor, tend to be larger than craters with an uplifted floor

of Classes 2–4 (Jozwiak et al., 2012; Schultz, 1976).

Craters that present evidence of eruption on their floors are generally large, suggesting that crater size also

exerted a strong control on the ability of magma to reach the surface. We present below new evidence that

cratering provided an additional pressure to the magma by reducing the pressure of its encasing rocks, driving

its ascent in the low-density lunar crust.

MICHAUT AND PINEL MAGMA ASCENT BELOW IMPACT CRATERS 6410
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3. Perturbations in the Pressure Field of an Elastic Lithosphere by Crater Unloading

Impact events create pressure reductions that induce perturbations to the lithospheric stress state. We con-
sider a surface unloading 𝜎C

zz(z = 0) for 0 � r � R caused by a bowl-shape axisymmetric crater of radius R:

𝜎C
zz(r, z = 0) = −𝜌cgh0

�
1 − r2

R2

�
(1)

where h0 is the maximum crater depth, 𝜌c is the crustal density, g is the gravity, and r is the radial coordinate.
This expression is negative as tensile stresses are considered negative by convention. For simplicity we do
not model central peaks, which have a second-order effect on intrusion emplacement (Thorey & Michaut,
2014). Using different shapes accounting for a larger flat floor characteristic of large complex craters does not
significantly change our results (see supporting information Text S1 and Figure S2).

Crater depth increases with crater radius following a power law relationship (Pike, 1974). As we mostly look at
craters larger than 20 km, we use the relationship for complex lunar craters in the Highlands determined by
Thorey et al. (2015):

h0 = 540 × (2 × R × 10−3)0.44 (2)

with R and h0 in meters. We calculate the stress field 𝜎C,Te and pressure PC,Te perturbations caused by this
unloading in an elastic plate of finite thickness Te as well as in a semi-infinite medium solving the equations
for linear elasticity with the finite element method (COMSOL software, see supporting information Text S1
for more details). We verified that results for large plate thicknesses compared to crater radius tend to the
analytical results for a semi-infinite medium (Sneddon, 1951). In particular, the vertical pressure profile PC,∞

in a semi-infinite medium of Poisson’s ratio 𝜈 at depth z and at the axis of a bowl-shape unloading is given by
(see supporting information Text S1):

PC,∞(z) = −4
3

𝜌cgh0(1 + 𝜈)
R2

�
R2

2
− z

�
R2 + z2 + z2

�
(3)

At depth, the decompression PC,Te scales with the surface unloading (1) and is larger for a larger crater: it
decreases over a characteristic depth similar to the crater radius, as long as the plate is thick compared to
crater radius, that is, for Te � 3

2
R (Figure 2).

In the case of a semi-finite medium, the decompression PC,∞ tends to zero at infinity. For a finite plate thick-
ness, upward bending caused by crater unloading induces a compressive stress state at the plate bottom
(PC,Te (z = Te) > 0). The thicker the plate compared to crater radius, the deeper the zone in tension is: it extends
over about two thirds of the plate for Te = 1.5R to 3R (Figure 2).

4. Impact-Induced Eruption Conditions

If melt is being supplied and ponds at depth in the elastic lithosphere below the crater unloading, it becomes
pressurized relatively to its encasing elastic rocks that have seen their pressure decreases by unloading. The
maximum melt overpressure at depth z is then equal and opposite to the decompression caused by unloading
at this depth: ΔPm(z) = −PC(z). If the melt is connected to a deeper source or reservoir, its overpressure can
easily reach this maximum. If not, part of the environmental decompression could also be transmitted to the
melt depending on reservoir geometry and magma compressibility (Pinel & Albino, 2013). In the latter case,
magma overpressure will be larger for vertically elongated magma reservoirs, as expected when a rising dike
overshoots the neutral buoyancy level, filled with compressible magma, ΔPm(z) being then an upper bound.

We assume that magma is positively buoyant in the mantle but negatively buoyant in the crust, which causes
melt to pond close to the mantle-crust interface of depth Dc in the lunar lithosphere (Head & Wilson, 1992;
Wilson & Head, 2017). We examine in which cases the pressure reduction caused by a crater within the crust
can induce magma ascent up to the crater floor.

