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A B S T R A C T

Understanding the internal structure of an asteroid has important implications for interpreting its evolutionary
history, for understanding its continuing geological evolution, and also for asteroid deflection and in-situ space
resource utilisation. Given the strong evidence that asteroids are seismically active, an in-situ passive seismic
experiment could provide information about the asteroid surface and interior properties. Here, we discuss the
natural seismic activity that may be present on Didymoon, the secondary component of asteroid (65803) Didy-
mos. Our analysis of the tidal stresses in Didymoon shows that tidal quakes are likely to occur if the secondary has
an eccentric orbit. Failure occurs most easily at the asteroid poles and close to the surface for both homogeneous
and layered internal structures.
Simulations of seismic wave propagation in Didymoon show that the seismic moment of even small meteoroid
impacts can generate clearly observable body and surface waves if the asteroid's internal structure is homoge-
neous. The presence of a regolith layer over a consolidated core can result in the seismic energy becoming trapped
in the regolith due to the strong impedance contrast at the regolith-core boundary. The inclusion of macro-
porosity (voids) further complexifies the wavefield due to increased scattering. The most prominent seismic
waves are always found to be those traveling along the surface of the asteroid and those focusing in the antipodal
point of the seismic source. We find also that the waveforms and ground acceleration spectra allow discrimination
between the different internal structure models.
Although the science return of a passive seismic experiment would be enhanced by having multiple seismic
stations, one single seismic station can already vastly improve our knowledge about the seismic environment and
sub-surface structure of an asteroid. We describe several seismic measurement techniques that could be applied in
order to study the asteroid internal structure with one three-component seismic station.
1. Introduction

The internal structure of an asteroid has important implications for
interpreting its evolutionary history (we may expect to find huge voids
inside an asteroid that was formed from collisional disruption and
reaccumulation of major fragments; Michel et al., 2001) and also for
understanding its continuing geological evolution (a microporous body
may compact due to pore crushing during an impact whereas the voids in
a macroporous rubble pile may protect the body causing more localized
and less extensive damage; Jutzi et al., 2008). Such knowledge can also
inform us about the collisional processes responsible for planetary for-
mation and hence improve our understanding of the formation and
.

evolution of the entire Solar System. Knowledge about the internal
structure of asteroids also has, of course, strong implications for possible
asteroid mitigation and deflection techniques (e.g., Cheng et al., 2016),
and for in-situ space resource utilisation (Graps et al., 2016).

Bulk asteroid properties determined from remote observations and in-
situ observations from space missions can help to constrain the physical
properties and internal structure of asteroids. For example, spin rates can
inform us about the overall strength of an asteroid; small, fast-rotating
bodies must possess some cohesive strength (Holsapple, 2007a).
Reflectance spectra or albedo measurements can provide an asteroid's
surface composition allowing analogue meteorites to be identified
(DeMeo et al., 2015). A comparison of the bulk density of the asteroid
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with the analogue meteorite's grain density can indicate that there is a
significant amount of porosity (or of high density material) within the
asteroid (e.g., Britt and Consolmagno, 2000; Consolmagno et al., 2008;
Carry, 2012). However, determining an asteroid's density requires both a
mass estimate (there are currently only a small number of asteroids with
mass determinations) and a volume estimate (there are inherently large
uncertainties from remote observations; Carry, 2012).

Interpreting the morphology and surface features that are visible in
close-up images obtained during recent space missions can help to
further constrain the physical properties of the surface and sub-surface.
Some examples are the impressive faults observed on Vesta that may
indicate a differentiated internal structure (Buczkowski et al., 2012), or
the strange shapes of asteroids Eros and Gaspra that indicate that these
bodies have some internal strength. Even crater morphology and ejecta
can give information about the asteroid mechanical properties (Housen
and Holsapple, 2003; Asphaug, 2008). However, until we perform direct
geophysical exploration of asteroids, all inferences about asteroid in-
teriors from observations and space missions are purely
educated guesses.

At the beginning of planetary exploration, surface-based geophysics
was considered a key technique for understanding a planetary body and
its interior: the first instruments sent to the surface of another planetary
body were seismometers (Rangers 3–5; sent to the Moon in 1962), the
first landers sent to Mars carried seismometers (Viking Landers 1 and 2;
1975–1977), and the Venera 13 and 14 Venus landers (1981) also con-
tained seismic instruments. However, despite several mission studies and
proposals over the years e.g., (Gonzalez et al., 2004; Robert et al., 2010),
a seismic investigation has never previously been performed on
an asteroid.

