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Abstract Volcanic activity is the main process for heat-material exchange and circulation for differentiated planets. All
terrestrial planets in the Solar System, the Moon, the satellites of giant planets, and the dwarf planets once experienced or are
currently experiencing volcanic activities. This paper summarized the volcanism (main volcanic features and their formation) on
the Moon, Mars, Venus, and Mercury in the inner Solar System, volcanism and cryovolcanism on satellites (Io, Europa,
Enceladus) of giant planets, as well as volcanism on dwarf planets including Cere in the main asteroid belt and Pluto in the
Kuiper belt. This work shows volcanism in the Solar System is driven by various factors, forming abundant volcanic landforms.
It has significant meanings to compare volcanism happening on different planets using comparative planetology approaches for a
better understanding of volcanism, the planetary habitability, and the information contained on the origin and evolution of planets
in the Solar System.
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1. Introduction

Volcanism is the phenomenon that solid, liquid, gas, and their
mixtures erupt to the surface during the thermal evolution
process of planets, satellites, and asteroids. The planet bodies
in the Solar System have various eruption styles and pro-
ducts. Except for the silicate melt erupted from the Earth,
ultramafic and sulfur-rich melts erupted from Io, and water
ice and alkane melts erupted from icy moons in the outer
Solar System and dwarf planets. All volcanic activities were
controlled by two factors, i.e., heat source and melted ma-
terials.
According to the study of terrestrial volcanology, present

volcanic activities on the Earth are mainly controlled by plate
tectonics and mantle plume. Mantle convection and long

half-life period radioactive elements 40K, 235U, and 238Th are
the main heat source for terrestrial volcanism. However, in
the planetesimal formation stage, remnant planetesimals
keeping aggregation, the heat converted from kinetic energy
and the short half-life period radioactive element 26Al are
significant. With the growth of the planet’s body, self-com-
paction may raise the temperature of the interior of a planet
(Francis and Oppenheimer, 2004). This heat is likely to be
the main heat source for the melting of relatively large as-
teroids such as Ceres. For the even larger differentiated
planet, the formation of the core provides a continuous heat
source for the volcanism (Solomon et al., 1981).
The tidal energy from planet movement is another im-

portant heat source. For the Earth-Moon system, gravitation
triggers prominent liquid tides, but not enough to change the
internal thermal state of the Earth. Venus does not have a
satellite; the two satellites of Mars are too small. Therefore,
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both of them have little to no tidal heat. Mercury is very close
to the Sun; orbit resonance may impact its internal thermal
state, but could not support the current volcanism. However,
for moons in the outer Solar System, such as Io, Europa, and
Enceladus, the tidal heat may be the main heat source for
volcanism or cryovolcanism (Wilson, 2009). For dwarf
planets like Pluto, the heat source for its cryovolcanism is
still not unclear.
Since the formation of planets, the heat from interior

radioactive decay is decreasing and the surface heat flux is
decreasing as well in a continuous process of cooling. Cur-
rent studies show most planets obey the general thermal
evolution trend of a planet, but the discrepancy between
model prediction and observations prompts scientists to re-
think the heat source, eruption mechanism, the diversity of
volcanic products, and the evolution of volcanism in differ-
ent bodies in the Solar System. This paper is aimed to
summarize the volcanism on the main planets in the Solar
System first, on the basis of which propose key scientific
questions of planetary volcanism and future exploration
targets.

2. Volcanism in the inner Solar System

Earth is the most familiar planet to humans. It is also the
reference object to other planets when studying their volca-
nic activities. Here we focus mainly on discussing the recent
advancement of volcanism on the Moon, Mars, Venus, and
Mercury.

2.1 Volcanism on the Moon

Moon is the only natural satellite of the Earth with an average
distance to the Earth of 384,400 km, which has a diameter of
1,737.4 km, a bulk density of 3.344 g cm−3, and a surface
gravitational acceleration of 1.624 m s−2. The Moon formed
at ~4.5 Ga (Yin et al., 2002; Kleine et al., 2002; Barboni et
al., 2017) by the impact of a Mars-sized planetary body,
Theia, and the proto-Earth (Halliday, 2000). The giant im-
pact melted the entire lunar surface to form the lunar magma
ocean (Warren, 1985). The lunar volcanism started at the end
of the solidification of the lunar magma ocean (~4.35 Ga;
Terada et al., 2007), and lasted until at least 2.0 Ga ago (Che
et al., 2021; Li et al., 2021), even 1.2 Ga ago (Hiesinger et al.,
2011; Qian et al., 2023). Lunar volcanism is the most im-
portant endogenic geological process and is a skylight to
probe the internal properties and thermal evolution of the
Moon.
Lunar basalts are the most significant products of lunar

volcanism. Mare and cryptomare occupy at least 18% area of
the lunar surface (Whitten and Head, 2015a), with a total
volume of 1×107 km3, reaching 1% volume of the whole

lunar crust. The majority of mare basalts distribute within the
large impact basins, especially those formed in and after the
Nectarian Period, such as Imbrium basin, Serenitatis basin,
Tranquillitatis basin, Nectaris basin, and Crisium basin,
forming widespread lava plains (Qiao et al., 2021). The
nearside and farside of the Moon have a prominent dichot-
omy, characterized by asymmetrical crustal thickness, ele-
vation, geological and thermal history (Laneuville et al.,
2013). Most of the lunar basalts develop in the lunar near-
side, only a few in the farside and limited to the South Pole-
Aitken basin, Orientale basin, and a few other large basins.
The Procellarum KREEP Terrane (Jolliff et al., 2000) in the
lunar nearside has most of the lunar basalts (Hiesinger et al.,
2011). Three huge volcanic complexes, Mons Rümker,
Aristarchus Plateau, and Marius Hills are located to the
north, middle, and south of Procellarum KREEP Terrane,
becoming the most prominent features on the Moon (Figure
1). In addition, all young lunar volcanism happened within
the Procellarum KREEP Terrane, concentering at the center
of Oceanus Procellarum and the southwest of Mare Imbrium.
It may be due to the enrichment of the heat-producing ele-
ments and the thin crust within the Procellarum KREEP
Terrane (Laneuville et al., 2013), but Chang’e-5 samples
have yet to test this hypothesis.
Lunar volcanism includes effusive and explosive erup-

tions. The effusive eruption is controlled by eruption rate,
eruption duration, cooling rate, magma supply, and topo-
graphy, to form various volcanic features (Head and Wilson,
2017; Zhang et al., 2017). Low eruption flux and quick
cooling rate tend to form small shield volcanoes; high
eruption flux and quick cooling rate tend to form compound
lava flow; high-flux and long-duration eruption accelerates
thermal erosion and tend to form sinuous rilles; even higher
flux may produce huge lava flows with a length of hundreds
of kilometers. Because of the difference in eruption condi-
tions, explosive eruption also includes different styles (Head
and Wilson, 2017). The strombolian eruption could form
cinder and spatter cones; the Hawaiian eruption could form
pyroclastic blankets; the Ultraplinian eruption could cause
Moon-wide dispersal of gas and foam droplets; the Vulca-
nian eruption could form dark-halo craters mixing with
country rocks; the Ionian eruption could form dark pyr-
oclastic rings, multiple eruptions frommany gas-rich fissures
could create dark mantles; long-duration high-effusion rate
eruptions accompanied by continuing pyroclastic activity
could cause a central thermally eroded lava pond and chan-
nel. In addition, underplating and silicate liquid im-
miscibility may produce silicic magma, whose eruption
consists of silica-rich volcanoes, including those distributed
in Gruithuisen, Aristarchus, Hansteen, Riphaeus, Lassell,
and Helmet regions (Figure 2).
Recently, several types of special volcanic landforms on

the Moon were found or re-recognized. Irregular mare patch
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is characterized by its unique irregular appearance, with
well-preserved subtle topography fluctuation, low optical

maturity, and few overlaying craters (Qiao et al., 2017). So
far, there are 91 irregular mare patches discovered, mainly in

Figure 1 Distribution of lunar volcanic features. This figure is modified from Byrne (2020), Copyright © 2019 Springer Nature.