If the elastic lithosphere is too thin compared to crust thickness (Dc is deeper than the zero-pressure limit
indicated in Figure 2), PC(Dc) > 0 � ΔPm(Dc) < 0, and magma ascent is not allowed. If, on the contrary, Te

is large enough compared to Dc, PC(Dc) < 0, which provides a positive driving pressure for magma ascent
through the crust. The zero-pressure limit is located at a depth of ∼2∕3×Te (Figures 2 and 3). Hence, for a crust

MICHAUT AND PINEL MAGMA ASCENT BELOW IMPACT CRATERS 6411
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Figure 2. (left column) Pressure perturbation PC (color scale, tension is negative) at depth below a bowl-shape pressure
perturbation of radius R and maximum depth h0 for a semi-infinite elastic medium (top row) and three different
elastic plate thicknesses (from top to bottom): Te = 3R, 2R, and 3

2
R. Black solid line: limit of zero-pressure perturbation.

(right column) Horizontal stress 𝜎h = 𝜎rr = 𝜎𝜃𝜃 (red line), vertical stress 𝜎v = 𝜎zz (black line), and pressure PC (blue line)
at the unloading axis, for the same four cases. Pressure is normalized by 𝜌cgh0; depth is normalized by crater radius R.
Results are for Poisson’s ratio 𝜈 = 0.2, Young’s modulus E = 10 GPa, g = 1.62 m/s2, lithospheric mantle density
𝜌L = 3, 400 kg/m3.

thickness between 30 and 50 km, the elastic lithosphere thickness must be larger than 45 to 75 km to allow
for magma ascent below craters (Figures 3 and S3).

For given crater radius R and density difference between the crust and magma Δ𝜌 = 𝜌c − 𝜌m < 0, where 𝜌m

is magma density, we invert for the maximum crustal height Dc through which the magma can ascend with
the overpressure provided by crustal unloading. We account for both the overpressure provided initially to
the magma at its location depth and the overpressure acquired during its ascent toward the surface, as the
pressure reduction due to unloading increases toward the surface. A magma, initially at a depth D, can start
its ascent and reach a shallower crustal depth z if −PC(D) > 0; it can ascend further up as long as the sum of its
initial overpressure −PC(D) and of the additional overpressure at its new depth −PC(z) + PC(D) is larger than

MICHAUT AND PINEL MAGMA ASCENT BELOW IMPACT CRATERS 6412
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Figure 3. Thin solid lines: maximum height that a negatively buoyant
magma can penetrate with an overpressure caused by crater unloading in
an elastic plate of thickness Te = 80 km (top) and 100 km (bottom) as a
function of crater radius, for different values of the product Δ𝜌g indicated
on the graph in Pa/m. The bold and dashed lines indicate the limit of
zero-pressure perturbation due to crater unloading for different Te values
(50, 80, and 100 km) indicated on the graph. Crustal thickness at the
location of FFCs and mare-filled craters are plotted as a function of crater
radius for different crater types (see legend on the right). Top panel is
for crustal Model 1 (Wieczorek et al., 2013), for which the average crustal
thickness is 34 km, the thickness at Apollo 12/14 site is 29.9 km, the
minimum thickness is 0.6 km, and the mantle density is 3,220 kg/m3.
Bottom panel is for crustal Model 3, for which the average thickness is
43 km, the thickness at Apollo 12/14 site is 38.1 km, the minimum thickness
is 1.0 km, and the mantle density is 3,150 kg/m3. Both models consider
a crustal porosity of 12%. Results are for 𝜈 = 0.2, E = 10 GPa, g = 1.62 m/s2,
and 𝜌L = 3220 kg/m3. FFCs = floor-fractured craters.

its negative buoyancy over the height (D−z) it has reached. The maximum
crustal height Dc should thus verify

∀D � Dc ∀z ∈ [0, D] − PC(D) + Δ𝜌g(D − z) − PC(z) + PC(D) > 0

� +Δ𝜌g(D − z) − PC(z) > 0

For D > Dc ∃z ∈ [0, D] + Δ𝜌g(D − z) − PC(z) < 0

(4)

where PC(z) is calculated from (3) for a semi-infinite layer or using COMSOL
(see previous section) for a finite plate thickness.