There is, nonetheless, strong evidence that asteroids are seismically
active; factors such as crater erasure (Thomas and Robinson, 2005),
destabilisation of regolith slopes (Richardson et al., 2005), and regolith
segregation (Miyamoto et al., 2007) provide evidence for impact-induced
seismic shaking of small bodies. Seismic signals may also occur from
alternative natural sources such as thermal cracks (Delbo et al., 2014),
internal quakes due to tidal forces (Richardson et al., 1998a) and other
geophysical processes see (Murdoch et al., 2015). Here we discuss the
possibility of performing a passive seismic experiment on Didymoon; the
secondary component of asteroid (65803) Didymos and the target of the
joint ESA-NASA mission AIDA (Cheng et al., 2016; Michel et al., 2016).
Such an in-situ geophysical investigation could provide information
about the surface and interior properties of Didymoon, shedding light on
mechanisms involved in binary asteroid formation and the subsequent
geophysical evolution of the asteroid's surface and interior. While such an
investigation may be focussed on only one asteroid, its scientific impli-
cations would reach across our Solar System and beyond, providing
knowledge about the fundamental processes of planetary formation and
small body evolution.

In this paper we first outline the evidence for asteroid seismicity
(Section 2). In Section 3, we present the physical and dynamical as-
sumptions made in this paper about the Didymos binary asteroid system
including the various internal structure models considered. Then, we
discuss in more detail the natural seismic sources that may be active on
and inside Didymoon (Section 4) before presenting a detailed analysis of
the tidal stresses in Didymoon (Section 5). In Section 6 we simulate the
seismic wavefields that may propagate in Didymoon, before finishing
with a discussion about how we will be able to determine the internal
structure of Didymoon using seismic measurements (Section 7).

2. Evidence for asteroid seismicity

Meteoroid impacts onto an asteroid can generate significant seismic
shaking e.g., (Asphaug et al., 1996a; Garcia et al., 2015). Such shaking
may cause a net downslope movement of loose surface material
(Richardson et al., 2005). The first direct evidence for such seismic
shaking on an asteroid was presented by Thomas and Robinson (2005).
They showed that the formation of a relatively young crater on asteroid
Eros resulted in the removal of other craters as large as 0.5 km over
nearly 40% of the asteroid's surface. As burial by ejecta cannot explain
the observed pattern of crater removal, and the areas with a lower than
expected number of small craters correlate well with radial distance from
the Shoemaker crater, they conclude that seismic shaking is the most
probable mechanism.

A deficiency of craters (compared to predictions of dynamical models
of projectile populations) has been seen on many asteroids surfaces;
Itokawa has very few craters in general and absolutely no distinct craters
<1 m in diameter (Saito et al., 2006; Fujiwara et al., 2006), Eros and
Lutetia have a deficiency of small (<1–2 km diameter) craters (Veverka
et al., 2000, 2001; Sierks et al., 2011), and on Vesta there is evidence of
smoothing and erasure of small features well beyond the extent of the
ejecta blankets of the large impacts (Vincent et al., 2013). In addition to
complete crater erasure, the filled-in interiors and subdued rims of
several craters (Veverka et al., 2001; Robinson et al., 2002; Zuber et al.,
2000) indicate that there are active crater degradation processes occur-
ring on asteroids. In fact, more generally, all asteroids that have been
visited by space missions have shown diverse evidence for regolith mo-
tion. Bright surface features can be seen in regions that have steep slopes,
areas of local high terrain and apparently eroded areas, e.g., crater rims,
while dark soils are typically located at the bases of bright streaks and
display both diffuse and sharp boundaries e.g., (Veverka et al., 2000;
Thomas et al., 2002; Riner et al., 2008; Jaumann et al., 2012). The bright
streaks imply freshly exposed material that has not yet been subjected to
space weathering thus indicating that regolith has been relocated since
the initial accumulation or deposition (Saito et al., 2006). These obser-
vations, combined with morphological data, suggest that there are often
preferential downslope movements or landslides of mature regolith that
reveal immature material beneath e.g., (Robinson et al., 2002; Thomas
et al., 2002; Riner et al., 2008; Murchie et al., 2002; Williams et al., 2013;
Yingst et al., 2014). On Itokawa, further evidence for landslide-like de-
posits are the large boulders that have blocked the migration of smaller
particles, resulting in piles of smaller particles on the uphill sides of the
boulders Fig. 1b; Miyamoto et al., 2007). Additionally, the positions and
orientations of the particles at the boundary of the Muses Sea region with
the rough terrain indicate that they are stable against local gravity and
that the migrations were gravity-induced (Miyamoto et al., 2007).
Although alternative processes have been suggested including micro-
cratering and thermal creep; (Cheng, 2002), impact-induced seismic
shaking is considered as the most likely mechanism behind both crater
erasure and regolith motion on asteroid surfaces e.g., (Richardson et al.,
2004; Michel et al., 2009). However, the necessity of a triggering
mechanism to provoke downslope regolith motion is currently under
debate (Holsapple, 2013). Seismic shaking may also be responsible for
the observed regolith size segregation (Asphaug et al., 2001; Miyamoto
et al., 2007; Murdoch et al., 2015).

