
SEISMOLOGY ON ARTEMIS III: EXPLORATION AND SCIENCE GOALS 
P.Lognonné*, IPGP, F; N.Schmerr**, UMD, USA; D.Antonangeli, Sorbonne U.,F; S. H. Bailey, UA, USA; B. Banerdt, JPL, 

USA; M.E.Banks, GSFC,USA; C.Beghein, UCLA,USA; M.Benna, GSFC,USA; M.Bensi^, UMD, USA; E.Bozdag, CSM,USA; 

P.Brown, UWO, CA; T.Chui, JPL,USA; L.L Dai, ASU,USA; D.DellaGiustina, UA, USA; A.Erwin, JPL, USA; M.J. Fouch, 

Samara Data, USA; R.G.Garcia, ISAE, F; E.Garnero, ASU, USA; S.P.S. Gulick, U.Texas, USA; T.A.Hurford, GSFC, USA; J. 

Irving, UK; K Jani, Vanderbilt, USA, C.L.Johnson, UBC, CA; T.Kawamura, IPGP, F; J.T.Keane, JPL, USA; A.Khan, ETH,CH; 

M.Knapmeyer, DLR, D; B.Knapmeyer-Endrun^, U.Koln, D; A. Loeb, Harvard, USA; J.M.Madiedo, IAA-CSIC, SP; L.Margerin^, 

IRAP, F; A.G.Marusiak, JPL, USA; C.Michaut, ENSL, F; Y.Nakamura, U.Texas, USA; C.R.Neal,Univ. U. Notre Dame, USA; 

C.Nunn, JPL, USA; J.L.Ortiz, IAA-CSIC, SP; H.J.Paik, UMD, USA; M.Panning, JPL, USA; L.de Paula, UMD, USA; 

B.Romanowicz, UCB, USA; L.Schleicher, Menlo Park, CA, USA; C.Schmelzbach, ETHZ, CH, P. Senthil Kumar, CSIR-NGRI, 

IN; S. Smrekar, JPL, USA; S.C. Solomon, LDEO, Columbia U., USA; S.C.Stähler, ETHZ, CH; N.Takeuchi, U. Tokyo, JP; 

T.R.Watters, CEPS, USA; R.Weber, MSFC, USA; J. West, ASU, USA; M.Wieczorek, OCA, F; P. R.Williamson, Austin Sens., 

USA; R.Yamada, U. Aizu, JP. (**) US contact (nschmerr@umd.edu), (*) EU contact (lognonne@ipgp.fr) (^) signatory only. 

 

A seismometer[1], integrated in the Early Apollo 
Scientific Experiment Package (EASEP), was deployed 
by the Apollo 11 astronauts during the first crewed 
landing on the Moon. EASEP was a simplified, solar-
panel-powered version of the Apollo Lunar Surface 
Experiments Packages (ALSEPs) deployed later by 
Apollo 12[2] and 14-17 astronauts. The EASEP and four 
ALSEP stations were equipped with three-axis long-
period and vertical-axis short-period seismometers in 
addition to other instruments. Apollo 17 astronauts 
deployed a gravimeter, and Apollo 14, 16, and 17 also 
carried geophones, enabling active-source seismology 
on the surface of the Moon in addition to passive 
listening. See [3] for sensor details. 

Analyses of the Apollo seismic data have continued 
for the last 50 years and have revolutionized our 
understanding of lunar seismicity, the present impact 
rate on the Earth-Moon system, lunar internal 
structure[4–10], and dynamic evolution of the Moon. 
Discoveries made by Apollo seismology have fostered 
a suite of new science questions about the Moon, 
several of which are crucial for the safety of future 
permanent assets and astronauts near the South Pole, 
our understanding of the lunar interior, and the 
importance of the Moon-forming impact for conditions 
on early Earth, including habitability. A few of these key 
questions addressable by seismology are listed below. 

• What is the seismicity near the South Pole? 

Although lunar seismicity is much less than that of 
Earth (Fig 1), shallow moonquakes are similar to 
intraplate earthquakes and might involve near-surface 
fault slip[11] sufficiently strong to trigger landslides[12]. 
One of the largest shallow moonquakes (SMQs), with 
moment magnitude ~4, occurred 6° from the lunar 
South Pole[13]. The event depth remains unknown, as 
well as the precise location of the fault system 
associated with this quake, leaving order of magnitude 
uncertainties for assessing the risks to surface habitats. 