The larger the crater radius, the larger the overpressure provided to the
magma by unloading, and the larger the crustal height the magma can
penetrate (Figure 3). This height increases as the negative difference in
density between the crust and magma decreases (Figure 3).

As expected, results for a semi-infinite medium and a finite plate thickness
converge for small crater radii and diverge for crater diameters larger than
∼Te (supporting information Figure S1). The larger the elastic lithosphere
thickness, the larger the depth of the zero-pressure limit below which no
ascent is allowed (Figures 3 and S3).

We use crustal thickness models obtained from GRAIL’s gravity data
(Wieczorek et al., 2013) to determine the crustal thickness at the location
of each floor-fractured or mare-filled crater (Jozwiak et al., 2012) as a func-
tion of crater radius and crater type (see Table S1 summarizing crater types
and Figure 3). Models 1 and 3 mainly differ by their average and Apollo
12/14 crustal thickness (see caption of Figure 3 and Wieczorek et al. (2013)
for more details).

Almost all craters showing eruption of basaltic material on their floor, that
is, mare-filled craters, FFCs of Classes 1 and 6, and some FFCs of Class 3, are
relatively large craters that induce a rather large pressure reduction in the
underlying crust (pink symbols in Figure 3). They tend to plot below the
theoretical solid curves for a relevant elastic thickness value (Te > 80 km
for Model 1 and Te > 100 km for Model 3). This demonstrates that the addi-
tional overpressure provided by crater unloading was large enough to
allow for magma ascent from the base of the crust up to the surface at
these craters.

On the contrary, FFCs showing uplifted floors, that is, evidence of intru-
sions, and no significant extrusion of lavas (Jozwiak et al., 2012; Schultz,
1976; Thorey & Michaut, 2014), are in general small craters on a rela-
tively thick crust (yellow and green circles in Figure 3); they tend to plot
above theoretical curves. This suggests that the overpressure provided by
crater unloading was not large enough to cause magma eruption; magma

ascended through the crust but ponded at shallow depths. Furthermore, FFCs of Classes 2 and 4, showing
a convex floor characteristic of a smaller crater or deeper intrusion, that is, a smaller overpressure (Thorey &
Michaut, 2014), plot on the far left of these curves, while FFCs of Class 3, with a flat uplifted floor characteris-
tic of a larger crater or shallower intrusion, that is, a larger overpressure, have an intermediate position. They
stand between craters with a convex floor (green circle) and craters showing eruptions on their floors (pink
symbols), close to the theoretical curves (Figure 3).

Crustal thickness estimates from GRAIL’s data vary by ∼10 km depending on parameter values, and crustal
density also varies laterally (Wieczorek et al., 2013), which might explain why some FFCs of Classes 1 and 6 plot
above and some FFCs of Class 3 plot below theoretical curves. Furthermore, for craters of Class 3 presenting
mare deposits on their floor (pink circles), it is difficult to evaluate if extrusion occurred following intrusion,
because of associated fracturing and magma differentiation, or if eruption occurred first.

MICHAUT AND PINEL MAGMA ASCENT BELOW IMPACT CRATERS 6413
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Figure 4. Schematics summarizing the process of magma ascent by crater unloading and eruption on crater floor or
crater-centered intrusion.

Moreover, no mare-filled or FFCs plot above the zero-pressure perturbation limit, where the stress state below
an unloading is compressive leading to magma underpressurization, for a relevant elastic thickness value
(Te ≳ 80 km for Model 1 and Te ≳ 100 km for Model 3, bold lines in Figure 3).

FFC and mare-filled crater characteristics are thus consistent with magma ascent being driven by crater
unloading, which would also explain why magma eruptions and floor deformations are generally constrained
to crater interior (Jozwiak et al., 2012; Schultz, 1976; Thorey & Michaut, 2014).

5. Discussion and Conclusion

We have demonstrated that crater unloading in a lunar elastic lithosphere thicker than ∼75 − 80 km provided
an additional overpressure to the magma supplied from the mantle that allowed for magma ascent through
the crust. Eruption at the surface was possible if magma was stalling below a relatively thin crust and a large
crater and was still connected to a deeper source or forming an independent vertically elongated storage
zone (Figure 4). For smaller craters and/or thicker crust, the overpressure was smaller and magma formed an
intrusion (Figure 4).