Figure 2 Typical lunar volcanic features. (a) Lava flows in the center of Mare Imbrium (22.45°W, 31.95°N); (b) Hadley Rille in the southeast of Mare
Imbrium (2.74°E, 25.35°N); (c) lava tube to the northwest of Gruithuisen domes (43.479°W, 34.583°N); (d) Mons Rümker (57.9°W, 40.70°N); (e) dome to
the west of Milichius crater (31.24°W, 10.09°N); (f) pyroclastic deposits to the northwest of Schröter crater (7.90°W, 5.91°N); (g) Gruithuisen domes (40.14°
W, 36.43°N); (h) irregular mare patch Ina (5.30°E, 18.15°N); (i) Ring moat dome structure in the center of Mare Tranquillitatis. The basemaps of (a)–(g) are
the Kaguya TC Morning Map. The basemaps of (h) and (i) are LROC NAC images. North is up for all figures.
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the mare region in the lunar nearside (Qiao et al., 2020). The
origin of the irregular mare patch still remains controversial.
Braden et al. (2014) propose the irregular mare patch as the
product of young volcanism within 100 Ma. Qiao et al.
(2017) and Head and Wilson (2017) suggest they are formed
by ancient lava lake processes before 3.0 Ga, accompany by
magmatic foam extrusions. Ring-moat dome structure is a
newly discovered morphological feature widespread on the
lunar basaltic lava flows; these low domes are typically
surrounded by narrow annular depressions or moats (Zhang
et al., 2017). So far, there are more than 8000 ring-moat
dome structures discovered, mainly distributed in the lava
plains within Mare Tranquillitatis, Mare Fecunditatis,
Oceanus Procellarum, Mare Humorum, Mare Nubium, and
Mare Imbrium (Zhang et al., 2020). The formation of the
ring-moat dome structure is also in controversy. Zhang et al.
(2017) and Wilson et al. (2019) proposed they are formed by
magmatic foam extrusions. Flow inflation and the formation
of the foam layers fracture the upper crustal layer that per-
mits extrusions of the magmatic foams to form domes, with
subsidence of the adjacent surface to form the moats. Gar-
rick-Bethell and Seritan (2021) suggested the origin of ring-
moat dome structures is related to the shallow magma in-
trusion and sill formation. Fitz-Gerald (2021) thought the
ring-moat dome structure is formed by the spherical ag-
gregation of lunar regolith driven by the moonquake, but this
hypothesis lacks geophysical evidence. The formation time
of ring-moat dome structures is also unclear; Zhang et al.
(2021) found several of them may form as recently as 100
Ma.
Latest lunar missions, such as the Chang’e-5 mission

(Zhou et al., 2022), significantly promote the development of
lunar volcanology. Chang’e-5 landed in an Eratosthenian-
aged mare unit in the northern Oceanus Procellarum,
~170 km away from Mons Rümker (Qian et al., 2021). The
returned Chang’e-5 samples indicate the mare basalts in this
region have an age of ~2.0 Ga (Che et al., 2021; Li et al.,
2021), at least 800 Ma younger than the previous estimation
of the end of lunar volcanism (Liu et al., 2021). The analysis
of U-Pb, Rb-Sr, and H isotopes and trace elements indicate
that the mantle source of Chang’e-5 basalts is not rich in
heat-producing elements (Tian et al., 2021) or water (Hu et
al., 2021), challenging the current lunar thermal evolution
model (Liu et al., 2021; Mitchell, 2021). Although Chang’e-
5 returned young lunar basalts, more young samples are
needed to be returned, including those from irregular mare
patches and ring-moat dome structures, in order to fully
understand the young lunar volcanism.

2.2 Volcanism on Mercury

As the inner-most planet in the Solar System, Mercury has a
comparable diameter (~2440 km) with the Earth’s Moon and

a comparable surface gravity with Mars. With a large iron-
rich core, Mercury is the only terrestrial body besides the
Earth that has a dipole magnetic field, which is much weaker
but highly dynamic. There is no convectional atmosphere on
Mercury, and the powerful solar wind at the orbital position
of Mercury exhibits rich interactions with the magnetosphere
and surface materials. In general, the space environment and
surface morphology of Mercury is rather similar to those on
the Moon.
Mercury and other terrestrial bodies share similarities in

terms of the evolution of volcanism. The hypothesized pri-
mary crust of Mercury, which was likely differentiated from
a postulated magma ocean, has been largely buried by later
volcanic materials, which were then substantially mixed by
impact bombardment. On the other hand, the lithology of
igneous rocks, volcanic landforms, eruption mechanism, and
durations on Mercury exhibit important differences from
those on the other terrestrial bodies. Surface materials on
Mercury contain <2 wt% of iron and 0.4 wt% of Ti, which
are much lower than the global average of lunar surface
materials (Weider et al., 2016). However, the contents of Mg
(9–25 wt%) and S (~4 wt%) on Mercury are substantially
larger than those of other terrestrial bodies (McCoy et al.,
2018). Igneous rocks on Mercury are likely mainly alkaline-
rich komatiite and boninite (Vander Kaaden et al., 2017;
McCoy et al., 2018), which are composed of felspar, pyr-
oxene, and olivine, while minor contents of quartz may also
exist (Charlier et al., 2013; Vander Kaaden et al., 2017). The
viscosity of magma formed in Mercury is rather low
(0.4–82 Pa s; McCoy et al., 2018), and the mobility of
Mercurian magma is much larger than that on the other ter-
restrial bodies (Stockstill-Cahill et al., 2012; Byrne et al.,
2018). Therefore, with sufficiently-large eruption flux, vol-
canism on Mercury can easily form large lava plains similar
to large igneous provinces on Earth and the other terrestrial
bodies.
Intercrater plains (Trask and Guest, 1975) and smooth

plains (Denevi et al., 2013) are the major volcanic landforms
on Mercury in terms of volume (Figure 3a). Intercrater
plains, by definition, are composed of plain materials that
have buried numerous impact structures, which can be as
large as ~128 km (Figure 3b, 3c). The voluminous flooding
event that formed intercrater plains substantially reduced the
spatial density of impact craters at the diameter range of 20–
128 km (Fassett et al., 2011). Stratigraphic relationships
between intercrater plains and the other terranes on Mercury
suggest that intercrater plains were formed early in history,
mostly larger than ~4.1 Ga. However, there has been a long
debate about the possible cause of the flooding event that
formed intercrater plains, since they can be explained by
both effusive volcanism and/or deposition of melt-rich ejecta
deposits from large impact basins (Spudis and Guest, 1988;
Strom et al., 2011). Recent observations based on multi-band
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images that were returned by the MESSENGER spacecraft
showed that intercrater plains exhibit similar reflectance
spectra and geochemical characteristics with typical lava
flows and lava plains on Mercury (Whitten et al., 2014;
Murchie et al., 2018). Meanwhile, ejecta deposits formed by
known impact basins on Mercury are much smaller than the
volume of intercrater plains on Mercury, further suggesting
that most intercrater plains may be formed by early effusive
volcanism. The spatial density of large impact craters on the
most-heavily cratered terrains is comparable with that of
major impact basins on Mercury, indicating that Mercury
might have experienced a global volcanic resurfacing that
has removed earlier geological history at ~4.1 Ga (Marchi et

al., 2013).
Smooth plains are composed of high-reflectance, flat plain

materials that filled low elevation areas on Mercury (Denevi
et al., 2013; Figure 3a). Surface areas of individual smooth
plains are from 102 to 106 km2 (Byrne et al., 2016; Wang et
al., 2021), and thicknesses of over several kilometers.
Smooth plains mainly occur in areas with thin crust thick-
nesses (Wang et al., 2021), typically in floors of large impact
craters. Smooth plains cover ~27% of the global surface, and
they have a smaller density of impact craters than the other
major terranes on Mercury. Meanwhile, it is noticed that the
temporal-spatial distributions of smooth plains on Mercury
exhibit a close correlation with major impact basins such as

Figure 3 Volcanic plains and pyroclastic deposits on Mercury. (a) Smooth plains with various origins (pink shades with blue margins are confirmed
volcanic plains, yellow shades with red margins are suspicious volcanic plains that need more evidence) and pyroclastic deposits (red triangles). The base
image is the enhanced color mosaic obtained by the MESSENGER spacecraft. (b), (c), Intercrater plains; (d), (e), smooth plains; (f), (g), volcanic pits and
their surrounding pyroclastic deposits.

