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The Concept (Selected by NASA for 2024/2025 launch)

Global cross-section adapted from Wieczorek et al. (2009) and Schrödinger cross-section 
from Kring et al. (2016)

FSS delivers a vertical 
component Very Broad Band 
seismometer (VBBZ), the most 
sensitive seismometer to fly on 
a planetary mission, and a very 
capable and compact 3-
component SP seismometer, 
both based on the 
instrumentation of the 
currently-operating InSight
Mars mission.
These instruments are 
delivered inside a thermal 
enclosure incorporating 
independent command, power, 
and communications systems 
to outlive the commercial 
lander and deliver continuous 
day and night seismic data for 
months.



Lunar Seismology
• Lunar seismology is very different than Earth 

seismology with unique challenges
• The Apollo instruments were extremely sensitive 

instruments, but were limited by very coarse 
digitization

• Apollo measurements were only made at the nearside 
landing locations

• Landing modern, sensitive instruments (on the far 
side of the Moon!) with 24-bit modern digitization 
opens up new opportunities beyond what was 
possible with Apollo



Farside Seismicity

• Nearly all located deep moonquake 
clusters and shallow moonquake 
locations are on the nearside of the 
Moon
• How much of this is due to attenuation 

in the deep lunar mantle and how much 
is due to fundamental differences in 
seismicity?
• Paths from known repeating deep 

moonquake locations to Schrödinger 
pass through the deep mantle 
constraining that structure, while 
recording of new sites on the far side 
will directly constrain farside activity 
rates

Black (P), Blue (S) from Apollo
Red(P), Purple (S) with FSS



Local structure at Schrödinger
• Schrödinger Crater is well-preserved impact crater 

with a peak ring and smooth floors interpreted as 
impact melts
• 3-component seismic records present the potential 

for resolving crustal thickness and layering through 
a receiver function approach
• Continuous noise records can be autocorrelated to 

obtain the seismic reflectivity response below the 
landing site
• Local crustal structure can be used to anchor 

global gravity-derived models

Moon (Vinnik et al. 2001) Mars (Knapmeyer et al. 2021)



The lunar background hum 
• The background seismic noise on the 

Moon is expected to be driven by the 
regular impacts of micrometeorites 
(Lognonné et al. 2009) and micro-
moonquakes
• Apollo seismometers were not able to 

record the level of this background noise 
due to the sensitivity of the instruments 
and the digitization noise

From Lognonné & Johnson (2015)



The lunar background hum
• The background seismic noise on the Moon is 

expected to be driven by the regular impacts 
of micrometeorites (Lognonné et al. 2009) 
and micro-moonquakes
• Apollo seismometers were not able to record 

the level of this background noise due to the 
sensitivity of the instruments and the 
digitization noise
• VBBZ will record at a lower noise level than 

Apollo and either directly constrain the lunar 
background noise, or lower the upper bound 
of that noise level
• This can be used to better constrain the 

impact rate of the smallest micrometeorites, 
an important goal for long term human safety

xi 2 [0, 1]. Hence, each random impact is characterized by
seven random numbers:
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where q and f are the colatitude and longitude of the impact,
yv and yh the vertical and horizontal angles of the impact, m
and u the mass and velocity of the impactors, and t is the
impact time.
[45] This approach provides a statistical model for themass

and velocity of impactors but however reveals little about
their density. The jovian tisserand parameter, expressed as
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aj
a
þ 2
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r
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where the subscript j refers to Jupiter’s orbital elements, is
usually used to discriminate dynamically between comets
and asteroids. Although some overlap exists, it is generally
considered that asteroids have Tj > 3, while nearly isotropic
comets (including long-period comets and Halley-type
comets) have Tj < 2 [Bottke et al., 2002]. Jupiter family
comets, that may be dormant or extinct, are dynamically
linked to the giant planet, and have 2 < Tj < 3. In our sim-

ulations, Jupiter family comets contribute only 14% to the
lunar bombardment, with a mean impact velocity of about
26 km/s. Nearly isotropic comets [Dones et al., 2004] are not
accounted for in the NEO model that is used here, but recent
studies consider that they contribute by less than 10% to the
overall bombardment [Weissman et al., 2002; Bottke et al.,
2002]. Strokes et al. [2003] give an even lower estimate of
1%. Thus we use a fixed impactor density of 3000 kg m"3.
Equation (11) and Table 1 show that this assumption for the
Jupiter family comets overestimates the amplitude of the
seismic impulses by about 5%. The missing nearly isotropic
comets probably underestimate the seismic hum by about
10%, and both simplifications have an net effect of less than
10%.
[46] We have performed these simulations for three