Elastic lithosphere thickness values ≳75–80 km are consistent with magma intruding below FFCs after the
main stage of mare volcanism. Indeed, smaller values of ∼25 to 75 km, characteristics of hotter lithosphere and
earlier times, are obtained by comparing tectonic observations and models of basin loading by lava infilling
(McGovern & Litherland, 2011; Solomon & Head, 1979). An elastic thickness of Te = 50 km is however incon-
sistent with FFC data since many FFCs would plot above the zero-pressure limit (Figures 3 and S3). Spatial
differences in elastic thickness are also likely on the Moon, since heat producing elements appear concen-
trated in the Oceanus Procellarum Kreep Terrane, which might explain part of this discrepancy (Thiriet et al.,
2018), though many FFCs are located close to this province.

This work suggests that crater-centered magmatism is triggered by and occurs following cratering. Crater
counts at the crater Tsiolkovsky indeed indicates that mare lavas were erupted soon after crater formation
(Mouginis-Mark & Boyce, 2017). However, there is a significant time span over which crater unloading may
induce magma ascent that should scale with the timescale of viscoelastic relaxation of the elastic litho-
sphere and crust. This one depends on the lithosphere thermal state but is particularly large for the Moon,
larger than for the Earth, because of its small radius (Zhang & Zuber, 2000). On the Earth, this timescale
is estimated around 1 to 10 Myrs based on lithospheric flexural studies (Beaumont, 1981; Nunn & Sleep,
1984) and interpretation of vents distribution from models of dike paths (Maccaferri et al., 2017). On the
Moon, complex craters in the Highlands generally show negative Bouguer gravity anomalies independently
of their age and intermediate-sized craters seem only partially compensated (Reindler & Arkani-Hamed,
2001; Soderblom et al., 2015; Thorey et al., 2015), suggesting that the crust can support the stress caused
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by unloading over a timescale longer than 108 years. The mechanism we describe can account for the
observed compensation of small- to intermediate-sized craters (Reindler & Arkani-Hamed, 2001). Many com-
plex craters show a positive anomaly; the mean Bouguer anomaly of nonmodified craters is positive for crater
diameters ≲ 40 km. It has been suggested that these positive values result from impact-induced compaction
in a highly porous target (Soderblom et al., 2015). Our study suggests that they could also result from deep
crater-centered intrusions that do not lead to significant floor uplift or deformation (Zhang et al., 2018).

Our results point to a density difference between the crust and magma of 200–300 kg/m3. Such values are
consistent with density estimates of basaltic melts from their chemical composition, that are larger than
2,750 kg/m3 (Wieczorek et al., 2001). At low pressures <40 MPa, that is, depths <8 km, magma ascent might
have been helped punctually by CO exsolution (Nicholis & Rutherford, 2009; Sato, 1979), which could explain
some of the discrepancies between theory and data (Figure 3).

Our study also suggests that the magma erupting on crater floors was tapped from deep in the crust (Figures 3
and 4). Where produced, the magma ascended in the mantle by buoyant flow and probably ponded close to
the mantle-crust interface (Head & Wilson, 1992; Wilson & Head, 2017). Buoyancy excess in the mantle might
have helped magma rising within the crust (Wilson & Head, 2017). Data show that intrusions formed below
craters on a crust as thin as 13 km (Figure 3), suggesting that rising dikes do not ascend more than ∼10 km
within the crust. Accounting for crustal magma ascent by buoyancy excess in the mantle would thus amount
to decrease by ∼10 km the thickness of the crustal column at the location of FFCs and mare-filled craters
(Figure 3) and thereby to decrease the minimum elastic thickness Te by ∼ 6–7 km and to raise the estimated
density difference between the crust and magma by ≲200 kg/m3.

The Moon example has already shown that secondary crust formation was triggered by large impacts forming
basins. Here we show that crustal magmatism, and associated crustal evolution, was also made possible by
small impact processes in the early times of the Moon and probably of the other planets as well.
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