• What is the impact rate near the South Pole? 

Impacts were one of the major sources of Apollo 
seismic signals (Fig 2), and their flux can be measured 
by seismometers[14]. Large uncertainties remain on the 
flux of small meteoroids on the Moon, especially for 
those carrying energies sufficiently large to damage 
structures or EVA suits[15]. The expected flux varies 
from 10 to 300 impacts per decade per km2 for impacts 
carrying as much kinetic energy as a bullet (2-3 kJ) and 
increases by eight for energies ten times smaller[14-15,17–

19]. Impacts could also serve as sources for measuring 
shallow physical properties. 

• What is the ground stability near the South 
Pole? 

Apollo seismometers were not able to resolve the 
lunar seismic noise, due to limitations on the acquisition 
systems available at the time (Fig 3b). The 
performances of future gravitational[16] and 
astronomical observatories deployed near the South 
Pole will depend on the seismic noise floor, which will 
be constrained to better than nrad and Ångström levels 
in tilt and displacement, respectively, and might be 
detectable at levels a factor of 10 smaller than Apollo[14] 
through careful human installation of seismic sensors. 

 
Figure 1. Seismic 

event rate (in 

events/year) on the 

Moon, as a 

function of ground 

velocity measured 

at the Apollo 14 

site, ranging from 

0.1 to 10 nm/s[17]. 

A factor of 10 

better performance 

will resolve >1000 

impacts and >5,000 deep moonquakes (DMQs) per year, and 

likely about 10 SMQs globally if an active fault system is 

present near the lunar South Pole. 

 
Figure 2. Estimates 

of the flux of small 

meteoroids,[18-20], 

demonstrating an 

uncertainty as high 

as an order of 

magnitude. Average 

lunar impact 

velocities are 20 

km/s. 

 

• What is the deep interior structure, from the 
crust to the core, as seen from South Pole? 

As argued by several advisory groups[21-22], 
understanding the deep interior structure of the Moon is 
an important priority but requires further information, 
including the characterization of any compositional 
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Moon (e.g., Spohn et al., 2001a). Bulk lunar abun-

dances of the heat-producing elementsuranium and

thorium in these models are similar to terrestrial

values, with an enriched crust and adepleted mantle.

For example, mantle abundances of about 8.2ppb of

U and 30ppb of Th are suggested by Gagnepain-

Beyneix et al. (2006) in order to fit the temperature

dependence of seismic velocity. These values are

close to those proposed by Waenke et al. (1977) and

Taylor (1982).

Taken together, mineralogical and thermal stu-

dies of the lunar interior that use seismic data show

that a broad range of interior models are compatible

with the data. Limitations of existing models include

the details of the thermodynamic parametrization,

and the absence of titanium (and sometimessodium)

from calculations. Furthermore, the likelihood of 3-D

structure in theMoon isgreat, and thebroad rangeof

acceptable mineralogical and thermal models may

simply reflect 3-D structure in the seismic data that

hasbeen (necessarily, given thedataset) mapped into

1-D structure.

10.03.3 Seismic Act ivity of the Moon
and Terrestr ial Planets

10.03.3.1 Internal Seismic Activity

So far, no conclusive indication of present-day plate

tectonic activity hasbeen observed on a planet other

than Earth.Moreover, only theseismic activity of the

Moon is constrained by seismic data and from a

practical perspective only the activity of Mars and

Venus can be estimated. During the 7 years of the

Apollo seismic network operation, about 12500 seis-

mic signalswere detected on the LP instrumentsand

cataloged, and many more events seen on the SP

instruments remain uncataloged. Figure 10 shows

the statistics of detection on the horizontal compo-

nent of Apollo 14 station per year, based on

Nakamura’s catalog. We focus first on the internal

activity of the Moon, then address the internal activ-

ity of other planets, followed by a discussion of

impact seismology.

Assuming that the largest deep moonquakes have

a seismic moment of 5 1013 N m and associated

stress drops of about 10kPa (Goins et al., 1981a),

quakes with seismic moment 30 times smaller were

detected. These smallest reported moonquakes cor-

respond to terrestrial events with body-wave

magnitudes as low as 1.6 and are detectable due to

the low seismic noise level on the Moon (Figure 1).