impact/frequency models. The first two are Ivanov [2006]
and Brown et al. [2002], while the third has the same slope as
the Ivanov [2006] power law, but is normalized with the rate
at 1 kg given byOrtiz et al. [2006] formasses larger than 1 kg;
this rate is larger by about a factor of 3 than that derived from
the Brown et al. [2002] model. Note that about 4000 objects
of more than 1 kg impact the Moon per year. The three
models will be referred to in the following as the Brown,
Ivanov, and Ortiz models respectively.

5. Results and Discussion

[47] Using the method described above, we obtain a time
series of impacts, with the position, time, vector velocity, and

Figure 15. Composite waveform for impacts simulated using the Brown model. The duration of each
waveform (corresponding to an individual impact) summed is 1 h, while the plot shows 10 days of signal.
(left) The computed seismogram in Apollo DU. (right) The absolute value of the seismogram, on a
logarithmic scale.
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1.2.4 Science Traceability Matrix 

Table 1.1-1: FSS will address three major science objectives clearly linked to long-term NASA objectives. Projected performance of both seismic 
instruments provides margin to meet all objectives in the baseline mission, while the threshold mission will partially meet all top-level objectives 
(through measurements 1A, 2B, and 3A) with the sacrifice of complementary, supporting observations for Objectives 1 and 2. Each science objective 
is linked to particular science questions defined in Chapter 5 of the Decadal Survey (NAS, 2011). Performance requirements are defined through 
comparison with Apollo detection statistics as discussed in §1.1.4. Full projected performance of the instruments is shown in Figure 1.1-9. 
Decadal Survey Questions Science Goals Science Questions Investigation Objective Requirements Mission Top Level 

Requirements 
Measurement Requirement 

Projected 
Performance 

• How do the structure and 
composition of each 
planetary body vary with 
respect to location, depth, 
and time?  

• What are the major heat-
loss mechanisms and 
associated dynamics of 
their cores and mantles?  

Objective 1: 
Investigate deep lunar 
structure and the 
difference between 
near and farside 
activity 

What is the rate of 
farside seismicity? 

1A: Detect >50 farside 
events VBB: 2x10-10 m/s2/Hz½ 

from 0.1-1 Hz 

1.5x10-10 m/s2/Hz½ or 
better over required 
frequency band 

1 month  
(threshold mission) 

What is the deep 
mantle seismic 
attenuation? 

1B: Detect >10 
nearside events (known 
clusters or impact 
flashes) 

VBB: 2x10-10 m/s2/Hz½ 
from 0.1-1 Hz 

1.5x10-10 m/s2/Hz½ or 
better over required 
frequency band 

4 months  
(baseline mission) 

• What are the major surface 
features and modification 
processes on each of the 
inner planets?  

• What were the sources 
and timing of the early and 
recent impact flux of the 
inner solar system? 

Objective 2: 
Understand how the 
lunar crust is affected 
by the development of 
an impact melt basin 

What is the crustal 
thickness and layering 
beneath Schrodinger 
Crater? 

2A: Detect >3 events at 
SNR > 3 on 3 
components to create 
receiver functions 

SP: 5x10-9 m/s2/Hz½ 
from 0.3-1 Hz 

3x10-9 m/s2/Hz½ over 
required frequency 
band 

4 months  
(baseline mission) 

2B: VBBZ 
autocorrelation of 
seismic noise 

VBB: 2x10-10 m/s2/Hz½ 
from 0.1-1 Hz 

1.5x10-10 m/s2/Hz½ or 
better over required 
frequency band 

1 month  
(threshold mission) 

• What were the sources 
and timing of the early and 
recent impact flux of the 
inner solar system?  

Objective 3: Assess 
the current 
micrometeorite impact 
rate and local tectonic 
activity 

What is the micro-
seismic noise 10x 
below Apollo level? 

3A: Seismic noise over 
at least one lunar 
day/night cycle VBB: 2x10-10 m/s2/Hz½ 

from 0.1-1 Hz 

1.5x10-10 m/s2/Hz½ or 
better over required 
frequency band 

1 month  
(threshold mission) 

 



Can we record without deploying to the 
surface?