Numerous tectonic features have been documented on asteroids i.e.,
surface features created by internal stresses that fracture or deform the
surface layer (Murdoch et al., 2015). However, tectonic deformation
cannot occur without forces to drive it. One such force is the impact-
induced compression that is thought to have produced the large “spi-
ral” pattern on Eros (Watters et al., 2011; Cheng et al., 2002; Veverka
et al., 2000), the lineaments on Lutetia (Besse et al., 2014) and the large
equatorial and northern troughs on Vesta's surface (Jaumann et al.,
2012). Other possible sources of tectonic stress include changes in rota-
tion rate due to the effect of solar radiation known as the YORP effect,
which may cause tectonic arrangements or landslide-like surface modi-
fications towards the equator (Harris et al., 2009; Walsh et al., 2008) and
thermal stresses (Dombard and Freed, 2002).

3. The Didymos binary asteroid properties

Didymos is characterised as an S-type object (de Leon et al., 2010).
Following the ESA AIM Didymos Reference Model (AIM-A Team, 2015),



Fig. 1. Evidence of regolith motion on asteroids - LEFT: Bright, freshly exposed material on a large crater wall, as the darker material moves downslope (NEAR image PIA03134; Credit
NASA/JPL/JHUAPL); TOP RIGHT: Image of the Neck area of Itokawa (13 cm/pixel) showing piles of angular boulders at the lower part of the image. Crater-like depressions are shown by
the circles and the arrows indicate the debris, which appears to have drained from the rim of the upper crater towards the smooth terrain; BOTTOM RIGHT: A circular depression that
appears to be filled with finer particles. Figures from Murdoch et al. (2015).
we assume that Didymain (the primary) and Didymoon (the secondary)
both have a bulk density of 2146 kg/m3, with an uncertainty of 30%
(Scheirich and Pravec, 2009). The mean diameter of Didymain is 775 m,
and the mean distance between the center of the primary and the center
of the secondary is 1180m (Scheirich and Pravec, 2009). Didymoon has a
mean diameter of 163 m and a likely retrograde orbit around Didymain
with a rotation period of 11.9 h and an eccentricity of, at most, 0.03
(Scheirich and Pravec, 2009). Although Didymoon is too small to be
resolved from the Earth, it has been predicted that Didymoon is spin-
locked and that it has an ellipsoidal shape with the nominal values of
the semi-axes being a ¼ 103 m, b ¼ 79 m and c ¼ 66 m (AIM-A
Team, 2015).

In this paper we consider four different internal structure models for
Didymoon. Given the large uncertainties in the form and internal struc-
ture of Didymoon, we start with the most simple model possible; a
spherical consolidated body with constant density (Fig. 2 a). Then we
consider two internal structure models consisting of a spherical homo-
geneous consolidated body covered with regolith layers of a globally
constant thickness of 1 m and 10 m, respectively (Figs. 2 b, c). As we have
not yet visited a binary asteroid, and we have no thermal inertia mea-
surements of Didymoon, the regolith properties are entirely unknown.
We, therefore, assume that the regolith properties are equal to lunar
mega-regolith properties (Cooper et al., 1974; Horvath et al., 1980;
Gagnepain-Beyneix et al., 2006; Garcia et al., 2015).

In order to discuss seismic waveforms and travel-times as a function
Fig. 2. Schematics of the Didymoon internal structure models - We consider four cases: (a) a c
consisting of a homogeneous consolidated body covered with a regolith layer of a globally consta
including voids extending to the deep interior. The schematics are not to scale. See Fig. 3 for
of regolith depth only, we introduce a set of models that are mass-
inconsistent, but for which the physical properties of the regolith layer
and the asteroid core stay constant (Fig. 3). Consequent mass-deficits
amount to 1 and 10%, respectively. The impedance contrasts at the
regolith-core boundary amount to a 30% variation in P-wave velocity and
a 20% variation in S-wave velocity.

Given that S-type asteroids are known to have macro-porosity
(Scheeres et al., 2015), we have also investigated a macro-porous inter-
nal structure model by including voids (Fig. 2 d). The voids are distrib-
uted uniformly throughout the asteroid both in depth and latitude. Their
size follows a Gaussian distribution with an average diameter of 5 m and
standard deviation of 1.5 m, allowing overlap of voids, giving an overall
macro-porosity of ~7%.

