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Volcanism is the most important endogenic geological process of the Moon, which is closely related
to its internal structure and thermal history. Lunar volcanism is one of the most important topics for
lunar science and explorations. Recent lunar orbital observations, in situ explorations, and sample
return missions have returned a new generation of high-resolution datasets, which greatly enriched
our knowledge of lunar volcanism. Here, we summarize recent advances in the duration and spatial
distribution of lunar mare volcanism, as well as origin of volcanic landforms such as lava flows, sinuous
rilles, lava tubes, domes, and cones. We proposed several outstanding problems in the study of temporal
and spatial span of lunar volcanism, the formation mechanism of the varied volcanic landforms, and
their relation with deep structures. To solve these problems, more insitu explorations and sample
return missions from various volcanic units are needed.

Recovery and Interior Laboratory (GRAIL) [12], Chandrayaan
missions [13,14], and Chang'e missions [15-21] have acquired

Introduction
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As a fundamental geological process of the Moon, volcanism
has played an important role in shaping the lunar surface, lead-
ing to the formation of a variety of volcanic landforms such as
lunar maria, lava flows, sinuous rilles, domes, cones, etc. [1].
Moreover, volcanism is closely related to its deep structures,
and geological and thermal history, and therefore has always
been the focus of lunar science and explorations.

The study of lunar volcanism begins before the space age.
At the time, humans could only observe the nearside of the
Moon through eyes or ground-based telescopes, and found that
many impact basins on the lunar nearside were filled with mas-
sive dark deposits now known as mare basalts [2]. Volcanism on
the lunar farside was unknown until orbital data were obtained.
In 1959, the Soviet Luna 3 probe photographed the lunar farside
for the first time, and revealed that very few mare basalts occur
in large impact basins there [3], a distribution pattern very dif-
ferent from the lunar nearside. Then, the implementation of Apollo
and Luna sample return missions provided us opportunities to
study the property of lunar volcanism through direct analyses
of lunar samples [4-6]. In the last 3 decades, a series of lunar
exploration missions such as Clementine [7], Lunar Prospector [8],
SELENE [9], Lunar Reconnaissance Orbiter [10,11], Gravity
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masses of lunar remote sensing and in situ data as well as
returned samples, which have greatly improved our under-
standing of lunar volcanism [22,23].

Fundamental questions about relationships between the sur-
face manifestations and deep structures of lunar volcanism still
exist [24,25]. Detailed investigations on the volcanic landforms
and subsurface volcanic structures will help clarify their rela-
tionship and better understand the origin and evolution of lunar
volcanism as well as the Moon. Meanwhile, as the fourth stage
of China’s lunar exploration mission has been engaged [26], it is
necessary to summarize the current research status of lunar vol-
canism to better prepare for future lunar missions. Therefore, in
this paper, we summarized recent advances in the study of lunar
volcanism, volcanic landforms, and related deep structures, and
proposed several outstanding questions on this topic, hoping
that they could be answered by future lunar explorations.

Distribution and Duration of Lunar
Mare Volcanism

Based on the latest mapping of lunar mare deposits (Fig. 1)
[27], we determined the surface area of all exposed lunar maria
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as about 6.15 x 10° km?, which accounts for ~16% of the surface
area of the entire Moon. Among them, 92.9% or 5.71 x 10°km®
of mare deposits occur in the lunar nearside, while the lunar
farside maria only accounts for 7.1% of the whole mare surface
area. The apparent dichotomy in the distribution of basalts on
the lunar nearside and farside is mainly attributed to the rela-
tively thicker lunar farside crust [28], which prohibited the
ascent and eruption of magma [25]. The South Pole-Aitken
(SPA) basin, one of the major terranes of the lunar farside, is
characterized by a thin crust and thus becomes the major site
of volcanism on the lunar farside. Mare basalts exposed in the
SPA basin have a total surface extent of 1.66 X 10° km?, account-
ing for 37.9% of the basalts of the lunar farside (Fig. 1). The
SPA basin also hosts most of the regionally extensive mare
deposits on the lunar farside, such as those emplaced on the
floor of the Von Karman crater where China’s Chang'e-4 (CE4)
mission landed [29].

Analyses of the high-resolution imaging data of the lunar
surface using the crater size-frequency distribution method
[30] have revealed abundant information concerning the chro-
nology of lunar mare volcanism. We compile the crater counting
results for the global distribution of nearly 500 mare basalt units
on the Moon (Fig. 2), and find that the oldest exposed basalts
on the lunar surface were emplaced about 4 billion years (Ga)
ago, corresponding to the terminal stage of large basin-formation
period in lunar history. The evidence for the oldest mare basalt
clasts is revealed by the analysis of the meteorite with an age of
~4.35 Ga [31]. There are also many old mare deposits (named
cryptomaria; [32] and references therein) buried by large
impact basin ejectas, and hence multiple lines of evidence sup-
port that the basaltic volcanism should have started soon after
the late stage of the lunar magma ocean solidification [5].