5Xiao L, et al. Sci China Earth Sci



the Caloris, Rembrandt, and Beethoven basins, and these
basins were formed around ~3.8 Ga (Whitten and Head,
2015b; Mancinelli et al., 2016; Byrne et al., 2018). Smooth
plains are located around these large impact basins, while in
the antipodal regions of the basins, smooth plains do not
show obvious concentrations (Wang et al., 2021). Absolute
model ages for smooth plains were derived based on crater
statistics, yielding a rather uniform age of ~3.6–3.8 Ga, i.e.,
within 200 million years around 3.7 Ga (Wang et al., 2021).
Therefore, the formation of most smooth plains on Mercury
may be spatially and temporally correlated with the forma-
tion of the large impact basins, since a single basin-forming
impact could induce thermal disturb in the mantle of Mer-
cury for over 100 Myr (Padovan et al., 2017). The con-
centrated formation of large impact basins might have
ingested substantial energy in the interior of Mercury,
forming widespread giant faults in the lithosphere and pro-
moting the degree of partial melting in the mantle. Therefore,
the last global volcanic resurfacing event on Mercury might
also be triggered by the basin forming events.
Over 170 locations of high-reflectance and reddish pyr-

oclastic deposits exist on Mercury, and they occur around
irregularly-shaped and rimless depressions (Figure 3f, 3g).
Pyroclastic deposits on Mercury are much larger in size than
those on the Moon, although Mercury has a larger surface
gravity (Besse et al., 2020). Therefore, the magma that drove
the explosive eruptions on Mercury contains a substantially
higher content of volatiles, and the eruption speed is much
larger (Kerber et al., 2009; Thomas et al., 2015). One of the
largest pyroclastic deposits on Mercury, the Nathair Facular,
contain less amounts of S (Weider et al., 2016; Peplowski et
al., 2016) than the surrounding terranes, suggesting that
oxides of C and S might be the volatiles that drove the ex-
plosive eruptions. Besides brightish pyroclastic deposits,
darkish pyroclastic deposits are recently observed on Mer-
cury, and some of them were formed in the Kuiperian (Xiao
et al., 2021). Such darkish pyroclastic deposits exhibit weak
absorption features at about 600 nm, indicating existence of
graphite (Figure 4d~4f). Most pyroclastic deposits occur
around pre-existing crustal weaknesses, such as impact
structures, tectonic features, and older volcanoes (Goudge et
al., 2014; Jozwiak et al., 2018). Regional concentrations of
pyroclastic deposits also occur in certain regions, such as the
circumferential Caloris region (Figure 3a). The morphology
and geometry of the pyroclastic deposits suggest that they
were formed by Vulcanian-type eruptions (Besse et al.,
2020). Detection of graphite in the darkish pyroclastic de-
posits suggests that carbon might not be completely ex-
hausted from the magma during partial melting or ascending,
or that the explosive eruptions have fractured and dispersed
the cap rocks, which were rich in graphite, to form the pyr-
oclastic deposits (Weider et al., 2016; Xiao et al., 2021).
Overpressure of volatiles in the ascending magma, especially

in the magma chamber phases, would overcome the burden
pressure of the country rocks, forming the explosive erup-
tions.
Volcanic activity on Mercury mainly occurred in the first 1

billion years after the formation of the planet, when the in-
terior of Mercury was much hotter due to strong heating by
short-period radiometric elements and impact bombardment
(Deng et al., 2020). Therefore, at least two near-global res-
urfacing events occurred, forming the global distributions of
intercrater plains and smooth plains. The geophysical model
for the thermal evolution of Mercury predicted that the planet
entered the stage of net compression since ~3.8 Ga. The
dominating compressive stress in the lithosphere of Mercury
reduces the possibility of magma ascending to the surface
afterward. Meanwhile, the substantially cooled interior and
reduced production efficiency of heat also lowered the
amount of partial melting in the mantle. Therefore, since
~3.5 Ga, effusive volcanism has basically stopped on Mer-
cury, and flooding lava could only ascend to the surface at
locations with extremely thin crusts (Wang et al., 2021). On
the other hand, explosive eruptions that formed pyroclastic
deposits have continued in geological recent times (Thomas
et al., 2014; Xiao et al., 2021). With the dominating com-
pressional stress of the lithosphere and a reduced heat pro-
duction rate in the mantle, the magma in Mercury may
contain a high content of volatiles, which could drive rapid
ascending to the surface.
In the catalog of meteorites discovered on Earth, no con-

firmed samples were sourced from the planet Mercury. The
sample-return mission has not been performed on Mercury
either. Therefore, the basic geochemical characteristics of
Mercury, which are deduced from remote observations, lack
calibration from sample analyses. Current observations
suggest that element abundances on Mercury are not strictly
correlated with surface reflectances. Meanwhile, spatial re-
solutions of element detection are usually much coarser than
the mapping of reflectance, so the element contents of dif-
ferent color units are not well known. Meanwhile, petrolo-
gical modeling revealed that due to the low content of iron
and low oxygen fugacity of the mantle, magma formed in
Mercury has a substantially low density, so intrusive bodies
might be minor in the lithosphere. However, available geo-
physical data (e.g., gravity data) are not adequate in the
spatial resolution to detect possible intrusive plutons, which
also prohibits investigating the mechanism of magma as-
cending in the interior.
The ESA-JAXA joint Mercury spacecraft, Bepi-Colombo

is currently on the way to the planet Mercury, which will be
inserted into orbit around Mercury in 2025. Detections by
this spacecraft would substantially improve the information
dimensions and spatial resolutions of data for the space en-
vironment, interior structures, and surface physical and
chemical characteristics of Mercury. The upcoming new
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generation of scientific data would substantially improve our
understanding of the planet Mercury. Furthermore, while
mission concepts of sample return from Mercury have been
proposed for decades, recent years saw the fast movements
of such demonstrations. Sample return from Mercury and
identification of mercurian meteorites on Earth are crucial to
improve our understanding of the geochemistry of this pla-
net.