• The Viking mission (and InSight
prior deployment) taught us that a 
deck-mounted seismometer faces 
difficulties.

• But experiments on the engineering 
model of the MSL Curiosity rover 
show ground motion can be well-
coupled through the structure of a 
spacecraft below the resonant 
frequency

• On the Moon, there will be no wind 
noise, and thermal noise is 
expected to be concentrated near 
dawn and dusk (as demonstrated 
by thermal moonquakes measured 
by Apollo instruments)

From Panning and Kedar (2019)



The VBBZ seismometer

• Uses a flight spare VBB seismometer from the 
InSight mission
• Spring needs to be replaced to account for lunar 

gravity and rotated to sense vertical motions 
(rather than 3 tilted components as in InSight)
• Packaged in enclosure which allows venting to 

attain vacuum on the Moon
• Contributed by partnership between Institut de 

physique du globe de Paris/Université de Paris 
and CNES with support from ISAE and APC

3 FM on Mars but 3 spare FMs + 2 QMs available forthe Moon !



The VBBZ seismometer

• Uses a flight spare VBB seismometer from the 
InSight mission

3 FM on Mars but 3 spare FMs + 2 QMs available forthe Moon !

ARTICLESNATURE GEOSCIENCE

seismic noise at Mars’s surface, down to the lowest noise recorded so 
far by a seismometer on the surface of a terrestrial body, at periods 
between 5 and 20 s.

Figure 1 shows the spectrogram of a typical sol of seismic  
data on Mars (sol 194–195), in the 0.02–50 Hz band. Starting at 
17:00–18:00 lmst (local mean solar time), extremely low noise lev-
els are observed until midnight. During the lowest-wind period, 
accelerations below 1.5 × 10–10 m s−2 Hz−1/2 at 0.4 Hz are detected, 
corresponding to ~3 Å root mean squared ground displacement 
in a one-octave bandwidth. This is ~1/500 of the Earth Low Noise 
Model10, allowing detection of events with a moment magnitude 
Mw ~ 1.8 lower than on Earth. The levels of noise are comparable to 
those recorded by Apollo11 on the Moon at 1 Hz (Fig. 2), but much 
lower at longer periods. After midnight, the noise increases slightly 
until sunrise, and then rises rapidly with atmospheric boundary 
layer activity, from 7:00 to 16:00 lmst, still remaining below the Low 
Noise Model between 2 and 20 s. These three noise regimes, associ-
ated with wind ranging from night-time laminar flow to daily tur-
bulent flow, will probably provide new constraints on the Martian 
Planetary Boundary layer12 when better understood.

Correlation analyses of SEIS with pressure and wind data 
(Supplementary Discussion 1) confirm the Martian environment as 
the key contributor to seismic noise, in line with prelanding pre-
dictions13–18. Observations (Supplementary Figs. 1–3 and 1–4 of 
Supplementary Discussion 1) suggest that long periods are domi-
nated by ground deformation due to pressure perturbation and 
wind stresses, while shorter periods are dominated by lander-gen-
erated noise excited by wind.

Subsurface constraints from atmospheric vortices and HP3

The elastic properties of Mars’s near surface (upper 10–20 m) pro-
vide information on geological processes that have shaped the 
landing site but are also required to fully understand the seismic 
noise. We derive a first elastic model using three independent seis-
mic techniques at vertical scales varying from a few centimetres to 
~10 m and at horizontal scales up to several tens of metres.

At a 5-cm scale, SEIS’s feet with their 2-cm spikes are in contact 
with the duricrust, a thin, weakly cemented layer about 1 cm below 
unconsolidated soil2. From the modelling of resonant frequencies 
of the SEIS levelling system19, a local Young’s modulus of 47 MPa 
is inferred (Supplementary Discussion 2–1). This value is in agree-
ment with geological inferences of a cohesive layer about 35% stiffer 
than the material immediately below2.