The most active period of lunar volcanism was about 3.3
to 3.8 Ga ago. During this relatively short period of about
500 million years, ~70% of the total lunar basalt unit populations

LOLA elevation (m)

were emplaced, coinciding with isotope dating results of the
basaltic samples returned by Apollo and Luna missions [33].
After that, volcanic eruptions on the Moon waned sharply in
middle lunar history and ceased sometime in the last ~1 Ga
(Fig. 2) [34-36]. Although the spatial extent of volcanism on
the lunar farside accounts for less than one-tenth of the global
lunar volcanism, the general temporal extent and evolution
history of farside volcanism are comparable with that of the
nearside volcanism: climax at 3.3 to 3.8 Ga ago and cessation
at about 1.5 Ga ago, indicating that the nearside and farside
lunar volcanism are both affected by the continued cooling
and contraction of the entire Moon. In addition, many young
mare deposits were emplaced in the SPA basin, such as those
within the Apollo basin, which have been dated as about 2.5 Ga,
much younger than the basalts returned by Apollo and Luna
missions.

Styles of Lunar Volcanism and Related
Volcanic Landforms

Intrusive magmatism

Intrusive magmatism happens when dikes with medium over-
pressurization values propagate to the vicinity of lunar surface
and form intrusions without erupting to the surface [25,37].
These subsurface intrusion structures may lead to the bending
and fracturing of lunar surface, forming intrusive volcanic con-
structs such as floor-fractured craters and intrusive domes.

Floor-fractured craters

The floor-fractured crater (FFC) is a special type of impact
craters on the Moon with wide-distributed fracture systems
on its floor (Fig. 3A). The fractures could be radial, concen-
tric, or polygonal in their patterns, and some related land-
forms such as moats, ridges, and irregular mare patches can
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Fig.1.Maps of the lunar nearside (left) and farside (right) showing the spatial distribution of mare basalts (dark gray areas, based on Nelson etal. [27]). Basemap is a colorized
Lunar Orbiter Laser Altimeter (LOLA) topography overlain on LOLA hillshade, and the blue circles indicate impact basins >300 km in diameter (based on Head etal. [150]).
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Fig.2.Maps of the model ages of lunar nearside (A) and farside (B) mare basalt units derived from crater population measurements and the histogram (C). The mare age data

are from Qiao etal. [59] and Qian etal. [34], and references therein.

develop on the floor of FFCs [38]. Based on these morpholog-
ical features, Jozwiak et al. [38] divided FFCs into 6 classes.
They have also studied the global distribution of FFCs, and
found that most FFCs are located near lunar maria or mare-
filled impact basins, although large numbers of them have also
been identified in the SPA basin and lunar highlands [38].
Currently, research on FFCs is focused on their formation mech-
anisms and 2 main hypotheses have been proposed [37,39]. The
first one is the viscous relaxation model, which suggests that the
fractures form due to upward flexure of the bottom of the crater
floor when high thermal gradients exist below the crater and
lead to the relaxation in the regional topography [39,40]. The
other one is the magmatic intrusion hypothesis, in which frac-
tures form when magma intrudes upwards, forms a sill beneath
the crater, and lifts the bottom of the overlying crater [37,41,42].
However, evidence supporting the viscous relaxation hypoth-
esis is marginal, while the magma intrusion hypothesis has
been supported by geomorphological [43], gravitational [44,45],
and mineralogical [46] studies.

Intrusive domes

Lunar domes are convex-up shaped with circular or irregular
outlines, and are widely distributed in lunar maria, volcanic
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complexes, or near the mare-highland boundary (Fig. 3D) [47].
They can be classified into effusive domes and intrusive domes
based on their origins, and the latter is related to the vertical
uplift of the lunar crust induced by laccolithic intrusions [48].
Intrusive domes usually have low slopes of less than 1° and can
be more than 30 km in diameter according to the investigations
of 10 candidate intrusive domes by Wohler and Lena [48].
These domes are mainly located near the border of mare regions.
Besides, intrusive domes may also exist in some volcanic com-
plexes such as the Mons Riimker region based on the identifi-
cation of some shallow domes [49]. However, shallow domes
could also be formed by eftusive eruption of low-viscosity lava,
and more evidence is still needed to confirm the intrusive ori-
gin of these domes.