2.3 Volcanism on Venus

Venus is the second planet in the inner Solar System, with
lots of similarities to the Earth. Venus has a diameter of
12,103 km, with an average distance to the Sun of 0.7 AU, a
bulk density of 5.243 g cm−3, and a surface gravitational
acceleration of 8.87 m s−2. Venus has a dense atmosphere
with a surface pressure intensity of 92 bar, consisting of CO2

(96.5%) and N2 (3.5%). The greenhouse effect is strength-
ened by the dense atmosphere, making Venus has an average
temperature of 464°C. In addition, the dense atmosphere and
the hot surface of Venus significantly affected its volcanic
activities.
Venus does not have plate tectonics, the dense atmosphere

reduces the influence of the impact process on the surface of
Venus; therefore, volcanism becomes the main driving force
to alter the surface of Venus (Nimmo and McKenzie, 1998;

Strom et al., 1994). Impact crater countings indicate the
surface of Venus has a surface age of 300 Ma–1.0 Ga, re-
presenting the age of the surface volcanic deposits. Recent
research even suggests the volcanism of Venus may last until
the present (Smrekar et al., 2010; Filiberto et al., 2020). The
volcanism of Venus is very active, whose products overlap
with pre-existing volcanic deposits, making it hard to study
the volcanism formed in the early stage.
The scale of volcanic landforms varies a lot on Venus

(Figure 5). The volcanic landforms on Venus include vol-
canic centers (such as large volcanoes, intermediate volca-
noes, small volcanoes, and calderas as well as special
features like coronas, arachnoids, and novae) and lava flow-
style features (such as lava flow and lava channel).
Large volcanoes are volcanic centers with a diameter lar-

ger than 100 km; there are around 156 large volcanoes dis-
covered on Venus. Large volcanoes are characterized by
radial lava flows, in companies with concentric and circular
features, developing in high-elevation and structural con-
vergence regions. Some large volcanoes have apparent cra-
ters on the top. Representative large volcanoes include Sif
and Gula in the west of Eistla region. Intermediate volcanoes
have diameters between 20 and 100 km. They usually have
symmetrical shield shapes depicted by radial lava flows or
fractures. According to the morphology of intermediate
volcanoes, they are further subdivided into simple-shaped,

Figure 4 High-reflectance and low-reflectance pyroclastic deposits on Mercury. (a) The Nathair Facular on Mercury; (b) central volcanic pit in the Nathair
Facular; (c) content of S/Si in the Nathair Facular (Weider et al., 2016), Copyright © 2016 American Geophysical Union; (d) a darkish pyroclastic deposit in
the center of an unnamed crater (centered at 155.8°E, 4.7°N); (e) volcanic pit in the pyroclastic deposit; (f) absorption depths of graphite in the darkish
pyroclastic deposits. (d)–(e) from Xiao et al. (2021), Copyright © 2021 American Geophysical Union.

7Xiao L, et al. Sci China Earth Sci



anemone-shaped, pancake-shaped, and tick-shaped volca-
noes. Small volcanoes smaller than 20 km are most widely
spread on Venus, tending to gather together to form volcanic
clusters. There are around 10,000 small volcanoes and 566
volcanic clusters discovered on Venus (Head et al., 1992).
Small volcanoes have round or elliptic shapes with gentle
slopes. In addition, coronae are unique volcanic features on
Venus, with a total number of 362. Coronae could be further
classified into concentric, concentric-double ring, asym-
metric, radial/concentric, and multiple classes coronae on the
basis of their morphologies (Stofan et al., 1992). The sizes of
coronae vary from 60 to 2000 km; therefore, some of them
are included in large and intermediate volcanoes. Novae are
characterized by radial fracture zones, which mainly are
grabens forming on positive landforms. Fifty novae were
discovered on Venus, with diameters between 50 and
300 km. Novae usually distribute in high-elevations such as
Atla and the west of Aphrodite, or occur together as clusters
such as the Themis region. Novae, large volcanoes, ane-
mones, and coronae tend to appear together, encircle, and
encompass each other.
Venus has different types of lava flows (Figure 6), in-

cluding effusive lava flows, lava channels, and festoon lava
flows, formed by the superposition of multiple eruptions of
high-viscous lava. Lava flows on Venus have a length be-
tween several to several hundred kilometers. They originated
from volcanic craters, crustal fissures, or surface depres-
sions. However, in most cases, the source of lava flows could
not be recognized because of the continuous eruption and
overlapping of lava flows. The surface of lava flows is
smooth developing with lava channels, levees, compres-
sional ridges, and flow fronts, indicating the flow directions.
Lava channels with a length of hundreds to thousands of
kilometers are abundant in lava plains. Simple lava channels

have few to no branches. Canal-like lava channels usually
occur in an area with low reliefs; they have large width-to-
depth ratios and could keep constant for a long distance.
Except for the volcanic features formed in the past, vol-

canic activities may also happen at present. According to the
Venus Express thermal emission data, Smrekar et al. (2010)
studied three hot spots on Venus. Compared with adjacent
areas, lava flows on these three hotspots have higher thermal
emission intensities, indicating Venus may have young vol-
canism. According to the Magellan radar and microwave
thermal emission data, Bondarenko et al. (2010) proposed
the Bereghinia region has current volcanism, likely re-
presenting mafic eruptions. In addition, the monitoring of
SiO2 contents in the atmosphere (e.g., Esposito, 1984; Marcq
et al., 2013), the oxidation experiment of olivine (e.g., Fili-
berto et al., 2020), and the evolution model of coronae
(Gülcher et al., 2020) provide indirect evidence to the current
hot spot activities on Venus.

2.4 Volcanism on Mars

Mars has 1/9 mass and 1/2 radius of the Earth, its density
(3.933 g cm−3) and surface gravitational acceleration
(3.72 m s−2) are also smaller than those of the Earth. Due to
the smaller gravity and no magnetic field, the atmosphere of
Mars is very thin and mainly composed of carbon dioxide
(95%). The average surface atmospheric pressure of Mars is
about 6.1 mbar (1 mbar=102 Pa). The Martian topography is
dichotomous (Figure 7), with the southern part being higher
and the surface relatively older, while the northern part is
lower and younger (Xiao, 2013). The surface of Mars is rich
in volcanic, fluvial, and glacial landforms, and is an im-
portant site for extraterrestrial habitats and life detection.
The volcanic units, covering about 22% of the Martian

Figure 5 Distribution of volcanic features and units on Venus. This figure is modified from Byrne (2020), Copyright © 2019 Springer Nature.
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surface (Tanaka et al., 2014), are mainly located on the
southern plateau of Mars (Figure 7), including Tharsis,
Circum-Hellas central volcanic regions and widespread lava
plains, and the most prominent central volcanic region in the
northern plains is Elysium region (Xiao and Greeley, 2008).
In addition, a large number of small conical features termed
pitted cones, with diameters less than 1 km, are widely dis-
tributed in the transition region between the northern low-
land and southern highland (Ivanov et al., 2014; Ye et al.,
2021; Zhao et al., 2021). There are various origins for these
pitted cones, such as cinder/scoria cones, tuff cones/rings,
maars, rootless cones, and pingos (de Pablo and Komatsu,
2009; Hamilton et al., 2011; Ivanov et al., 2014). The pitted
cones are important geological features for testing the paleo-

oceanic hypothesis of the northern Martian plains.
Shield volcanoes are the most typical volcanic construc-

tions on the surface of Mars, with broad, gentle slopes and
large bases, and an overall shield-like shape. There are
widely distributed shield volcanoes in the south and north
hemispheres of Mars, such as Olympus and Alba Mons in the
Tharsis region (Figure 8a), Elysium, Hecates, and Albor in
Elysium region (Figure 8b), and Tyrrhena, Hadriaca, and
Amphitrites in the Circum-Hellas region (Figure 8c). Among
them, Olympus with a height of 22 km is the highest volcano
in the Solar System, and Alba has a basal diameter of more
than 2,000 km and a very small slope (~0.5°). All of these
shield volcanoes are formed by the effusive eruptions of
magma. Pateras are some depressions similar to large impact