In all of the internal structure models, seismic velocities are computed
from the assumed bulk density (ρ in g/cm3) using Gardner's relation
Vp¼ (ρ/α)(1/β), and Vs¼ Vp(1�2ν)/2(1�ν) using α¼ 0.31, β ¼ 0.25 and a
Poisson ratio of ν ¼ 0.25 (Gardner et al., 1974). Fig. 3 shows the density
profiles for the internal structure models without voids. Concerning the
seismic attenuation, quality factors (inversely proportional to attenua-
tion) as high or higher than on the Moon, i.e. Q � 1000 see e.g. (Gillet
et al., 2017) may be observed in asteroids. However, recent impact ex-
periments into a loose regolith layer suggest a low quality factor at high
frequencies (Kedar et al., 2012). As the influence of varying the
frequency-independent seismic attenuation (quality factors, Q¼ 20, 100,
1000) has previously been investigated by Garcia et al. (2015), in this
onsolidated body with constant density and seismic velocities, (b) and (c) a layered body
nt thickness of 1 m and 10 m, respectively, and d) a macro-porous internal structure model
the density profiles for the internal structure models without voids.



Fig. 3. Density profiles assumed for a homogeneous Didymoon (Fig. 2 a), as well as for the
layered internal structure model (Fig. 2 b and c) with regolith thicknesses of 1 m and 10 m.
The core density is 2146 g/cm3, with a corresponding P-wave seismic velocity of 2297 m/
s.
paper we assume the very conservative value of Q ¼ 100 for the seismic
attenuation. We do not include a frequency-dependent quality factor, as
the frequency dependence is poorly constrained. Also poorly constrained
is the ratio between P-wave attenuation and S-wave attenuation QP/QS,
for which reason we assume a ratio of 1.

4. Natural seismic sources at Didymoon

4.1. Meteoroid impacts

Meteoroids are small particles in space, usually orbiting the Sun. The
seismic source created by meteoroid impacts has been studied both by
numerical methods (Walker and Huebner, 2004) and by experiments
(Kedar et al., 2012; Yasui et al., 2015). The seismic moment tensor for an
impact is usually assumed to be similar to that of an explosion (Walker
and Huebner, 2004). Various scaling relations relating impactor and
target parameters to seismic moment have been provided such as:

M0 ¼
�

εEk

4:8e� 9

�ð1=1:24Þ
(1)

where Ek ¼ 1
2mv2 is the kinetic energy (in Joules) of an impactor of mass

m and velocity v,M0 is the seismic moment of interest here (in N.m), and
ε is the seismic efficiency, which is the ratio between the seismic energy
and the impact kinetic energy. Equation (1) is provided by Teanby and
Wookey (2011) and depends on the seismic efficiency which is usually
poorly known. This parameter ranges from 10�6 to 10�2 in the literature
see discussion in Garcia et al. (2015). However, the seismic efficiency is
generally predicted to be larger for low energy impacts than for high
energy impacts (Edwards et al., 2008). Using this relation, a 10 g and
1 mg meteoroid impacting a homogeneous Didymoon with density
2146 kg/m3 at 6 km/s produce explosive seismic moments of
8.2eþ06 N.m and 4.9eþ03 N.m, respectively.

An estimation of the likely meteoroid impact frequency F (in year�1)
for Didymoon can be calculated as follows (O'Brien et al., 2011): F ¼

PIC

�
DTþDI

2

�2

N, where PIC is the intrinsic collision probability (estimated

to be ~15 � 1018 km�2 yr�1 for Near Earth Asteroids (NEAs) hitting
other NEAs; Bottke et al., 1994), DT and DI are the diameters (in km) of
the target - in this case Didymoon - and the impactor, andN is the number
of projectiles. Fig. 4 (left) shows the size-frequency cumulative distri-
bution of NEAs from Ivanov et al. (2002) that we have extrapolated to
smaller sizes. The existing data are based on observations of impact
craters on different bodies in the Solar System and are, therefore, limited
since the craters with very low diameters are not spatially resolved by the
common observation devices. The estimated impact frequency of mete-
oroids on Didymoon is shown in Fig. 4 (right). There are likely to be
several impacts in the milligram to 10's of milligram range per year but
very few impacts, if any, of 1 g mass and larger.

4.2. Thermal cracks and quakes

Large diurnal temperature excursions result in temperature cycles
that can lead to mechanical load cycles producing stresses in surface
rocks. Cracks can form and propagate due to temperature variations and
the resulting temperature gradients set up by the thermal cycles. Recent
laboratory experiments have shown that meteoritic material can fracture
during typical thermal cycles experienced by asteroid surfaces (Delbo
et al., 2014). The process of thermal cracking produces seismic signals
that have already been observed in laboratory experiments (Yong and
Wang, 1980; Vasin et al., 2006) and on the Moon during the Apollo
missions (Duennebier and Merrill, 1976; Duennebier and Sutton, 1974;
Latham et al., 1973; Sens-Sch€onfelder and Larose, 2010).

Acoustic emission is characterised by elastic (acoustic) waves prop-
agating into the material following a sudden redistribution of internal
stress and is a well known phenomenon in material analysis under
macroscopic mechanical constraints. In general, the frequency range
induced by such an excitation extends up to 0.5–1 MHz at the source
(Arasteh et al., 1997), and the source time function can be approximated
by a delta function with a duration of the order of a microsecond.

