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Summary:
Increasingly, the planetary science community has turned toward lander and rover based subsur-
face investigations to answer science questions about subsurface habitability, geologic history, and
the availability of resources like water ice. Yet, as we have advanced many subsurface sounding
instruments toward spaceflight readiness, the development of active-source seismology has lagged
behind. Despite the success and scientific value of the active-source seismology experiments con-
ducted by Apollo astronauts on the Moon, only small-scale assessments of shallow properties
have been carried out since that time, by the hammering of the HP3 probe on Mars next to the
InSight seismometers and by the MUPUS experiments on comet 67P/Churyumov-Gerasimenko.
No larger-scale planetary active seismology experiments to investigate subsurface properties have
been conducted since Apollo. We recommend that the Planetary Decadal Survey place the devel-
opment and maturation of instrumentation for active-source seismology as a high priority for the
coming decade.

1 The Case for Active-Source Planetary
Seismology
We recommend that the Decadal Survey

place the development and maturation of active-
source seismology as a high priority for the
coming decade. Whereas passive seismometers
like the Insight Seismic Experiment for Interior
Structure (SEIS) are designed to record natural
seismic vibrations from earthquakes and meteor
impacts, active-source seismology relies on con-
trolled man-made impulsive or vibratory seis-
mic sources in order to survey specific locations.
The ability to control the location and frequency
content of a seismic source allows for one to tar-
get specific subsurface structures. Additionally,
a mobile and repeatable active seismic source
combined with mobile receivers enables high-
fidelity 2D and 3D subsurface surveys. This
ability is ideal for designing payloads that can
meet the vertical and horizontal resolution re-
quirements of mission objectives that require
imaging subsurface targets. High priority sub-
surface targets on the Moon and Mars such as
near-surface water ice deposits, habitable sub-
surface environments, lava tubes, and stratigra-
phy containing geologic history, could all bene-
fit from active-source seismic surveying.

Key claim 1: Active-source seismology
can address key science goals on bodies
like the Moon and Mars.

To address many subsurface science explo-
ration goals for the Moon and Mars, the plan-
etary science community has invested in other
geophysical sounding instruments like ground
penetrating radar (GPR). However, it is impor-
tant to recognize that one geophysical method
does not reign supreme over any other. Differ-
ent methods are not replacements for each other
but rather are highly complementary. For ex-
ample, whereas seismology measures mechani-
cal properties like compressibility and density,
GPR measures electromagnetic properties like
permittivity, which may not necessarily be cor-
related. Depending on the science goals, one
method may be more ideal than the other. And
together, the two methods provide a more com-
plete picture than either method alone. Sep-
arate geophysical methods are complementary,
and each brings unique data allowing for multi-
disciplinary and better informed assessment.

Key claim 2: Active-source seismology
is complementary to other subsurface in-
vestigation methods such as passive seis-
mology, ground-penetrating radar, and
electromagnetic sounding.

Although little planetary active-source seis-
mic exploration has occurred in nearly a half-
century, the Apollo astronauts demonstrated that
the method is an effective tool for characteriz-
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ing the structure of the lunar regolith. Unfortu-
nately, the Apollo active-source seismic experi-
ment relied heavily on the aid of human oper-
ation, which greatly hampered broader use of
the method in subsequent decades. However,
advancements in autonomous technology could
now allow robotic active-source seismic systems
to be developed in the immediate future.

Key claim 3: Active-source seismic
methodology is mature and can be devel-
oped for use in planetary science.

The purpose of this white paper is to sub-
stantiate Claims 1 & 2 by identifying science
and human exploration goals where active seis-
mic surveying would be ideal, and Claim 3 by
showing that the technology required to con-
duct a seismic survey robotically exists today,
and merely requires maturation for space flight.
With modest investment, the development of ac-
tive seismic systems could be accomplished in
the next decade with substantial payoffs in sci-
ence capabilities.