Figure 6 Typical volcanic features on Venus. (a) Large volcano with a diameter of 520 km; (b) intermediate volcano with a diameter of 38 km; (c)
anemone-shaped volcano with a size of 40 km×60 km; (d) tick-shaped volcano with a diameter of 65.6 km; (e) pancake-shaped volcanic dome with an
average diameter of 25 km; (f) cluster of small shield volcanoes distributed in an area of 129 km; (g) concentric corona with a diameter of 370 km; (h) radial
corona with a diameter of 175 km; (i) multiple classes corona with a size of 380 km×200 km; (j) nova with a diameter of 250 km; (k) one of the longest lava
flows on Venus, with a length of 1000 km; (l) lava channel distributed in an area of 30 km×190 km. All figures are north up. Basemaps are based on the
NASA Magellan mission.
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craters, but they absent prominent impact crater rims. Typical
paterae in the Circum-Hellas region are Peneus, Malea, and
Pityusa (Figure 8c, 8d). There are usually wrinkle ridges and
valleys around the paterae, which indicate they may be the
same as calderas on Earth. It is generally believed that these
paterae are formed as a result of explosive eruptions of rising
magma interacting with groundwater (Brož et al., 2021). The
low atmospheric pressure of Mars favors the fragmentation
of rising magma, so explosive eruptions should be common
(Head and Wilson, 1998), but actual evidence of explosive
volcanism on Mars is scarce (Brož et al., 2021). Apollinaris
Mons (Figure 8e), located to the north of the Gusev impact
crater, may be explosive volcanic in construction, with the
fan-shaped deposits on its southern flank likely being vol-
canic debris material (Brož et al., 2021).
In addition to the large-scale volcanic edifices, a wide

range of small cones can be observed in the high-resolution
images. There are various cones formed by small-scale
magmatic activities, such as scoria/cinder cones, small-vent
fields, and fissure vents in the Tharsis region (Bleacher et al.,
2007; Brož et al., 2015) (Figure 8f–8h). In the northern plain
of Mars, widely distributed pitted cones with a possible
origin of mud volcanoes have attracted the attention of many
scholars (Ivanov et al., 2014; Salvatore and Christensen,
2014; Ye et al., 2021). The pitted cone is also a prominent
feature in the Zhurong landing region (Zhao et al., 2021)
(Figure 8i). It is controversial the origin of the pitted cones,
the possible origins include rootless cones (Fagents et al.,
2002; Frey and Jarosewich, 1982), ice core mounds (de Pa-
blo and Komatsu, 2009; Dundas and McEwen, 2010), and
volcanic debris cones/rings (Brož and Hauber, 2013), all of
which are associated with groundwater/water ice and are
important for the study of the habitable environment and life

on Mars.
Using impact crater size-frequency distribution statistics,

the ages of moderate and large volcanoes across the Martian
globe have been obtained (Werner, 2009; Robbins et al.,
2011; Xiao et al., 2012). These chronological studies show
that vigorous eruptive volcanoes developed extensively
across the globe during the Noachian, and that volcanism
was concentrated in the Tharsis, Elysium, and Circum-Hellas
basins as energy was dissipated throughout the planet. Sub-
sequently, volcanism in the Circum-Hellas basin ceased
during the early Hesperian, and volcanism in the Elysium
region continued until about 500Ma. Finally, only volcanism
in the Tharsis region continued from 1.6 Ga to 100 Ma. In
recent years, with the acquisition of new data, especially the
analysis of seismic data from the Insight lander, it has been
found that there are active geological formations in the
Cerberus Fossae region, southeast of Elysium Mons. Inter-
estingly, this region shows the youngest volcanic activity on
the Martian surface, with a probable latest activity age of 53
to 210 ka (Horvath et al., 2021). By analyzing the topo-
graphy, iron distribution, and tectonics, Broquet and An-
drews-Hanna (2022) assumed that active mantle column
structures still exist in this region.
Because most of the central volcanic regions are covered

with thick dust (Christensen et al., 2001), it is not available to
conduct direct spectral observations of the rock composition
of these volcanic regions. The lower slope is strongly in-
dicative of lower magmatic viscosity (Plescia, 2004). Based
on morphological and chronological studies of these volca-
noes, the composition of overflow lavas has been analyzed:
global (Bandfield et al., 2000; Rogers and Christensen, 2007;
Ody et al., 2012) and local (Christensen et al., 2005; Rogers
and Nazarian, 2013; Huang and Xiao, 2014) mineralogical

Figure 7 Map of Martian global volcanoes and volcanic units. The basemap is the MOLA DEM overlaid on the MOLA shaded relief. According to Tanaka
et al. (2014) and Byrne (2020), Copyright © 2019 Springer Nature.
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compositions were obtained using thermal infrared and visi-
ble/near-infrared spectral data from orbital remote sensing of
Mars, and the vast majority of lava compositions were found
to be basaltic, consisting of olivine, clinopyroxene, ortho-
pyroxene, plagioclase, and high-silica-phase minerals (e.g.,
glass, zeolite, and phyllosilicate) in varying amounts. The
global distribution of H, Si, Cl, K, Fe, and Th elements at 45°
north and south latitudes was obtained using gamma-ray
spectrograph (Boynton et al., 2007; El Maarry et al., 2009;
Gasnault et al., 2010), and some differences in elemental
composition were found among the different volcanic pro-
vinces, probably due to different degrees of the molten mar-
tian mantle. So far, more evolved magmas than basalts occur
in a small lava flow in the Syrtis Major region (Christensen et
al., 2005). Although orbital (Carter and Poulet, 2013; Wray et
al., 2013) and in-situ (McLennan et al., 2014; Vaniman et al.,

2014) surveys have found plagioclase-rich material, they may
be remnants of exposed plagioclase crust.
It has been controversial for a long time whether the

dominant composition of the upper Martian crust is lava
formed by effusive volcanism (McEwen et al., 1999; Beyer
and McEwen, 2005) or pyroclastics formed by explosive
volcanisms (Bandfield et al., 2013). The discovery and in-
terpretation of super-volcanoes (Michalski and Bleacher,
2013) and knobs on ancient volcanoes in the southern
highlands (Huang and Xiao, 2014) support the idea that
pyroclastics are the prominent component of the upper crust,
suggesting that explosive eruptions likely dominated early
Martian volcanism (Bandfield et al., 2013; Huang and Xiao,
2014). In addition, according to the topographic and gravity
inversions, there may be a large amount of effusive lava
(Grott and Wieczorek, 2012) under the loose eruptive ma-

Figure 8 Typical volcanic landforms of Mars. (a) Major volcanic edifices in the Tharsis region. The basemap is the MOLA shaded relief. (b) Major
volcanic edifices in Elysium region. The basemap is the MOLA shaded relief. (c) Major volcanic landforms in the Circum-Hellas volcanic region. The
basemap is MOLA DEM overlaying a shaded map. (d) Peneus patera in Circum-Hellas region. The basemap is the THEMIS daytime global mosaic. (e)
Apollinaris Mons, THEMIS daytime global mosaic at the bottom. (f) A putative cinder cone in the Tharsis volcanic region. The base map is CTX global
mosaic. (g) Small-vent fields in the Tharsis region. The basemap is CTX global mosaic. (h) Fissure vents in Tharsis region. The basemap is CTX global
mosaic. (i) A pitted cone in the Zhurong landing zone. The basemap is a digital image from the Tianwen-1 high-resolution camera (HiRIC DIM).
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terials of Tyrrhena which has been proposed typical ex-
plosive volcano. Therefore, the approximate proportions of
denser lava and looser volcanic debris in the Martian upper
crust and their respective horizontal and vertical distributions
need to be further investigated.

3. Volcanism of outer Solar System bodies

The outer Solar System planets are composed mainly of
hydrogen and helium and with no associated volcanic ac-
tivity observed. However, their moons are usually composed
of solid materials such as rocks and ice, which have been
detected by the Voyager, New Horizons, Galileo, and
ground-based telescopes. The vast amount of image data
obtained by Voyager, New Horizons, and Galileo probes and
ground-based telescopes indicate that Io’s surface is volca-
nically active and that large amounts of magma are ejected
from Io’s interior by Jupiter’s tidal heating, creating large
craters and extensive lava flows. In addition, ice volcanic
eruptions on the surfaces of icy moons and dwarf planets
such as Io, Titan, Triton, Ceres, and Pluto may be the result
of water and gas ejected from the subglacial ocean along the
ice fissures by tidal forces, which is important for astro-
biological studies.