During the Apollo program widespread thermal events were detected
with the seismometers. These thermal events are triggered by diurnal
thermal stress changes. In addition, the source mechanism appears to be
reactivated repeatedly producing almost identical signals at the same
time of every lunation (Duennebier and Sutton, 1974; Sens-Sch€onfelder
and Larose, 2010). The amplitudes of the observed individual thermal
moonquake signals vary from less than 0.3 nm (peak to peak) to about
3 nm, an average value being about 0.6 nm (equivalent to an acceleration
of 2.4 μm/s2 at 10 Hz; Duennebier and Sutton, 1974).

In addition to these large, discrete thermal events observed on the
Moon the ambient vibration produced by thermal stresses in the lunar
environment can clearly be seen in Fig. 3 of Sens-Sch€onfelder and Larose
(2010). The background noise measured on the four geophones deployed
during the Apollo 17 mission show a close relation to the lunation period
of 29.5 Earth days. The noise amplitude increases sharply just after
sunrise and at dusk, with the highest energy levels being observed at
sunset (Sens-Sch€onfelder and Larose, 2010). These signals are not indi-
vidual seismic events, but rather the sum of the individual contributions
(thermal micro-cracks), which cannot be separated. The region of emis-
sion is estimated to be in the kilometric range around the detection de-
vice (Nakamura, 1982). Despite the extended source of background
thermal emission on the Moon, the measurements represent very low
seismic displacements of typically 10–100 pm (accelerations of
40–400 nm/s2 at 10 Hz). By considering the power spectra of the seismic
data at different periods of the lunar day (night, morning and sunset)
Sens-Sch€onfelder and Larose (2010), were able to determine that the
frequency range of the thermal signal detectable on Apollo geophones is
between 3 and 20 Hz, with a distinct maximum around 6–7 Hz. This
observation clearly demonstrates that the signal emitted by thermal
micro-cracks extends to frequencies well below the 10–100 kHz domi-
nant frequency expected for such small sizes of fracture planes (Takat-
subo and Kishi, 1990; Walter and Brune, 1993; Girard et al., 2013).

The seismic moment for a crack can be approximated as:

M0 ¼ μDA; (2)



Fig. 4. NEA size distribution and impact frequency - (Left) The size-frequency cumulative distributions of NEAs from Ivanov et al. (2002) (solid line, crosses) and our power-law
extrapolation to smaller sizes (dashed line). (Right) Estimated impact frequency for Didymoon as a function of the impactor mass. The diameter dependence of N is converted to mass
assuming a density of 2.5 � 103 kg m�3.
where D is the average displacement, A is the fault area and μ is the shear
modulus of the material (Aki and Richards, 2002). From Eaton et al.
(2014), for the specific case of shear rupture, this can be expressed in
terms of the crack radius (a) and shear stress (σ2):

M0 ¼ 16
7
σ2a3; (3)

and in the case of tensile rupture, this can be expressed in terms of the
crack radius and the internal pressure (Pi):

M0 ¼ 2Pia3; (4)

The amount of thermal cracking on Didymoon will depend on both
the day/night thermal gradients and the rate of change of temperature at
the surface. Fig. 5 compares typical surface temperature profiles on the
Moon from Mazrouei et al. (2016) with those that we have calculated for
Didymoon. Despite the fact that the temperature range is expected to be
lower on Didymoon, the rate of change of temperature is much larger,
due to the significantly faster rotation period. In the context of a seismic
station on an asteroid surface, the shadowing of the lander may also
create an even larger temperature contrast. This may generate large
amplitude thermal cracking at close range. In addition, the lander itself
may be subjected to thermal cracking and this could be a significant
Fig. 5. Surface temperature variations - Surface temperature profiles for Basalt (typical in the
Mazrouei et al. (2016), compared with the typical temperature profiles for Didymoon. The figu
while one local day on Didymoon lasts 12 h. This explains the increased temperature gradient
seismic source.
The thermal seismic signal is expected to be comparable to those

already measured on the Moon but, due to the higher temporal thermal
gradients, the seismic amplitudes are expected to be higher on Didy-
moon. The seismic energy will propagate across the asteroid with the
high frequency components being diffracted and quickly attenuated.
However, despite existing theoretical knowledge of both the seismic
waves emitted by individual cracks (Walter and Brune, 1993; Eaton et al.,
2014), and the time evolution of thermal cracks (Delbo et al., 2014), the
relation between the surface thermal gradients and the spectral power of
seismic signals has not yet been quantified.
4.3. Tidal events