2 Active-Source Seismology Science Trace-
ability
Mars Exploration Program Analysis Group

(MEPAG) Goal II, Objective B, asks that future
explorations “determine the record of the cli-
mate of the recent past.” To do so will require the
characterization of the “locations, composition,
and structure of... ice and volatile reservoirs
at the surface and near-surface [1].” We now
know there is abundant water ice in the shal-
low subsurface of Mars as equatorward as the
mid-latitudes through the discovery of new im-
pact craters which expose ice [2, 3], debris cov-
ered glaciers which drape massif walls [4, 5, 6],
scarps that expose tens to 100 meters of massive
ice [7], widespread subsurface radar interfaces
in areas indicative of ice-rich terrains [8, 9], in-
ferred water contents from neutron spectroscopy
[10], and thermal signatures [11]. However,
Bramson et al. [12] (WP2020) explain that the
depth to the top of the ice, and properties such

as ice concentration and heterogeneity remain
elusive to observe from current orbital datasets.
Terrestrial studies of permafrost regions have
demonstrated that the percentage of ice within
the ground has a measurable effect on the seis-
mic velocity of the material [13, 14]. Thus,
an active-source seismic system landed on Mars
could determine the depth to, concentration, and
heterogeneity of water ice deposits.

The current Planetary Science Decadal Sur-
vey, Visions and Voyages [15], set characteriza-
tion of the lunar volatile cycle as a top priority
for lunar exploration, seeking to address if and
how volatiles migrate across the lunar surface,
and what is their ultimate fate. In the last two
decades, much has been uncovered about the
presence of water ice in lunar regolith. Neutron
data indicates that up to a few volume percent
of water ice could be present within some po-
lar craters [16, 17]. The LCROSS impact into
the lunar south pole revealed water ice between
3 and 10% by weight from the vapor in the re-
sulting ejecta plume [18, 19]. Furthermore, a
diverse set of observations from the NASA Lu-
nar Reconnaissance Orbiter (LRO) suggests that
the Moon possesses reservoirs of water/water-
ice concentrated in the polar regions [20, 21, 22,
23, 24, 25]. These data suggest water is hetero-
geneously distributed on multiple scales within
the top meter of the lunar polar regolith. How-
ever, thick ice deposits on the Moon have yet to
be confirmed [26, 27], and the need for surface
exploration of Lunar ice deposits is expressed in
Hayne et al. [28] (WP2020). The ambiguity as-
sociated with detecting subsurface ice from or-
bit and beyond strongly argues for the need for
landed missions within permanently shadowed
regions. Active-source seismology is a promis-
ing method because the increased seismic veloc-
ity induced by the presence of ice within the re-
golith [13, 14] provides a means to constrain ice
content. Additionally, abrupt transitions in ice
content, such as the top and bottom of an ice
deposit, would produce strong seismic-wave re-
flections and refractions.
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Key finding: Active-source seismology
could identify subsurface water ice, a key
to climate and formation history

Under MEPAG Goal III, Objective A2 sug-
gests that future investigations should “docu-
ment the geologic record preserved in sediments
and sedimentary deposits,” and “constrain the
location, volume, timing, and duration of past
hydrologic cycles that contributed to the sedi-
mentary and geomorphic record.” Additionally,
Objective A4 says to “determine the nature and
timing of construction and modification of the
crust,” and “determine the absolute and rela-
tive ages of geologic units and events through
martian history.” For locations where martian
stratigraphy is not readily exposed at the sur-
face, the ideal method to reveal the chronology
of layers, as demonstrated by extensive applica-
tion on earth, is active-source seismology.

Lava tubes are also a geologic target of in-
terest, yet their detection from orbit is controver-
sial [29, 30] (WP2020). Orbital imagery suggest
that large lava tubes exist on both the Moon and
Mars, yet confirmation from orbit has remained
elusive. Lava tubes represent both a record of
volcanic geologic history, and potentially habit-
able locations shielded from harmful solar radi-
ation. Since lava tubes could be large and deep

on the Moon and Mars, seismology may be a
better method of detection and delineation than
electromagnetic methods.