At a 1-m scale, the bulk seismic velocity of the regolith was 
constrained using travel-time measurements of hammer strokes 
from HP3 hammering20, acting as a seismic source at 0.33 m depth. 
See Methods21,22 and Supplementary Discussion 2–2 for details. 
Through precise knowledge of the HP3 and SEIS clocks and averag-
ing data from multiple hammer strokes, the travel time was deter-
mined to be 9.40 ± 2.68 ms over a distance of 1.11 m, yielding an 
apparent P-wave velocity estimate of Vapp

P = 118 ± 34 m s−1.
At horizontal scales of 10–100 m (Supplementary Figs. 2–5), the 

near-surface material was probed using ground deformation caused 
by convective vortices (Supplementary Discussion 2–3), or ‘dust 
devils’ if made visible by their dust content, passing in the vicinity 
of InSight and producing distinct pressure drops detected by APSS7, 
as well as vertical motion and ground tilt detected by SEIS (Fig. 3). 
The ground velocity and pressure measurements23,24 provide values 
for the ground compliance, computed as the ratio of the signal’s 
ground velocity to its correlated atmospheric pressure. Compliance 
is a function of wavelength, and thus can provide depth-dependent 
elastic properties of the subsurface15,16,23,24.

Vapp
P and the ground compliance provide complementary con-

straints on properties of the upper regolith layer and the brecciated 
bedrock beneath. Figure 4 presents the probability density func-
tion (PDF) of possible seismic structures of the topmost 10 m using 

these constraints and assuming a near-surface compaction model25.  
The most probable models are generally consistent with the regional 
geological structure3, with VP ranging from 90 m s−1 at ~5 cm below 
the surface to 145 m s−1 at ~80 cm depth. This suggests that the 
degraded crater (Homestead Hollow) where SEIS is deployed is 
filled largely with unconsolidated cohesionless sandy material2 
with seismic velocities lower than those of previously considered 
Mars analogues26. A compliance-only inversion (Supplementary  
Figs. 2–6) provides higher probabilities for stiffer regolith, but sam-
ples a larger surface area.

Crustal seismic attenuation and diffraction
This first seismic structural analysis of Mars is based on the three 
best-recorded quakes until September 2019, occurring on sols 128, 
173 and 235. Their amplitudes exceed 10–8 m s–2 Hz–1/2 either below 
1 Hz (S0173a and S0235b) or above 1 Hz (S0128a). The complete 
collection of seismic sources includes 171 other events4,27 with 
smaller amplitudes.

The peak-to-peak vertical ground acceleration of S0128a is 
about 8.5 × 10−7 m s–2 in the 2–10-Hz bandwidth (Supplementary  
Figs. 1–9). Those of S0173a and S0235b are 3.5 × 10–8 m s–2 
and 3.5 × 10–8 m s–2 respectively in the 0.2–1-Hz bandwidth 
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Fig. 2 | Statistical comparison of Martian, terrestrial and lunar seismic 
noise. The colour contours show the PDF of Martian vertical seismic 
noise measured by InSight VBB and SP during sol 194–195. They provide 
the fraction of time with respect to the total observation time. VBBZ and 
SP1 are shown for frequencies of <5!Hz and >5!Hz respectively. The red 
lines provide the seismic noise measured on the spacecraft’s deck by the 
SPs. The two lines represent the 16% and 84% percentile lines, which 
correspond to a 1σ Gaussian distribution. Grey lines are an example of 
terrestrial seismic noise measured at Black Forest Observatory (BFO) in 
Germany. STS1 data were used for long-period (<2!Hz) noise statistics and 
STS2 data were used for shorter periods (>2!Hz). The two lines represent 
the 16% and 84% percentile lines. Dashed grey is the lowest noise for 
Earth from the Low Noise Model10. The white lines are an example of 
lunar seismic noise measured during the Apollo seismic observation. The 
Apollo long-period seismometer was used for frequencies of <1!Hz and the 
short-period seismometer was used for frequencies of >1!Hz. In addition 
to the 16% and 84% percentile lines, the 2.5% percentile curve, which 
corresponds to the lower limit of the 2σ noise, is depicted in the figure to 
show the lowest noise level on the Moon, which is most likely due to the 
instrument self-noise5,11. Finally, the black line is the theoretical instrument 
noise curve for the VBB estimated from noise expected from each 
subsystem5. During the night, noise levels are smaller than the minimum 
observed on the Moon, but in both cases these noise floors are close to 
those of the sensors in the 0.1–5-Hz bandwidth. The Moon is quieter than 
Mars in the daytime due to activity in the Martian atmosphere. Note also 
the extreme differences between Earth, Mars and the Moon due to the lack 
of the oceanic microseism.
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From Lognonné et al. (2020)

From Lognonné et al. (2019)