3.1 Io

Io is one of the moons of Jupiter, similar in size to the Moon
(radius 1,822 km) but with a higher density (3,528 kg m−3)
and a large amount of sulfurous material on its surface. Io is
the most volcanic body in the Solar System, with ~30 times
more heat flow than the present-day Earth, and about 55% of
the heat flow originates from volcanic hot spots. A large
number of active volcanic centers can be observed on the
surface of Io from ground-based visible/near-infrared images
and enhanced thermal emission data acquired by the probe at
close range (de Pater et al., 2021). These volcanoes vary
greatly in eruption type, duration, and intensity (Davies et al.,
2001). More than 250 volcanic centers have been identified
on the surface of Io based on multi-source data obtained by
the probe (Veeder et al., 2012, 2015), including a large
number of volcanism-related hot spots and paterae (Ha-
milton et al., 2013) (Figure 9).
The volcanic landscape and heat flow on Io are not ran-

domly distributed. Previous studies have found a very
complex spatial distribution of volcanic centers, hot spots,
and mountains (Keane et al., 2018; de Pater et al., 2021), and
many authors have suggested that this particular distribution
pattern is related to the location and form of tidal heat release
in Io’s interior. The successive eruptions of a series of large
volcanoes in the same region on Io (de Pater et al., 2016,
2021) suggest that these volcanic regions are linked by si-

milar burial depths of a magma chamber or by earthquakes
triggered by a particular volcanic activity. Currently, there
are too little data on Io to perform statistical analyses to
explain this phenomenon, but previous studies have reported
that one volcanic event on Earth triggered the eruption of
another volcano several hundred kilometers away (Linde and
Sacks, 1998). Thus, the volcanism of Io may also have a
chain effect.
Sudden, violent eruptions of magma form lava fountains,

which are short-lived and preceded by low thermal anoma-
lies that are difficult to capture on ground-based telescopes
with low time sampling frequencies. The lack of atmosphere
on Io makes it possible to produce violent eruptions even
with low volatile content in the magma (Wilson and Head,
1981). The Galileo probe observed erupting lava fountains at
Tvashtar Paterae in November 1999 and February 2000
(Figure 10a, 10b), finding magma erupting from 25 km-long
fissures up to ~1 km in height (Keszthelyi et al., 2001; Mi-
lazzo et al., 2005; Davies, 2010), demonstrating that sudden
exothermic events on the surface of Io are associated with
violent eruptions of lava fountains. The temperature of the
active lava flow on the surface of Io is about 1,200–1,500 K
(Johnson et al., 1988; Veeder et al., 1994) which is similar to
the basaltic magma (1,300–1,450 K) on Earth. Galileo ob-
served that the eruption of Pillan patera (McEwen et al.,
1998; Davies et al., 2001) (Figure 10c, 10d) generated lava
with a temperature of about 1,825 K (McEwen et al., 1998)
which was similar to the ultrabasic magma (1,700–1,900 K)
on Earth. Another possible high-temperature ultramafic
eruption numbered 201308C (de Kleer et al., 2014) was
observed by the ground-based telescope in 2013 (Figure 10).
Previous spectral analyses using 1.98 to 4.07 μm revealed a
widespread distribution of sulfur dioxide frost on the Io
surface (Carlson et al., 1997; McEwen et al., 1998; Laver and
de Pater, 2009). Further studies have shown that the coarser
grains of sulfur dioxide frost are distributed near the equator,
while the finer grains are distributed at higher latitudes
(Geissler et al., 2001; Laver and de Pater, 2009), and that
these materials were likely formed by volcanic eruptions.
Io and Earth are the only objects in the Solar System where

active silicate volcanic eruptions have been observed (Tyler
et al., 2015), with Earth’s volcanism relying on the energy
released from radioactive elements, while Io’s surface
eruptions rely primarily on frictional heating from tidal in-
teractions with Jupiter. Traditional models of tidal heating
assume that the interior of Io is mainly solid, with almost all
of the heat generated diffusing into the solid layer. However,
newer studies suggest that the heat generated by tidal action
diffuses mainly into the liquid layer, meaning that the interior
of Io is not completely solid and may contain layers similar
to magma oceans (de Pater et al., 2021). The presence of a
subsurface liquid layer of Io allows for multiple diffusion
patterns of tidal heating and may be more conducive to the
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development of surface hotspot volcanoes than the tradi-
tional solid layer.
At present, the following scientific questions remain in the

study of Io. What are the extent, material composition, and
morphology of Io’s core, mantle, and lithosphere? Whether
there exist magmatic oceans in Io’s subsurface? What are the
size and spatial distribution of Io’s heat flow, and can it be
reflected by surface heat flow and geological features?
Where does Io’s tidal heat originate in its interior, the asth-

enosphere, the deep mantle, or the magma ocean? What is
the composition and chemistry of Io’s magma, whether ul-
tramafic, mafic, or sulfide, and is there a correlation with
spatial location? Is Io in thermal equilibrium? How are so-
dium chloride and potassium chloride formed on Io, and why
are they not distributed in the same region as sulfur dioxide?
How do Io’s volcanic eruption plumes interact with the at-
mosphere? What is the role of cryptic volcanism in the for-
mation of Io’s atmosphere (de Pater et al., 2021)?

Figure 9 Distribution of hot spots and caldera-like paterae on Io. According to Hamilton et al. (2013). The basemap is the Io global merged mosaic of
images from Galileo and Voyager.

Figure 10 Typical volcanic activities on Io. (a), (b) Two lava fountain eruptions in 1999 and 2000 at Tvashtar Paterae. The lava flow in (a) is an illustration
based on real data in the lower right corner. Sources are NASA PIA02545 and PIA02550, respectively. (c), (d) Comparison of before and after the eruption of
the Pillan Patera. Modified from NASA PIA00744. (e)–(h) Ground-based remote sensing images of Io at different thermal infrared wavelengths. (e)–(g) were
taken by the 10-m Keck II telescope of W. M. Keck Observatory on August 15, 2013. (h) was taken by the Northern Gemini Telescope on August 29, 2013.
These images show the thermal infrared emission characteristics of Io’s surface at the time of the eruption of Rarog, Heno, Loki Paterae, and 201308C. The
color bar on the right side of the figure indicates the intensity of the thermal emission. Adapted from NASA PIA18656.

13Xiao L, et al. Sci China Earth Sci



3.2 Icy satellites

Many icy satellites exist around the giant planets in the outer
Solar System. Such as molten magma upwells from the hot
interior and erupts on the silicate crust of rocky planets,
forming a volcano, vapor- or liquid-phase water (or other
volatiles, often contains solid materials) upwells and erupts
on the icy crust of icy planets/satellites, forming a cryo-
volcano or an ice volcano. This cryovolcanism resulted from
the upwelling of molten icy materials continuously resurfa-
cing the icy planets/satellites and can reveal the internal
structures and thermal evolution histories of these astro-
nomical bodies (Kargel, 1991; Schenk et al., 2001; Quick et
al., 2017). Cryovolcanism has been found on many dwarf
planets and icy satellites in the Solar System, such as Ceres,
Europa, Ganymede, Enceladus, Titan, Miranda, Triton, and
Charon (Geissler, 2015). The Voyager 2 reveals the first icy
satellite with an active cryovolcano—Triton. A geyser-like
volcanic plume is presented on this icy satellite, spewing
nitrogen gas. The Cassini-Huygens mission found specta-
cular saltwater plumes erupting from Enceladus and lakes of
methane and other volatiles that probably erupted from the
icy interior of Titan. Hubble Space Telescope observations
have detected a water vapor plume from Jupiter’s moon
Europa. Evidence of past cryovolcanism was also found on
other icy astronomical bodies. Cryovolcanism is widespread
and extremely varied. Some cryovolcanic landscapes are
similar to many silicate volcanic terrains, including what
appear to be volcanic rifts, calderas and solidified lava lakes,
flow fields, breached cinder cones or stratovolcanoes, vis-
cous lava domes; while many others exhibit no obvious
volcanoes (Kargel, 1995). Cryovolcanism is generally be-
lieved to have formed by eruptions of aqueous solutions and
slurries. Even on the surface mainly consisting of solid ni-
trogen, that is, Triton’s, “cryomagma” is probably dominated
by water ice. Nonpolar and weakly polar molecular liquids
(mainly N2, CH4, CO, and CO2) may have erupted on some
icy satellites, but without water, these substances do not form
rigid solids that are stable against sublimation or melting
over geologic time (Kargel, 1995). The Uranian and Nep-
tunian satellites have cryovolcanic deposits that are hundreds
to thousands of meters thick; by contrast, the Jovian and
Saturnian satellites generally have plains-forming deposits
composed of relatively thin flows. This distinction suggests
that the cryomagma on Jovian and Saturnian satellites tend to
have a relatively higher fraction of water ice and thus lower
viscosities, while the cryomagma on Uranian and Neptunian
satellites may possess large amounts of a chemically un-
equilibrated volatile assemblage and maybe silicate particles.
Furthermore, gas clathrate hydrates may play important roles
in many aspects of cryovolcanism, but strongly affect the
viscosity. Studies have found that gas clathrate hydrates
could be present in the crusts of Titan (Lunine and Ste-