Effusive volcanism

The samples collected by Apollo missions confirmed the basal-
tic and ancient nature of the lunar maria [5], which are large
basaltic plains mainly formed in volcanic effusive episodes.
Mare volcanism is fed by buoyant dikes propagating upward
from deep mantle partial melt sources. The geophysical models
predict that when eruptions can occur, the typical magma rise
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Fig.3.Lunar volcanic landforms. (A) Floor-fractured crater (44.3°E, 46.5°N), LRO WAC mosaic. (B) Lava flows in the southwestern Imbrium (330.4°E, 25.5°N), Apollo photograph
AS15-M-1701. (C) Sinuousrrille (315.7°E, 27.3°N), LRO WAC mosaic. (D) Lunar dome (black arrows) and cone (white arrow) (303.6°E, 12.5°N), LRO WAC mosaic. (E) Lunar skylight
(33.2°E, 8.3°N), LRO NAC image M126710873RC. (F) Irregular mare patch (IMP; 5.3°E, 18.7°N), LRO NAC image M190566313LC. (G) 3D view of ring moat dome structures
(RMDSs; 30.8°E, 10.4°N), LRO NAC images M1096293859RC and M1096293859LC. (H) Pyroclastic deposits (352.2°E, 6.2°N), LRO NAC image M1103616897RC.

speeds are ~10 to tens of m s, dike widths are of order 100 m,
and eruption rates from 1- to 10-km-long fissure vents are of
order 10* to 10° m® s™" [37]. These values are huge compared
to typical terrestrial eruptions and help to explain many unu-
sual characteristics of lunar basaltic eruptions.

On the Moon, a volcanic event often includes a sequence of
eruptive processes but always with overpressured volatile-rich
explosive-style eruptions at the beginning due to low gravity
and negligible atmospheric pressure [50]. With decreasing
pressure and release of volatiles, the explosive-effusive transition
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always occurs. The emplacement of basaltic magmas with low
viscosity is fed by dike-feeding conduits and results in the for-
mation of various volcanic features on the lunar surface, includ-
ing lava flows, lava channels, pit craters, cones, domes, etc. that
are commonly seen on Earth [25].

Lava flows

The large impact basins on the Moon are flooded by volumi-
nous basaltic lava flows with some characterized by clear flow
margins that are traceable for hundreds of kilometers [51-53].
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For example, the Apollo photo of the surface in southwestern
Imbrium shows 3 phases of young, fairly pristine mare lava
flows (Fig. 3B). The 3 eruptive episodes produced flows that
respectively traveled 400, 800, and 1,200 km from the vent [51].
Using crater counting methods, they were estimated to have
formed ~2.0 to 3.0 Ga ago [54,55], with thicknesses varying
from ~10 to 40 m [56]. Typical eruption rates are predicted to
lie in the range from 10* to 10° m’ s™" with the resulting flows
commonly 10 to 20 km wide, >10 m thick, and hundreds of
kilometers in length [37]. As the flows advance on the lunar
surface, the cooling mechanism includes radiation of the flow
top and the underlying conduction between the flow bottom
and the substrate. Thus, the thickness of the flows™ outermost
shell, i.e., the thermal boundary layer, will increase with time.
The very low viscosity and highly fluid properties of lunar
basaltic lava favor initial emplacement as thin, rather than thick
sheets of lava. In addition to the styles and rates of eruptions
that fundamentally control lava flow morphology [43], the
thickness and behavior of the solidifying crust (bending, dis-
rupting, or cracking) exert important control over the final flow
appearance [25,57].

Sinuous rilles

When the magma effusion flux is very high (10* to 10> m’ s™"),
long-duration (~100 to 300 days) effusive eruptions would
lead to significant substrate thermal erosion and result in the
formation of lunar sinuous rilles (Fig. 3C). Hurwitz et al.
[58] conducted a global search of lunar sinuous rilles using
high-resolution imaging and topographic data obtained by the
Kaguya and LRO spacecraft, and identify more than 200 lunar
sinuous rilles. These rilles vary in length from 2 km to 566 km,
in width from 160 m to 4.3 km, in depth from 4.8 m to 534 m,
and in sinuosity index from 1.02 to 2.1. Oceanus Procellarum
contains nearly half (48%) of the catalogued sinuous rilles.
Hurwitz et al. [58] also constrained the timing of the formation
of lunar sinuous rilles and found that most of them were formed
between 3.0 and 3.8 Ga ago, coinciding with the climax of global
volcanism. The youngest sinuous rilles occur in the Aristarchus
Plateau area, which may have formed 1.0 to 1.5 Ga ago.