The VBBZ seismometer

• Uses a flight spare VBB seismometer from the 
InSight mission
• Spring needs to be replaced to account for lunar 

gravity and rotated to sense vertical motions 
(rather than 3 tilted components as in InSight)
• Packaged in enclosure which allows venting to 

attain vacuum on the Moon
• Contributed by partnership between Institut de 

physique du globe de Paris/Université de Paris 
and CNES with support from ISAE and APC

3 FM on Mars but 3 spare FMs + 2 QMs available forthe Moon !



The SP seismometer

• Micromachined silicon system
• New build based on InSight heritage
• Spring adjusted for lunar gravity and changed 

to Galperin configuration (3 tilted 
components) rather than 1 vertical and 2 
horizontal sensors as on InSight
• Delivered by Kinemetrics, Inc. in collaboration 

with Oxford University and Imperial College, 
London



Instrument sensitivity

• VBBZ will be the most 
sensitive seismometer 
to land on the Moon 
after Apollo
• SP delivers compact and 

capable 3-component 
measurement
• Both are projected to 

meet the performance 
requirements of FSS



• The FSS –VBBZ will explore with
unprecedent sensitivity seismic
waves down to 0.1 Hz
• It will however NOT be sensitive 

enough for exploring the long 
period seismic noise and signals
below 0.1 Hz
• STEPS to be done by future 

missions, including
• LGN with Optical VBBs
• Future GW oriented missions…

impacts

DMQ

Instrument sensitivity: comparison with signals

VBBZ-FSS

VBBZ-FSS

VBB-SE2

VBB-SE2

VBB-SE2
( considered for JAXA Selene2)
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The package design
• Powered by solar panel with 

sufficient batteries to operate 
through the night
• Thermal system relies on cube 

within cube separated by 
spacerless multi-layer insulation
• Command, communications 

and power systems based on 
MarCO flight spares delivered 
by University of Michigan



FSS Power profile

• Solar panel charges 
battery during the day 
(enough power even if 
misaligned by 20 
degrees)
• Communications only 

performed during the 
day
• Seismometers operate 

continuously through 
the night



FSS Operations profile 

• Operations are a joint effort 
between CNES/IPGP and JPL
• Communication during the day
• Nighttime data is collected and 

stored in data acquisition system 
while Command system sleeps
• Data will be distributed to 

community following NASA 
guidelines, in a similar way as 
SEIS on InSight



What FSS will not do: Exploring long period seismic signals
Shallow moonquake: 1014 Nm, 30 km prof, D=90°

Seismic
Moment Nm

Number

2.5 1013 18

5 1013 13

1014 9

2 1014 6

4 1014 3



Exploring long period seismic signals: requirements
Shallow moonquake: 1014 Nm, 30 km prof, D=90°

Seismic
Moment Nm

Number

2.5 1013 18

5 1013 13

1014 9

2 1014 6

4 1014 3

Differential displacement for 
10km baseline



Exploring long period seismic signals: requirements
Deep moonquake: 5 1013 Nm, A1, FSS

Amplitude of Apollo signals

Largest A1
M ~ 7 1013 Nm

Weak A1
M ~ 5 1011 Nm
( ~ daily event)



Exploring long period seismic signals: 
requirements for GW  DMQ noise corrections…

Differential Displacement 51013 Nm
(e.g. Laser strainmeter)
Spheroidal/Toroidals

Strain 51013 Nm  / 5 1011 Nm
(e.g. any strainmeter)
Full signal (Spheroidal+Toroidals)

Horizontal acceleration
51013 Nm  / 5 1011 Nm
Full signal (Spheroidal+Toroidals)



Summary

• FSS will deploy in 2024-2025 an autonomous seismic package on the 
Moon with a VBBZ
• Performances will be more than 10x better than Apollo for body waves 

detection, with new findings on the internal structure and far side lunar 
seismicity
• Steps after FSS must integrate
• Better performances on 3 axis instead of only vertical axis ( Optical VBB, Candidate 

for LGN and EL3 seismic station among other)
• Even much better performances  will be required for detecting Normal modes



Summary for GW requirements

• DMQ will generate likely a noise close to 10-14 m/s2/Hz1/2 x 100f, 
which will be a superposition of many 10s of small DMQs
• Even if each DMQ will have a known pattern, determining the 

amplitude (and start time) of all these superimposing patterns might 
be challenging  
• Geophysical science return of seismic systems compatible with GW 

will therefore be extremely large and will include the determination 
of the Lunar free oscillation spectrums 