Tidal interactions of small bodies during close planetary fly-bys may
cause several structural phenomena in small bodies such as when a
loosely consolidated rubble pile body is pulled apart into two or more
components, sometimes forming crater chains e.g., (Bottke and Melosh,
1996; Schenk et al., 1996; Melosh and Whitaker, 1993). Tidal shear has
also been studied as a possible formation mechanism of NEA binaries
(Richardson et al., 1998b; Walsh and Richardson, 2006). In addition to
the global modification a planetary bodymay undergo due to tidal forces,
it has also been proposed that tidal stress on the surface of asteroids
lunar Maria) and Anorthosite Gabbro (typical in the lunar highlands) on the Moon from
res are shown in local time for comparison, but one lunar day lasts 29.5 terrestrial days,
s found at the surface of Didymoon compared to the surface of the Moon.



during planetary encounters is strong enough to disturb and expose un-
weathered surface grains. This is, in fact, the most likely dominant short-
term asteroid resurfacing process (Richardson et al., 1998b; Marchi et al.,
2006; Binzel et al., 2010). The dynamical tidal environment of binary
systems has also been studied in detail (Scheirich et al., 2015; Taylor and
Margot, 2010; Goldreich and Sari, 2009). The surface of the Martian
moon Phobos, for example, appears to be active and evolving as the
global body deforms due to increasing tides related to orbital decay
(Hurford et al., 2016). Additionally, deep moonquakes re-occur period-
ically in clusters in the Earth's Moon, suggesting tidal forcing (Nakamura,
2005; Latham et al., 1971; Bulow et al., 2007). The seismic moment from
a microseism generated by tidal forcing may be described by the same
equations as for the thermal crack (Section 4.2). In the following section
we present a detailed study of the tidal stresses in Didymoon.

5. Tidal stresses in Didymoon

5.1. Failure criteria for geological materials

The Drucker-Prager model is commonmodel for geological materials.
As described in Holsapple (2007b), this model assumes that the allow-
able shear stress depends linearly on the confining pressure. Physically,
that pressure dependence is the consequence of the interlocking of the
granular particles, and not the friction on the surfaces of the particles.
The Drucker-Prager failure criterion can be expressed as J2 ¼ k�sI1,
where k and s are material constants related to the cohesion, c (shear
strength at zero pressure), and the angle of friction, ϕ, respectively. I1 is
the first invariant of the stress tensor (I1 ¼ σ1 þ σ2 þ σ3, where σ1, σ2 and
σ3 are the normal stresses, with σ1 > σ2 > σ3) and J2 is the second
invariant of the stress deviator tensor (J2 ¼ 1

6 ½ðσ1 � σ2Þ2þ ðσ2 � σ3Þ2þ
ðσ3 � σ1Þ2þ τ212þ τ223þ τ231�, where τ12, τ23 and τ31 are the shear stresses).

Another failure criterion often used in geological studies is the Mohr-
Coulomb failure criterion. Lay and Wallace (1995) describes it as the
linear envelope in the principal stress plane on which an isotropic ma-
terial will fail, while assuming the failure is only determined by σ1 and σ3.
The Coulomb equation that gives the failure envelope at one point is τ¼ σ
tanϕ þ c. The Mohr-Coulomb criterion means, therefore, that for failure
to happen, the shear stress (τ) must be greater than the combined
cohesion (c) and normal stress (σ) acting on the material. In the case of
tidal forcing in the Didymos system, the normal stress takes into account
both the lithostatic pressure and the tidal stress.

The comparison between the Drucker-Prager and Mohr-Coloumb
models is discussed in detail in Holsapple (2007b) who find that the
differences between the two models are small. In the following we first
apply the Drucker-Prager model to investigate how close Didymoon is to
global failure (assuming a circular orbit), before using theMohr-Coulomb
model to study in detail the locations on Didymoon most susceptible to
local failure (accounting for the ellipticity of the orbit but assuming a
spherical asteroid). Finally, we discuss how the local failure may be
modified by the ellipsoidal shape of Didymoon.

5.2. Didymoon tidal disruption limits

Based on the Drucker-Prager strength model and the analytical ex-
pressions developed by Holsapple and Michel (2006), we can determine
the global disruption limit for a solid spinning body with zero cohesion
subjected to tidal forces. These calculations assume the baseline prop-
erties of Didymoon (Section 3), and have been performed for both
spherical and ellipsoidal shapes. In this model, Didymoon is assumed to
be on a circular orbit (orbital eccentricity will be considered in the
next section).

The criteria for disruption (global failure) to occur in the material is
J2
s2I21

� 1 and, therefore, the closer this value is to 1, the closer the body in

question is to disruption. Shown in the left panel of Fig. 6 is the ratio J2
s2I21

for Didymoon, as a function of the angle of friction. The value of this ratio
for Didymoon is also compared with that of the Earth's Moon and the
Martian Moon Phobos (right panel of Fig. 6). Didymoon lies further from
the disruption limit than Phobos, an object that already shows signs of
tidal disruption at its surface (Hurford et al., 2016). However, Didymoon
is much closer to the disruption limit than the Earth's Moon. Note that the
Earth's Moon and Phobos are not cohesionless bodies and, therefore, will
be further from the disruption limit than shown in this simplified
example (the same may be true for Didymoon). Yet, as mentioned above,
despite being far from the tidal disruption limit, tidal forcing in the
Earth's Moon is still thought to be responsible for some lunar
seismic activity.