Note however that the definition of the body-waves

magnitude or surface-wave magnitudes are generaly

defined for the Earth. We will therefore use later,

unless specified differently, moment magnitudes,

directly related to the seismic moment by

Mw ¼ 2=3 log10 M0=Nmð Þ– 9:1

where Mw is the moment magnitude and M0 the

seismic moment in N m (Hanksand Kanamori, 1979).

Deep moonquakes originate from regions that

appear to undergo repeated failure, giving rise to sets

of moonquakes with similar waveforms and periodic

occurrence times(Lammlein et al., 1974).Thenumber

of known source regionsfor deep moonquakes iscur-

rently estimated as 250(Nakamura, 2003, 2005), and

source depths are 700–1200km. Figure 11(a) shows

the variation in the number of moonquakes recorded

per week, for the duration of the Apollo seismic

experiment. The installation dates of the stations are

provided in T able 1.Theactivity at all known moon-

quake nests (reported in Nakamura et al., 2004) is

shown in red,and theactivity recorded at nineclusters

that dominate the catalog is shown in blue.

Figure 11(a) illustrates that activity at these nine

well-studied clusters closely resembles the behavior

of the larger deep moonquakespopulation. Individual

peaks in the time series occur at approximately

2-week and 4-week intervals. More obvious over

the duration of the experiment is the modulation of
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Figure 10 Number of events/year detected on the Apollo

14 station vs amplitude. Amplitudes are from the Nakamura

et al. (2004) catalog and converted approximately to mean

velocity, assuming a recording by the long-period horizontal

component on the peaked mode and peaked frequency. Note

the very high number of events detected, despite their very

low amplitudes (see Figure 1 for seismometer sensitivity).
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mantle stratification; the size, composition, and shape 
of the core; the size of any solid inner core; and seismic 
anchoring of lunar crustal thickness models derived 
from lunar gravity and topography[23].The last two 
objectives will benefit from the South Pole location and 
the controlled seismic sources generated by the impact 
of the first stage or tanks of the Artemis Ascent Vehicle 
(Fig 3a-b). This artificial impact might be complemented 
by Earth-based impact flash detection of natural 
impacts, providing a strategy for determining the South 
Pole crustal structure even with only a single seismic 
station[24]. For deeper structure, a factor of 10 better 
sensitivity than Apollo and more than 3 months of 
monitoring will allow the detection of core-reflected 
phases from records of DMQs[25] at one station[26], 
given that stacks of energy are used over long 
operation times (Fig 3c). 

These exploration and science goals will be 
achieved with modern, space-qualified seismic sensors 
and acquisition systems, with performances about a 
factor of 10 better than those achieved by Apollo. 

Ideally, the best configuration will be made with a 
central node equipped with high-sensitivity long- and 
short-period seismometers, surrounded, like Apollo 17, 
by three short-period seismometers or geophones at 
walking distance. This configuration will enable 
subsurface imaging, micrometeoroid flux determination, 
seismic noise monitoring including its wavefield 
gradient[27] and location of high-frequency seismic 
signals. This seismic station will have to operate for 
more than one year and would be not only the first 
long-term seismic observatory on the Moon since 
Apollo, but also the reference South Pole station of a 
future Lunar Geophysical Network[28–29]. The station 
would benefit from such other geophysical 
measurements as lunar laser ranging, electromagnetic 
sounding, and heat flow[30-31]. Mass and volume will be 
comparable to those of Apollo, despite the better 
performances. Flight readiness is demonstrated by the 
seismometers for several NASA missions in 
operation[32], in fabrication[33], and in development[34–36]. 

Figure 3. A factor 

of 10 better 

sensitivity than 

Apollo would 

capture the seismic 

signal generated by 

the Artemis ascent 

vehicle. (a) The 

detected but weakly 

resolved record of 

the impact of the 

Apollo 16 ascent 

vehicle at the 

Apollo 16 long-

period seismometer. 

(b) A spectrogram, 

in acceleration 

power, shows the limitation of the 9-bit acquisition noise, indicated after the black line.  (c) Amplitude sensitivity a factor of 10 

better than Apollo will resolve core phases (e.g., ScS, PKP, PcP) on single records, in contrast to Apollo, which detected only 

direct P and S phases[17]. Red and black points are Apollo records of P and S phases, while the expected core phases were all 

below the instrument resolution and required stacking to detect. 
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