Key finding: Active-source seismology
can investigate subsurface geology, like
sedimentary stratigraphy and lava tubes,
which unlock hidden geologic histories.

We do not suggest that active seismology is
the sole method to accomplish these goals, but in
some cases, it may be the ideal method. Regard-
less, every geophysical method has limitations.
One method cannot answer every question about
the subsurface. For instance, ground penetrating
radar may not be able to distinguish ice from
highly porous material, because both features
would have low permittivity. On the other hand,
water ice has a high seismic velocity, whereas
porous material has a low seismic velocity, al-
lowing the two to be distinguished via active-
source seismology. Morgan et al. [31] demon-
strate through orbital mapping of ice deposits on
Mars that combining multiple geophysical data
sets yields more accurate knowledge of the sub-
surface than any one dataset alone.

Key finding: Active-source seismology
is complementary to other subsurface in-
vestigation methods.
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(a) An active seismic refraction and surface wave
experiment using a lander mounted seismic source

Rover mounted sourceRadial survey 
lines
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Reflected 
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Receiver rover

(b) An active seismic reflection experiment using a
seismic source mounted on a rover

Figure 1: Concepts for how active seismology could be applied on a planetary body.
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3 Active-Source Seismology’s Benefit to Fu-
ture Human Exploration
In advance of human exploration of Mars,

and renewed sustainable human exploration of
the Moon, the delineation of proven reserves of
water ice will be necessary to enable in-situ re-
source utilization (ISRU) which would provide
life support and propellant [32]. In combina-
tion with ground-truth sampling, active-source
seismology could survey the depth and extent
of subsurface water ice over a large landing
site area. Under MEPAG Goal IV, Objective
C2 suggests that the community must “char-
acterize potentially extractable water resources
to support ISRU for long-term human needs,”
and to “prepare high spatial resolution maps
of one equatorial site with water bound in re-
golith materials and one mid to high latitude
site with water ice at or within a few meters of
the surface....”Active-source seismology would
be an excellent method for landing site resource
characterization because it can allow for full 3D
imaging over a sufficiently large area, an im-
provement over limited discrete sampling or 1D
sounding.

Within the exploration objectives of NASA’s
Human Exploration and Operations Mission Di-
rectorate [33], the phase 1 objective P1-17 states
the need to “evaluate the nature and distribution
of lunar volatiles...to inform future ISRU devel-
opment.” Whether or not human exploration of
the Moon can rely on water ice deposits in per-
manently shadowed regions strongly depends on
the distribution and concentration of the water
ice. Active-source seismology could help sur-
vey a potential landing site for water ice and thus
help answer a vital HEOMD question: can wa-
ter ice be practically used during human explo-
ration of the Moon?

Key finding: Active-source seismology
is a valuable tool for site characterization
and resource surveying in advance of hu-
man exploration.

4 Implementation Strategy and Required
Technology
On Earth, active-source seismology is the

most well developed and widely used method
for subsurface surveying and resource explo-
ration. Whereas instrumentation is mass pro-
duced for terrestrial applications, insufficient
space-ready instrumentation exists for plane-
tary science application today. In the past, ac-
tive seismic surveying proved to be a valuable
method to reveal regolith structure during the
Apollo missions [34, 35], but these surveys re-
quired assistance from astronauts. Thus the lack
of recent active seismic experiments could be
attributed to the limitations of robotic capabil-
ities and autonomous navigation, but such chal-
lenges are now surmountable. An active-source
seismology system requires two instruments, a
seismic source generator, and a receiver (e.g. a
geophone or seismometer). To conduct a full
seismic survey over a subsurface target region,
there must either be multiple sources and re-
ceivers spaced over the area, or mobile sources
and receivers that traverse over the survey area.
The following paragraphs briefly introduce po-
tential seismic source and receiver instruments
that could be developed for planetary science.