Volcanic cones and effusive domes

Effusive domes and cones (Fig. 3D) are small volcanic edifices
that are usually concentrated in volcanic complexes such as
Marius Hills, Aristarchus, Mons Riimker, Gardner, etc., although
they have also been identified in lunar mare surface or on the
highlands [47,49,59-61]. In contrast to the aforementioned
intrusive domes, effusive domes are usually formed when
magma with high viscosity and/or low eftfusion rate erupts and
accumulates around the effusive vent [48,49]. Compared with
domes, volcanic cones usually have more steep flanks and obvi-
ous central vents. They form in strombolian-style eruptions
when magma has a higher volatile content [25]. Marius Hills
plateau has the highest concentration of cones on the Moon,
and Wan et al. [62] identified 360 known and suspected vol-
canic cones in this region and classified them into 5 morpho-
logical types. Although a lot of work has been done concerning
the identification, morphology, composition, and rheology of
lunar domes and cones, there are still some problems that need
to be solved: (a) Age determination of the domes and cones
needs to be improved as they have a relatively small surface
area, leading to large dating uncertainty. (b) Sample returning
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missions are required to clarify the formation mechanism of
silicic lava dome that is a special type of lunar effusive dome
with silica-rich composition that may have important implica-
tions for the lunar magma evolution [63,64]. (c) The identifi-
cation and classification of lunar domes and cones should be
improved based on newly acquired high-resolution morpho-
logical and topographical data [62] as well as new techniques
such as machine learning [65].

Lava tubes and skylights

Lava tubes are typical volcanic features on planetary surfaces
[66-68]. They were evidenced on the Moon by discontinuous
pit chains [69] and vertical holes that are called “skylights” (Fig.
3E) [70,71]. Early studies proposed that sinuous rilles may have
evolved into lava tubes when segments of the channels were
roofed over [69]. Lunar lava tubes have been paid high attention
as they are ideal sites for the construction of lunar bases because
they (a) provide immense underground space for construction,
which does not need to build or burrow on a large scale; (b)
provide an environment that has relatively constant tempera-
ture and weak cosmic radiation, and is barely influenced by
lunar dust and micrometeorite impacts; and (c) may provide
necessary resources for human daily life such as water ice or
other volatiles [69,72].

Irregular mare patches

Lunar Irregular Mare Patches (Fig. 3F; IMPs) [73] are a type
of mare features on lunar surface with special “blistered”
appearance (meniscus-like bulbous shaped mounds sur-
rounded by rough and optically immature materials). They
have aroused interest of researchers since the discovery of Ina,
the most remarkable endogenic IMP feature located in Lacus
Felicitatis (18.65°N, 5.30°E), by the Apollo 15 mission [74].
We compiled all previous lunar IMP identifications since the
Apollo era and present an updated, comprehensive inventory
of 91 lunar IMPs [59].

Although Ina could be formed in relatively recent geological
time due to its crisp appearance, optical immaturity, and low
number of superposed impact craters, the specific formation
mechanism is still under debate. Various theories have been
proposed to explain the nature and origin of lunar IMPs,
including sublimation-induced high reflectance of the floor
terrains [74], small lava intrusions within a collapse caldera
atop an extrusive volcanic dome [75], removal of surface reg-
olith by episodic out-gassing within the past 10 Ma [76], lava
flow inflation (mounds) and subsequent lava breakout (floor
hummocky terrains) [77], explosive volcanic eruptions and the
resultant deposition of fine-grained, block-free pyroclastics
[78], geologically very recent volcanic eruption model [73], and
lava lake processes and magmatic foam extrusion [79,80]. In
summary, a series of questions concerning the spatial distribu-
tion, geological context information, formation age and phys-
ical properties of lunar IMPs need to be explored by future
missions and studies.