5.3. Didymoon local tidal stress calculations

Here we assess the likelihood of tidally induced quakes occurring in
Didymoon, and we include the eccentricity of Didymoon's orbit around
Didymain. Tidal displacements are calculated based on the equations in
the works of Alterman et al., (1959), Peltier and Andrews (Peltier and
Andrews, 1976; Peltier, 1976), before being converted into stress. The
internal structure models without voids considered (Figs. 2 and 3) are
split into sublayers for numerical differentiation. The homogeneous
model has one layer and 1000 equal sublayers, while the layered models
have two layers (regolith and core), which are each split into 500 equal
sublayers. The transition area between those two layers is also made of
500 equal sublayers, with a thickness of 20 cm. These values of sublayers
were chosen since it guarantees convergence of our calculations in all the
cases studied. For these calculations, unless otherwise stated, Didymoon
is assumed to be a spherical body with zero cohesion, and with an angle
of internal friction of 30�. Didymoon's orbital eccentricity is assumed to
be 0.03 (Section 3).

Instead of working with seismic wave velocities and seismic attenu-
ation, these calculations use the Lam�e parameters and viscosity. As there
is currently no clear consensus for determining the viscosity υ of a ce-
lestial body, we simplify the problem by using the seismic quality factor,
Q, given in Section 3 to calculate the viscosity of Didymoon following the
works of Miletich (2005): υ ¼ KQ

ω , where K is the bulk modulus and ω is
the orbital pulsation of Didymoon around Didymain. Our computations
have been validated for an Earth's Moon model by comparison with
previous results (Minshull and Goulty, 1988). Since viscosity variations
between layers induce differential strains (and thus stresses) at the in-
terfaces, the homogeneous model results are independent of
the viscosity.

5.3.1. Didymoon tidal surface displacement
As a direct output of Alterman's equations (Alterman et al., 1959), the

radial surface displacement (along ur of Didymoon) has been calculated
for all internal structure models without voids. It follows a sine-like
function with a period equal to the orbital period of Didymoon around
Didymain. The transverse surface displacement uθ is also calculated in
order to find the Love numbers h (linked to the radial displacement) and k
(representing the potential change). Using the Love numbers, we can
calculate the gravimetric factor γ ¼ 1þ h� 3

2 k. Combining this with the
variation in the gravitational potential from Alterman's equations, gives
the variation of the surface gravity due to the orbital motion's eccentricity
over the whole surface of Didymoon (Agnew, 2007). The values of the
maximum amplitude of the surface displacement and variations in sur-
face gravity at the equator and the poles are given in Table 1. As ex-
pected, the amplitudes are larger at the equator than at the poles, since
the attraction of Didymain on Didymoon is stronger in the Didymain-
facing equatorial area. Most of the surface displacement at the poles is
an elastic counter-reaction to the elongation at the equator, because
matter will contract in the direction orthogonal to the elongation.

5.3.2. Tidal stress in Didymoon
Differentiating the radial and horizontal displacements (Section

5.3.1) provides the strain over the entire body. This allows us to deduce



Fig. 6. The ratio of J2
s2 I21

as a function of the angle of friction for (left) a spherical (dashed stars) and elliptical (solid circles) Didymoon, and (right) both Didymoon models, the Earth's Moon
(grey triangles) and the Martian Moon Phobos (dark grey squares). If J2

s2 I21
� 1, then failure (plastic deformation) occurs in the material. The scatter in the Didymoon results due to the 30%

uncertainty in the bulk density is approximately the size of the markers in the left figure. Typical dry granular materials will have angles of friction of 30–40�.

Table 1
Influence of the eccentricity of Didymoon's orbit around Didymain. The values shown are
the maximum variations in the surface displacement and surface gravity experienced by
Didymoon in an eccentric orbit, compared to Didymoon in a circular orbit around Didy-
main. For comparison, the local gravity at the surface of Didymoon is 48.88 μm/s�2 for the
homogeneous models, 48.35 μm/s�2 for the 1 m regolith model and 44.11 μm/s�2 for the
10 m regolith model.