Seismic sources: Accelerated weight-drop
systems are repeatable impulsive sources that
are simple, robust, and commercially available,
however they have not yet been applied in space.
Modern accelerated weight-drop systems use
hydraulic arms to lift a source mass and sub-
sequently accelerate it toward the surface, gen-
erating a seismic pulse upon colliding with the
ground. These sources can operate on city
streets with no surface damage and are scalable
to image the near surface or depths exceeding
one kilometer [36, 37]. The amplitude of the
excited seismic waves, and thus the maximum
distance that a seismic wave can travel and still
be detectable, is largely dependent on the ki-
netic energy of the weight drop and the peak
frequency of the resulting source pulse. De-
pending on the desired survey area and depth,
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an accelerated weight-drop source could weigh
10s–100s of kilograms, and could be mounted
on a large lander or rover. Similar to accelerated
weight drop sources are vibroseis sources that
press a weight against the ground and vibrate it
with specific frequency pattern. Such machines
are mechanically complex, but achieve greater
survey control and higher signal to noise ratios.
Other seismic sources include explosives, such
as dynamite, standard initiators (small explo-
sives used to deploy solar panels, also used as
sources for the Apollo ASE), and seisguns or
mortars (projectiles accelerated with gunpowder
or explosives). Explosive sources could deliver
the same energy as a weight-drop system with a
fraction of the mass, however, they are not re-
peatable.

Seismic receivers: The standard seismic re-
ceiver is a geophone. Geophones differ from
passive seismometers mainly in the frequency of
waves they record; geophones record vibration
frequencies in the 10s-100s Hz range whereas
seismometers must record waves as low as 0.01
Hz which requires extreme sensitivity. Terres-
trial geophones that record vibrations in three
orthogonal directions often weigh less than 1 kg,
and are cheap to mass produce. Geophones that
wirelessly transmit their data, like GTI’s nodal
geophones [38], could be deployed or incorpo-
rated into a mobile rover without any of the ca-
bles or wires typically seen in terrestrial seismic
surveys. In addition to conventional geophones,
Microelectromechanical systems (MEMS), the
small accelerometers within smartphones, are
nearing the sensitivity required for seismic ex-
ploration. Their extremely light weight, low
energy usage, and durability are major advan-
tages for space applications. Another poten-
tial receiver is fiber optic sensing [39]. Fiber
optic geophones function by sending pulses of
light into a fiber optic cable that is coupled to
the ground and subsequently recording the light
that scatters back, which is sensitive to minute
strains in the cable, such as those caused by seis-
mic ground motion. These sensors have been

deployed in terrestrial seismic experiments with
promising results [40]. Lastly, Sava and As-
phaug [41] and Courville and Sava [42] pro-
pose using non-contact laser Doppler vibrom-
eters (LDV) to record seismic signals. LDVs
measure ground vibrations remotely by observ-
ing changes to the frequency of a laser beam re-
flected off of the ground surface, which is sim-
ilar to how police radar speed guns work. Such
an instrument could be operated from an aerial
or orbital craft, and would be ideal for a seis-
mic survey on an asteroid or comet. In this sce-
nario, it would have numerous technical advan-
tages over a landed geophone because it would
not need complicated mechanical components
and because it could characterize ground oscil-
lations at many distributed locations by simply
pointing.

Key finding: Many seismic source and
receiver instrument options exist for ter-
restrial applications, and their develop-
ment for application in space would en-
able a wide variety of planetary active
seismic mission concepts.