Ring moat dome structures

An enigmatic feature, named Ring Moat Dome Structure
(RMDS; Fig. 3G) in the lunar maria has been noticed in the
Apollo era and extensively investigated recently [57,81-83].
They often display topographic characteristics with low dom-
ical mounds surrounded by ring depressions (or moats). On
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average, these mounds are commonly ~200 m in diameter
with a mean height of ~3 to 4 m [57]. Both isolated and clus-
tered patterns are seen for their distribution (Fig. 3G), and
at the same time, RMDSs are found to locate in various mare
settings and show no distinct composition from the surround-
ing maria that they are located in [81]. Based on a series of
observable results, in particular their spatial relationship with
many volcanic features, a volcanic hypothesis has been pro-
posed for their formation [81,83]. They are interpreted as
extrusions of volatile-rich, overpressured melt in the interior
of flowing lava [81,83]. Crater count dating results [81] and
small crater—-RMDS overlap relationship suggest that RMDS-
formation-related mare volcanism might have occurred in
very recent epochs of less than 1.0 Ga in the Copernican era
[82]. Otherwise, RMDSs would have been erased by lunar
regolith formation processes due to the impact gardening
effect. However, there are no geophysical models and erup-
tion mechanisms that can account for the very young small-
scale mare volcanism to form RMDSs because, at the time,
magma source regions should have moved into the deep lunar
interior, and hence, it would have been very difficult for
magma to reach the surface [25,57,82]. Therefore, and with
more confidence, RMDSs are interpreted as an unusual man-
ifestation of the emplacement of lavas between 3 and 4 Ga
ago, during the era of mare basalts emplacement [83]. In
addition, a shallow laccolith intrusion model [84] is pro-
posed to explain their formation. However, this model also
relies on volcanic activity and it is not easily consistent with
the current knowledge of the thermal evolution history of
the Moon [85].

Explosive volcanism

In the course of the dike propagation to the surface, volatile
phases within the magma would continuously exsolve due to
pressure release, generating abundant gas bubbles at the dike
tip. Expansion of the bubble-rich magma into the lunar vac-
uum would lead to explosive eruptions and the deposition of
pyroclastic materials surrounding the volcanic vent. Explosive
eruptions are relatively common on the Moon, and hundreds
of pyroclastic deposits have been identified on the lunar sur-
face [86]. Similar to volcanic eruptions on Earth, lunar explo-
sive volcanic eruptions are also modulated by magma effusion
rate, physical property, and the volatile content of the magma,
thus generating various kinds of eruption styles and deposi-
tion. However, due to the unique environment of the lunar
surface, including the low lunar gravity and lack of an atmos-
phere, typical volcanic eruption styles on Earth would result
in different explosive eruption types and the resultant deposits
on the Moon [25].

Terrestrial Hawaiian-style eruptions occurring in the lunar
environmental conditions would produce regional and local-
ized pyroclastic deposits (Fig. 3H) [87]. Over 100 pyroclastic
deposits have been identified on the lunar surface, with sur-
face extent of up to 50,000 km® [86,88]. Analyses of orbital
spectroscopic data can be used to constrain the crystalliza-
tion and cooling rate of pyroclastic beads in these deposits
[89]. For instance, pyroclastic deposits at the Aristarchus
Plateau were characterized by apparent absorption features
of glassy materials, indicating relatively low degree of crys-
tallinity, while the deposits at Sinus Aestuum have the weak-
est glass absorption bands, consistent with a higher degree
of crystallinity.
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Crustal and Mantle Structures beneath Lunar
Volcanic Landforms

Layered subsurface structures of mare basalts

The stacking of mare basalts develops through lunar history
with younger flows overlaying on the older flows. Therefore,
detecting the subsurface conditions of lunar mare basalts will
help constrain the emplacement characteristics of lunar basalts
as well as the evolutionary history of lunar maria.

During the Apollo missions, active source moonquake exper-
iments were carried out at the Apollo 14, 16, and 17 landing sites
to study the lunar subsurface layered structures. At the Apollo
14 landing site, the regolith is about 8.5 m thick and the under-
lying layer is 19 to 76 m thick [90,91]. The regolith thickness of
the Apollo 16 landing site is 7 to 22 m, and the underlying strata
(Cayley Formation) is 70 to 220 m thick [92]. Apollo 17, which
landed in the Taurus-Littrow Valley, observed 5 different P-wave
velocity interfaces at depths of 4 m, 32 m, 390 m, and 1,385 m
[93]. These layered structures may represent lava flow deposits
that formed during multiple episodes of volcanic activity.

Japan’s Kaguya spacecraft carries a Lunar Radar Sounder
that can probe to depths of up to several kilometers. It iden-
tified subsurface layers several hundred meters deep in the
lunar nearside maria, indicating that basalts are up to hun-
dreds of meters thick [94-96]. However, the vertical resolu-
tion of orbital radar is low, and more refined mare subsurface
structures have been obtained by lunar penetrating radar (LPR)
aboard in situ exploration rovers.

Chang'e-3 (CE3) and CE4 spacecraft respectively landed on
the mare surfaces within the Imbrium basin on the lunar near-
side and the Von Karmadn crater on the lunar farside [97,98].
They used LPR to probe the subsurface structures deep to hun-
dreds of meters, revealing the emplacement history of lava flows
on the nearside and the farside of the Moon. In addition, the
LPR profiles show deep lava flows ranging in thickness from
several meters to tens of meters, even up to hundreds of meters.