venson, 1985), Pluto (Kamata et al., 2019), and Ceres (Fu et
al., 2017).
It has been widely accepted that two conditions must be

met for cryovolcanic activity to take place: melts can be
generated in the interior, and the melts can migrate to the
surface of the planet/satellite. Lowering the eutectic point by
adding salt is a crucial mechanism of melting ice at very low
temperatures. This mechanism could play a significant role
in the cryovolcanism on Ceres and Pluto, where solar heating
the probably the only energy source (Castillo-Rogez et al.,
2018). Many heating mechanisms contribute to the melting
in the interiors. The most important energy sources are
gravitational, radiogenic, and tidal. Besides, solar heating
probably drives the nitrogen plumes on Triton. Therefore, the
planetary factors that determine whether cryovolcanism can
occur include size, composition (determines radiogenic
heating), location in the Solar System (related both to com-
position and surface temperature), and the history of the orbit
of the planet/satellite (related to tidal hearing). Several
missions since the 21st century have obtained plenty of ob-
servations of icy planets/satellites, some of which are in-
troduced in the following subsections.

3.2.1 Europa
Europa, with a radius of 1565 km, is primarily composed of
silicate rocks plus a small fraction of lighter materials. Prior
to the Voyager mission, radar observations from the Earth
suggested the presence of ice on Europa. In 1979, Voyager 1
and 2 arrived at Jupiter and obtained detailed images of the
Galilean satellites. Based on the data from the Voyager
mission, the surface of Europa was mainly classified as
chaos terrains or plains. Europa shows a bright icy surface
with long and dark streaks, several tens of kilometers wide,
crisscrossing the entire globe. The surface features have been
attributed to extensive cryovolcanism (Lucchitta and So-
derblom, 1982; Squyres et al., 1983).
In 1996, the arrival of the Galileo space probe at Europa

brought back more data and gave rise to a heat wave of
Europa studies. Based on the Galileo data, the existence of a
subsurface ocean beneath the icy crust of Europa was con-
firmed (Khurana et al., 1998; Kivelson et al., 2000). With the
subsurface ocean, many researchers tended to ascribe the
surface features to cryovolcanism, including (1) apparently
lobate “flows” (Figure 11a), (2) certain elliptical to circular
lenticulae (Figure 11b), and (3) low-lying, smooth, low-al-
bedo surfaces (Figure 11c), which are probably originated
from cryovolcanism (Fagents, 2003). After the Galileo
mission, using the Hubble Space Telescope, some studies
aimed to find evidence of cryovolcanism activities. Roth et
al. (2014) found line emission from the dissociation products
of water. Sparks et al. (2016, 2017) found evidence for off-
limb continuum absorption as Europa transited Jupiter.
These findings suggest Europa has active plumes of water,
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very possibly active cryovolcanoes. The existence of cryo-
volcanoes provides a simple pathway connecting the shell
and the subsurface ocean and is vital for Europa’s habit-
ability.

3.2.2 Enceladus
Enceladus is the sixth largest moon of Saturn and the
brightest satellite in the Solar System. It is covered by ice,
with an average diameter of 505 km. High-resolution images
from Voyager 2 revealed at least five different types of ter-
rain, including cratered terrain, smooth terrain, ridged terrain
bordering the smooth areas, extensive linear cracks, and
scarps. Given the lack of craters on the smooth plains, these
regions are probably less than a few hundred million years
old. Thus, in the recent geological past, Enceladus must have
been active with cryovolcanism (Kargel and Pozio, 1996).
Cryovolcanism was first confirmed by the Cassini-Huygens
spacecraft. Huge plumes were shot from the south pole of the
globe into space, taking materials about 200 kg per second at
a velocity of 1.2 km s−1 to as far as 500 km. The plumes vent
from the fractures bounded by ridges, called “tiger stripes”
(Figure 12). The ice ridges are much warmer (a maximum of
180 K) than the surroundings. The brightness of the plumes
varies significantly with the position of Enceladus in its or-
bit. The plumes are the brightest when Enceladus is at
apoapsis, suggesting the mechanism that drives the eruptions
is due to tidal forces. Cassini flew through the plumes three
times and directly analyzed their composition: vapor-phase
mass includes 90% H2O, 5% CO2, 1% CH4, and 1% NH3, as
well as trace amounts of hydrogen and organic molecules;
solid-phase mass contains mainly ice frozen from brine, with
1% NaCl (Hansen et al., 2011; Waite et al., 2017). Since salt
precipitates, while water freezes to ice, containing salt in the
plumes indicated that the plumes were not from the icy shell
of the globe, but directly vented from the liquid water be-
neath. Considering the organic molecules, many researchers
suspected that the subsurface ocean of Enceladus may be
habitable. This is a big step for exploring extraterrestrial life
in the Solar System. The ocean world of Enceladus could
potentially be an oasis for extraterrestrial life.

3.3 Dwarf planets

There are five widely accepted dwarf planets in the Solar
System, one in the asteroid belt and four in the Kuiper belt.
Only Ceres in the asteroid belt and Pluto in the Kuiper belt
were explored with space missions and have abundant data,
revealing some key features of cryovolcanism on dwarf
planets.

3.3.1 Ceres
Ceres is the only dwarf planet and the largest body in the
asteroid belt. It has a diameter of 950 km and is 2.8 AU from
the sun. Although the outermost of Ceres consists of silicate
rocks, the shallow subsurface should be a mixture of 30–40%
ice and 60–70% rocks (Bland et al., 2016). While deeper in
Ceres, between the subsurface and the rock inner core, a
“mantle” layer made of purer ice may exist (Castillo-Rogez
and McCord, 2010). Many researchers believe that the
mantle of Ceres mainly consists of silicate hydrates, while
liquid water may exist in the porous rocks of the “upper
mantle” (Castillo-Rogez et al., 2020), and brine may exist in
liquid-storage regions at the crust-mantle boundary (Ray-
mond et al., 2020). In 2015, the Dawn spacecraft orbited
Ceres, making it the first icy planet that was investigated in-
orbit. The Dawn spacecraft found a dome-shaped mountain
with a height of ~4 km on the surface of Ceres. This pre-
dominant mountain, named Ahuna Mons, was taken as a
cryovolcano (Figure 13).
The life cycle of Ahuna Mons was investigated by various

studies (e.g., Ruesch et al., 2016). Many proposed that
cryovolcanic domes, less viscous than the icy crust, vis-
cously relax due to gravity over geologic timescales, pre-
cluding constructs older than Ahuna Mons from easy
identification (Sori et al., 2017). Based on this assumption,
Sori et al. (2018) identified many domes that were old
cryovolcanic constructs, estimated their ages, and proposed
an average cryomagma extrusion rate of ~104 m3 yr−1.
Ruesch et al. (2019) analyzed a gravity anomaly associated
with the geologically recent dome Ahuna Mons, and de-
termined that the subsurface structure includes a regional