In order to conduct a planetary active-source
seismology survey, the source and receiver com-
ponents must be put together into a complete
payload concept. One such concept, the Au-
tonomous Roving Exploration System (ARES),
could conduct an active-source seismic survey
on the Moon or Mars over an area of up to
a square kilometer, and see to depths of up
to a kilometer [43]. ARES requires multiple
rovers: one large rover or lander would include
a weight-drop seismic source instrument, and
one or more small rovers would contain seis-
mic receivers. As depicted in Figure 1, the sys-
tem acquires data by generating a seismic source
and recording surface waves, refractions, and
reflections from subsurface structure at various
locations offset from the source. A collection
of autonomous receiver rovers provide config-
urability and redundancy to collect enough data
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to survey a landing site. The receiver rover(s)
can be compact and low-mass, allowing multi-
ple rovers to be deployed on each mission and
maximizing survey area. An example option
is the 10 kg Mobile Autonomous Prospecting
Platform (MAPP) rover produced by Lunar Out-
post Inc, which would navigate autonomously
between survey points and traverse up to 8 km in
its lifetime [44]. The weight drop source instru-
ment could be accommodated by a moderate or
large sized rover/lander such as a Phoenix class
lander, a commercial lunar payload system, a
spirit/opportunity class rover, or Lunar outpost’s
300 kg HL-MAPP rover.

Larger and smaller scale active seismic ex-
periments can also be conceptualized. For larger
scale seismic surveys that must image deeper
than a few kilometers, large seismic receiver ar-
rays, such as those described in Fouch et al.
[45], would be possible with the aid of large ex-
plosive or impact sources and rovers that could
travel long distances to deploy receivers at a
significant spread. Smaller scale active-source
seismic characterization on the order of meters
or less could be easily conducted through the
wheels or legs of a rover or lander using small
accelerometers as seismic receivers. Such an ex-
periment has already been deployed on comet
67P/Churyumov-Gerasimenko. [46]

Key finding: Instruments and payload
concepts exist to operate active-source
seismology instrumentation on the sur-
face of the Moon, Mars, and beyond.

Seismic data processing techniques are
highly matured. For near surface investigation
(0-10m), seismic surface-wave and refraction
analysis is a standard method on Earth to mea-
sure variations of near-surface composition and
layering with depth. Specifically, multi-channel
analysis of surface waves can reveal the seismic
velocity profile with depth [47]. For deeper tar-
gets (10s–1000s of meters), seismic wavefield
migration and tomography are well developed.

Migration [48, 49] is designed to infer interface
properties, i.e. the contrast of physical proper-
ties at all locations in the investigated volume,
while tomography [50, 51] is designed to infer
volumetric properties, e.g. the seismic veloc-
ity at every in the volume. Both techniques are
well developed in exploration seismology and
are complementary to one-another, i.e. infor-
mation from one improves the effectiveness of
the other. Full waveform inversion methodolo-
gies that incorporate both amplitude and phase
of the seismic signals are now available and pro-
vide both 3-D velocity variations and layering
structure [52].

Key finding: Seismic surveying and data
processing methodology are well matured
from extensive terrestrial application.

5 Benefits to Space Technology Develop-
ment
Active-source seismology would provide an

excellent test bed for technology demonstra-
tions. Active-source seismology relies on the
ability to separate a source and receiver in space,
and to record data with the receiver placed
at different offsets from the source. Since
an active-source seismic system might require
two or more separate rovers working together
over a survey region, implementing an active-
source seismic system would be an excellent
platform to demonstrate autonomously navigat-
ing rovers that communicate and work together
to survey a region with applications beyond
active-source seismic acquisition. For exam-
ple, ground-penetrating radar or sample collec-
tion could be employed in tandem with a seismic
system.

Key finding: Active-source seismology
provides a test bed for autonomous explo-
ration systems, which would be a major
technological demonstration for the fu-
ture of planetary science exploration.
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6 Conclusion
We recommend that the NRC place strong

emphasis on developing active-source seismic
instrumentation for planetary exploration in the

coming decade. The lack of seismology instru-
mentation for planets is a travesty for planetary
exploration, and limits subsurface planetary in-
vestigation.
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