In the CE3 landing area, the low-frequency LPR detected
the subsurface structure of more than 300 m deep, and thus
could identify buried geological units. Therefore, it is specu-
lated that there were multiple periods of volcanic eruptions in
the landing area [53,99]. The deep radar reflection resembles
that of the shallow Eratosthenian basalts, possibly suggesting
the youngest Imbrium basalts filling the Imbrium basin at
around 3.3 Ga [99,100]. In addition, the high-frequency LPR
reveals that the overall thickness of the Eratosthenian basalts
is more than 30 m starting at the depths of ~10 m, which can
be further divided into 3 sub-stages [101]. The overall thickness
and depth ranges of the Eratosthenian mare unit in the CE3
landing region are in good agreement with the constraints from
the impact crater excavation measurements [102]. Regional
geological studies indicate that at least 5 lava eruption events
in the CE3 landing region have filled the northeastern area of
the Imbrium basin, forming a basalt layer of ~1 km thick [103].
Therefore, it is likely that there should be more volcanic events
in the radar profile that filled the Imbrium basin at a greater
depth. However, due to some controversy over the data pro-
cessing of the low-frequency channel of CE3, further research
is needed to constrain the subsurface structures of the Imbrian
basalts [104].

The lava flows on the farside of the Moon also have layered
structures. The LPR profiles show that the CE4 landing area
hosts multiple layers of impact ejecta and basalts [105-108].
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Multi-stage Imbrian basalts with a thickness of 100 m were
found at a depth of more than 130 m, which is consistent with
the thickness of the basalts in the Von Karman impact crater
estimated by the crater morphology method [105]. The inter-
pretation of shallow layers above 130 m is still under debate.
Some studies believe that the depths of 50 to 130 m still have
the characteristics of multi-stage Imbrian basalt [107,108], and
it was also argued that this layer might be an impact ejecta
[105]. Therefore, more data and analytical methods are needed
to verify the subsurface structures of mare basalts on the lunar
farside.

Subsurface structures of lunar volcanic complexes
Large volcanic complexes on the lunar nearside are topographic
prominences that have a high concentration of various volcanic
features on the surface, such as domes, pit craters, cones, and
rilles [1,109]. They open an important window to study the
thermal evolutionary history of the lunar nearside crust and
mantle. Using high-resolution imagery and topographic data,
Spudis et al. [110] recognized 8 large volcanic complexes
(Marius Hills, Mons Riimker, Prinz, Kepler, Hortensius, Cauchy;,
Gardner, and Aristarchus) on the nearside of the Moon and
suggested that these features were large shield volcanoes equiv-
alent to those on Mars, Earth, and Venus. Six of them are
located within the Oceanus Procellarum and the other two are
in the Mare Tranquillitatis (Fig. 4).

Subsurface mass density is important to determine the com-
position of a volcano and at a greater depth to understand the
crustal evolution. Without sufficient lunar seismic data, high-
resolution gravity data provide an efficient way to detect the
subsurface structure of those volcanic complexes. A joint gravity
and topography spectral analysis of these regions suggested that
the shallow crusts of the Mons Riimker, Marius Hills, Gardner,
and Kepler are mainly composed of dense intrusive/extrusive
magmatic units, with crustal and surface load densities larger
than 2,850 kg m™>, while Aristarchus Plateau and Hortensius
are mainly composed of low-density materials with only small
amounts of superimposed volcanic material, with lower crustal
and load densities of 2,550 kg m ™~ [111]. Using gravity forward
modeling methods, both Kiefer [112] and Deutsch et al. [113]
fitted the observed gravity anomaly in the Marius Hills region
with a subsurface dense model. The former suggested basaltic
intrusions as magma chamber in a feldspathic porous crust,
while the latter showed either a dike complex extending from
the crust-mantle boundary to the surface or dike complex com-
bined with a mare-filled impact crater beneath the Marius Hills.
Evans et al. [114] identified quasi-circular positive gravity
anomalies beneath both the Marius Hills and Gardner, and sug-
gested buried impact craters filled out with dense mare basalts.
Zhang et al. [115] analyzed both the geomorphology and gravity
anomalies of several volcanic complexes, and argued that mag-
matic intrusions would exist in the crust of Marius Hills, Gardner,
and Riimker regions. Applying a 3D density inversion method
on Bouguer gravity data, Chisenga et al. [116] obtained the sub-
surface density structures of the Riimker region and suggested
a high-density basalts (>3,000 kg m™) intrusion with a depth
of ~6 to 18 km in the crust.