Figure 11 (a) Apparently lobate features (35°N, 88°W). (b) A lenticulae apparently superposed on the surrounding terrain (12°N, 272°W). Image resolution
is ~200 m/pixel. (c) Smooth, low-albedo material occupying a topographic low (6°N, 327°W). Images are from Fagents (2003), Copyright © 2003 John
Wiley and Sons.
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mantle uplift, which was interpreted as a plume by the au-
thors. Such a plume could be a slurry of brine and rock
particles. Studies believe that such slurry-like material ex-
tensively exists and convects in the mantle of Ceres (Travis
et al., 2018), and thus, causing cryovolcanism. Moreover,
studies also consider gas hydrates as a low-density, high-
strength component in the crust of Ceres. Gas hydrates could
significantly slow down the cooling, help sustain a liquid-
phase and affect the internal structure of Ceres (Castillo-
Rogez et al., 2019; Hesse and Castillo-Rogez, 2019). While
the release of gas will strongly enhance cryovolcanism
(Quick et al., 2019), the presence and uniqueness of Ahuna
Mons reveal the volcanism on Ceres. The evolution history
of Ceres is an important reference for the understanding of
icy satellites in the Solar System and also aids the under-
standing of the evolution of terrestrial planets from a dif-
ferent perspective.

3.3.2 Pluto
Pluto, a dwarf planet in the Kuiper belt, is the largest and
second most massive dwarf planet known in the Solar Sys-

tem. It is about one-sixth of the moon in mass and one-third
of the moon in volume. With a radius of about 1188 km,
Pluto has a rock core, and the outermost 300 km mainly
consists of rock and ice (Grundy et al., 2016; McKinnon et
al., 2017). During the fly-by of the New Horizon spacecraft
in July 2015, plenty of images and composition data were
obtained. This dwarf planet was found not to be a totally
frozen world, but has many mountains and plateaus (for
example, Voyager Terra), and a vast and flat plain (Sputnik
Planitia), suggesting tectonic, glacial, and even cryovolcanic
activities (Moore et al., 2016). At a temperature of 35–60 K
and a pressure of ~10 μbar on the surface of Pluto, water,
methane, carbon monoxide, ammonia, and nitrogen are way
below their triple points, respectively, and thus, freeze into
ice. At such temperature and pressure, pure-water ice is very
rigid, forming bedrock that is unable to flow. When other
volatiles (such as ammonia) or salt are added to water ice,
water ice becomes flowable in short geological time scales,
such as on Earth (Cruikshank et al., 2019). Recently, Singer
et al. (2022) found many dome structures, at least 7 km in
height and 100 km in width, that are unique to Pluto. These
authors believe that these structures indicate geological ac-
tivities related to cryovolcanism. Such as Wright Mons,
spectrometry studies suggest it is rich in volatiles, including
water ice, methane, and nitrogen (Figure 14a–14e). Pre-
viously, Pluto was believed to have lost its internal heat long
age, but the evidence of cryovolcanoes indicates that it could
maintain enough heat to induce geological activities that are
quite late. This finding implies that cryovolcanism could
exist on more icy astronomical bodies, and the hear sources
and evolutions on the icy astronomical bodies need re-
investigations.
In the research of cryovolcanism on icy planets/satellites,

observations are all from the surface. Since landing and
sampling missions are still extremely difficult, many
models and simulations on the flow of ice bodies depend on
the rheology of ice. Understanding the rheological behavior

Figure 12 Enceladus. (a) The plumes vented from the south pole. (b) Tiger stripes. Images from NASA/JPL-Caltech/SSI.

Figure 13 Ahuna Mons imaged by the Dawn spacecraft. The diameter of
the mountain is about 20 km, and the average height is 4 km. North is up.
Image from NASA/JPL-Caltech.
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of ice enables further exploration of the composition,
structure, and evolution history of these icy planets/sa-
tellites. Although ice has many solid phases, ice Ih (phase I
hexagonal) is the only stable phase below 200 MPa and
between 72 and 273 K. In the Solar System, except for the
possible existence of high-pressure phase ice II in deep
Ganymede and low-temperature phase ice XI in cold re-
gions of Pluto, ice on all other astronomical bodies is phase
Ih. The flow of pure ice has been well studied with some
marked results (Glen, 1952, 1955; Goldsby and Kohlstedt,
2001), but planetary ices are mostly impure. Ice can be
mixed with dust and sands, i.e., rock particles, and also
methane and nitrogen ice. Moreover, methane and ammonia
can associate with ice (water) and form gas hydrates, the
structure and deformation of which also play an important
role in cryovolcanism. Therefore, in order to explore the
movement, relaxation, and internal structure of these ice
bodies, understanding the influences of impurities on the
flow of ice is essential (Durham et al., 1992; Qi et al.,
2018). This is a major future focus of ice physics in pla-
netary sciences.

4. Conclusion

The Moon is the only extraterrestrial planet with returned
samples; Apollo, Luna, and Chang’e-5 missions returned a
total of 384 kg lunar samples. On the basis of the returned
samples, scientists proposed the lunar magma ocean model
and revealed the lunar mantle properties and volcanic erup-
tion processes. However, the current samples cannot solve all
key questions in lunar volcanology, including the end of
lunar volcanism. Are irregular mare patches and ring moat
dome structures products of Imbrian-aged or recent volcanic
activities? Where are the youngest mare basalts on the
Moon? Only samples from those regions were returned that
could solve such significant questions in lunar volcanism.
The role of volcanism on the climate of Mars and its ha-

bitability in the geological history is the key scientific
question in future research of Mars volcanism and explora-
tion, including the contribution of a volcanic eruption to the
inventory of water, the influence of CO2, methane and other
erupted greenhouse gases to the Mars climate, the transition
from early-stage explosive to late-stage effusive volcanism.

Figure 14 Composition maps of Pluto using the LEISA spectrometry data on New Horizon. This region is Wright Mons. In all panels, redder color means
stronger absorption, indicating more content of the material. (a) Methane. (b) Water ice. (c) Regions where methane is higher than nitrogen. (d) Organic
matters. (e) Regions where nitrogen is higher than methane. (f) Topographic map in gray scale. Figure from Singer et al. (2022), Copyright © 2022 the Author
(s).
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The knowledge of volcanic rocks on Mercury is very
limited; the resolution and detection depth of the MES-
SENENER element data are not precise enough to distin-
guish the difference between localized volcanic rocks. In
addition, there are lots of unknowns for the early thermal
evolution of Mercury, including the volcanic eruption pha-
ses, styles, and fluxes. Therefore, high-resolution composi-
tion data, in situ data, and returned samples are needed to
improve the understanding of the composition, physical
property, melt generation mechanism, and evolution path of
volcanic rocks on Mercury.
Due to the severe surface environment (high pressure, high

temperature), Venus is the hardest planet to land in the Solar
System. Only several missions of Soviet Union landed on
Venus, collecting a little amount of data. Except for that, the
Megallen mission of NASA once orbited Venus and obtained
lots of data; but because of the dense atmosphere of Venus,
they are mostly based on radar, whose results usually have
multiple explanations. After the Megallen mission, the ex-
ploration of Venus is not active, but more missions are on the
way from NASA and ESA, such as VERITAS, DAVINCI+,
and EnVision missions. The exploration of Venus will have a
prosperous period at the end of 2020s, with the potential to
solve more significant questions in the volcanism of Venus.
Ice, the solid phase of the most common compound in the

universe, constitutes a major part of many astronomical
bodies beyond the snow line. Cryovolcanism, continuously
resurfacing these icy astronomical bodies, is a good subject
and an important approach to studying the structure and
evolution of these bodies. Meanwhile, by comparison, this
research could improve the understanding of the volcanism
on the Earth, which is a key area of planetary geology, pla-
netary physics, and astrobiology.
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