Hidden structures related to magma intrusion
On the Moon, a single-plate planet, volcanism arose mainly
from mantle melting, which formed the source region of lunar
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basaltic magma located 200 to 400 km below the lunar surface
[117]. Magma erupts through the lunar crust to the surface,
forming a variety of structures; however, most of the magma
did not reach the lunar surface but was preserved by intrusion
into the lunar crust [118]. On Earth, the volume of intruded
magma is approximately 10 times the volume of extruded lava
for the continental crust and 5 times the volume of extruded
lava for the oceanic crust [119]. Buoyancy dominates the move-
ment of magma from the interior to the shallow or surface of
the planet [120,121]. The latest estimation from the GRAIL
mission provides a mean density for the lunar crust that is
particularly low, of 2,550 kg/m® [12,28]. A large density of
magma can be inferred from the density of 3,010 kg/m’ of
lunar mare basalt [122], so the intrusion-to-extrusion ratio on
the Moon may be even higher than that on Earth [63,123,124],
and can reach an upper limit of 50:1 [118].

While remote sensing imaging and spectral data are used
to study volcanic features on the lunar surface, gravity data
provide important supplements for us to investigate hidden
structures related to magma intrusion. The latest model pro-
duced by Goossens et al. [125] has been solved to the degree
1,500. The information in the degree 60 to 600 is commonly
used for lunar crust range studies, which have removed long-
wavelength effects and noise from the high-degree coefficients.
The degree 60 corresponds to the depth of ~30 km beneath the
lunar surface, and the degrees <600 represent the completely
resolved coeflicients according to the real satellite tracking data
[126,127]. Further combined with the 3D density inversion
model [128], the 3D density spatial information within the
lunar crust can be obtained. The GRAIL field reveals the fine
details of subsurface structure for volcanism, including tectonic
structures and mafic instructions. For example, huge dikes were
discovered surrounding the Procellarum KREEP Terrane with
alength of thousands of kilometers where ancient magma may
erupt [129]. In addition, gravity measurements also revealed
lunar mass concentrations, or “mascons” associated with impact
basins [130,131]. However, the lava emplacement of the mare
basalts cannot create such a large-gravity central positive anom-
aly in the basin, nor can the central positive anomaly be
surrounded by concentric negative anomalies [132,133]. The
gravity anomaly structure of the lunar mascon basin is attrib-
uted to mantle rebound and thickened crust [132,134]. The
impact event thinned the lunar crust and magma from the
mantle intruded into the crust, which provided favorable con-
ditions for subsequent volcanism. Some of the mascons reveal
the existence of buried basins in which cryptovolcanism and
cryptomaria have been identified [135]. Depending on assump-
tions about density and crustal compensation state, the volume
of the candidate buried cryptovolcanic deposits was estimated.
These candidate deposits correspond to a surface area of between
0.50 X 10° km? and 1.14 x 10° km?, which would increase
the amount of the lunar surface containing volcanic deposits
from 16.6% to between 17.9% and 19.5% [135].

Outstanding Problems and Future
Exploration Targets

The temporal and spatial span of lunar volcanism

In recent years, an outstanding issue of lunar exploration is
how long such a small terrestrial planetary body can sustain
volcanic activity. Addressing this issue can provide new insights
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Fig.4.Topography (top) and gravity map (bottom) of the lunar nearside. The white circles indicate the locations of 8 large volcanic complexes proposed by Spudis etal. [110].
The topographic map is derived from the LOLA 2050 spherical harmonic model (Iro_ltm05_2050_sha.tab, http://pds-geosciences.wustl.edu/Iro/Iro-I-lola-3-rdr-v1/Irolol_1xxx/
data/lola_shadr/) and the free-air gravity is from the newly released GL1I500E model (jggrx_1500e_sha.tab, https://pds-geosciences.wustl.edu/grail/grail-ligrs-5-rdr-vl/

grail_1001/) [126]. This figure is in a cylinder equidistant projection.

into and constrain our current models of the thermal and
compositional evolution of the Moon [80]. However, the start
and end of lunar volcanic activity are still waiting to be con-
firmed. Studying returned samples of lunar mare basalts indi-
cates volcanism with a time range of ~3.8 to 3.1 Ga [136] and
the youngest known age of ~2.0 Ga [137,138], while lunar
meteorites record the oldest mare basalt volcanism starting
as early as ~4.35 Ga [31,139]. High-silicic volcanism on the
Moon was also dated to occur at this time period between
~2.0 and 4.32 Ga [64,140,141]. Crater counting work, how-
ever, implies that mare volcanism on the Moon continued
until ~1.2 Ga ago [30], and even much younger than the age
by characterizing small volcanic features in the lunar maria
based on remotely acquired data [73,76,82].
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To confidently determine the span of lunar volcanism, more
samples from the oldest and youngest mare units are required.
To locate the potential cryptomeria, remote sensing data are
needed to directly identify and characterize the cryptomeria
buried by basin ejecta. To collect the potential youngest lunar
volcanic deposits, samples from the IMPs [59], RMDS [57],
and young mare basalts on the south of Aristarchus Plateau
(P60 unit in [30]) or northwest of Kepler crater (U17 unit in
[34]) are needed.

In addition, by determining the temporal and spatial span
of lunar volcanism, the outstanding questions of (a) the nature
and origin of the dichotomy in the distribution of basalts on
the lunar nearside and farside, and (b) the mechanism for the
emplacement and longevity of lunar volcanism may be solved.
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Formation mechanism of lunar volcanic landforms
As introduced in the “Styles of Lunar Volcanism and Related
Volcanic Landforms” section, the Moon hosts a diversity of
volcanic landforms that have been studied using imaging, top-
ographic, spectral, and radar data. Nevertheless, debates still
exist concerning the formation mechanism of the landforms.
For example, the thermal erosion origin [142] and mechanical
erosion origin [143] of sinuous rilles have been long discussed.
Hurwitz et al. [144] proposed that the sinuous rilles in the mare
region (accounting for 78% of the global lunar sinuous rille
population) should have formed mainly by thermal erosion,
while those rilles originated in the highlands were likely formed
mainly by mechanical erosion, as the highland regolith is much
thicker and is expected to be more easily eroded. It is worth
noting that the sampling site of China’s Chang'e-5 mission is
located 17 km west of the longest sinuous rilles on the Moon,
Rima Sharp. The large-volume volcanic eruption that formed
this sinuous rille may source the mare deposits at the Chang'e-5
sampling site. Analysis of the Chang'e-5 samples is expected to
provide key information for the formation mechanism of lunar
sinuous rilles [145,146].

In addition, the origin of silica-rich volcanic features is
also mysterious without returned samples. Based on radiom-
eter data from Diviner Lunar Radiometer Experiment, silica-
rich features were found at Aristarchus, Compton-Belkovich,
Gruithuisen, Hansteen Alpha, Helmet, Lassell Massif, and
Montes Riphaeus regions, characterized by their high-silicate
mineralogy and abundant Th abundances [63,147]. Silicate
liquid immiscibility, fractional crystallization, and under-
plating are the 3 most possible mechanisms to form those
non-mare features [25], but no solid conclusions have been
drawn yet. Any samples from a typical silica-rich feature
like Gruithuisen domes would largely help to constrain the
petrogenesis of their origin.

Opverall, in situ samples as well as high-quality in situ imag-
ing and radar data are key requirements to constrain the for-
mation mechanism of lunar volcanic landforms.

Subsurface structures of lunar volcanic features
Although gravity and radar data have greatly helped us under-
stand the subsurface structures of lunar volcanic features,
several aspects still need to be considered: (a) gravity data do
not have inherent depth resolution, and therefore, the vertical
or radial distribution of density in the recovered 3D model
is a direct consequence of prior information or constraints
applied [148]; (b) kilometer-depth structures of lunar mare
can be detected using orbital radar or active source moon-
quake; however, the resolution of these detections is too low
to identify finer lava flow and the detection range of moon-
quake data is very limited; (c) mare basalts should contain
different types of deposits [149] such as volcanic ash and pyro-
clastic; however, the imaging method based on radar waves
has not been fully effective to identify them. To solve these
problems, improved orbital radars and more moonquake exper-
iments are needed, and dependent data processing and inver-
sion methods of radar and gravity data should be developed
for the volcanic features. In addition, deploying both in situ
and orbital instruments together could help to compare the
data obtained both from the surface and orbit, which would
largely help to construct the subsurface of a volcanic feature
in various resolutions.
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Conclusions

Volcanism links the interior to the surface of the Moon and,
thus, serves as a window into the lunar geological and thermal
history. Recent researches have better constrained the distri-
bution and duration of lunar volcanism, identified a variety of
landforms that related to different volcanic styles, and revealed
the deep structure associated to lunar volcanism. We analyzed
these advances, and proposed that problems still exist on the
spatial and temporal span as well as the emplacement of lunar
volcanism, the formation mechanism of some lunar volcanic
landforms such as sinuous rilles and silica-rich domes, and the
fine subsurface structures of lunar volcanic features. To solve
these questions, the most important demand is to acquire more
lunar samples and high-quality in situ data of typical lunar
volcanic features. We believe that with the continuous imple-
mentation of China’s lunar exploration program, more secrets
of lunar volcanism will be uncovered in the near future.
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