Models Max. displacement variation (in nm) Gravity variation
(in nm/s�2)

Pole Equator Pole Equator

Homogeneous model �0.079 0.16 �3.8 � 10�6 7.5 � 10–3

1 m regolith model �0.079 0.16 �3.7 � 10�6 7.4 � 10–3

10 m regolith model �0.088 0.18 �3.4 � 10�6 6.9 � 10–3

Fig. 7. Representation of the position of Didymoon on its orbit around Didymain for a
mean anomaly of π

2 rad. If the orbit was circular (grey case), Didymoon would be right at π
2

rad with regard to Didymain; however, in the more realistic elliptic case (black case),
Didymoon's eccentric anomaly is greater than π

2 rad. This graph is not to scale for neither
Didymain, Didymoon nor the orbital parameters (the distance between the bodies is
decreased, the eccentricity is increased).
the stress tensor at each point of Didymoon. In the case of a circular orbit,
the radial stress would be largest at the equator on the near side of
Didymoon (the side facing Didymain; longitude 0�) and on the far side of
Didymoon (longitude 180�). Note that the longitudes are positive if they
are eastwards, and are negative if westwards. The (0.03) orbital eccen-
tricity means that maximum radial stresses are located closer to �4� and
þ176� in longitude since, in the elliptic case, the eccentric anomaly of
Didymoon is π

2þ 0:03 rad (Fig. 7).
The difference of radial stress between the circular and eccentric

orbits (Δσr) is found to be maximal at the equator at longitudes�30� and
þ150�, approximately, as shown in Fig. 8 a. Similarly, the colatitudinal
stress variation between the circular and eccentric orbits (Δσθ) is
maximal at the same longitudes; however, as expected due to the sym-
metry of the problem, the colatitudinal stress variation is constant along a
given meridian (Fig. 8 b). On the other hand, the difference of the lon-
gitudinal stress between the circular and eccentric orbits (ΔσΦ) has a
maximum amplitude located at the poles, and also at different longitudes:
þ30� and �150�, approximately (Fig. 8 c).

5.3.3. Tidal failure in Didymoon
Diagonalisation of the stress tensor gives the absolute stress felt by

Didymoon (including the tidal stresses and the lithostatic pressure).
Then, by applying the Mohr-Coulomb failure criterion (as described in
Section 5.1) we can see the regions of Didymoon where failure is the
most likely to happen. Using the Mohr circle e.g., (Lay and Wallace,
1995), we can write the failure criterion as τm ¼ σm sinϕ þ c cosϕ, where

τm ¼ ðσ3� σ1Þ
2 is the maximal shear stress and σm ¼ ðσ3þ σ1Þ

2 is the maximal
normal stress. Therefore, in the case of a cohesionless body, failure is
reached when τm � σm sinϕ. Here we will call Cmc ¼ σm sinϕ, so that
failure is reached whenever τm � Cmc, which is equivalent to τm�Cmc � 0.
Our simulations show that the part of the orbit where the stress is largest
is when the mean anomaly is equal to π

2 and -π2 rad (Fig. 9). Note that those
stress values are given in the reference frame of the diagonalised stress
tensor. Therefore, these are the maximum stresses an “ideally” orientated
fault (i.e., a fault in the direction of the reference frame that diagonalises
the stress tensor) would experience. Faults that are not orientated along
this direction would experience weaker stresses.

For the homogeneous model failure first occurs at the poles (Fig. 8 d).
This satisfies the spherical symmetry of the problem and is understand-
able as those are the regions where the shear stress is the strongest, the
gravitational forces due to Didymain being tangent to the surface of
Didymoon at this point. On the other hand, the regions where it is hardest
for failure to occur are on the equator on Didymoon's near side (longitude
0�) and on the far side (longitude 180�), since it is principally the normal
stresses acting at these places. We find that, for all values of the angle of
friction (<1–50�), the surface stresses are strong enough to reach failure
at the surface of the homogeneous model. For lower angles of friction,
failure can occur not only at the surface but also even deeper (up to a



Fig. 8. Orthographic representation of the variations in the normal tidal stress at 8.15 cm depth in a homogeneous Didymoon. The panels indicate (a) the radial stress variation Δσr (in
μPa), (b) the longitudinal stress variation Δσθ (in mPa), and (c) the latitudinal stress variation ΔσΦ (in mPa) experienced by Didymoon on an eccentric orbit, compared to Didymoon on a
circular orbit around Didymain. (d) Shows the difference between the maximum shear stress τm and the failure criterion Cmc; a positive value indicates that failure is reached. Failure is seen
to occur first at the poles (where τm - Cmc is at its maximum). The regions where it is hardest for failure to occur (where τm - Cmc is at its minimum) are on the equator facing Didymain
(longitude 0�) and on the opposite face (longitude 180�). Stresses are plotted at 8.15 cm depth as this is the interface between the top two sub-layers in the homogeneous model. The value
for the angle of friction is 30� and Didymain's position is located at the position of the reader (i.e., at 0�).
depth of 18 m for extremely low friction angles; Fig. 10).
The situation changes when one adds a regolith layer to the models.

Didymoon models with regolith have a superficial, lower viscosity weak
layer over a higher viscosity core. While the radial stress is continuous,
the difference in viscosity between the two layers implies a stress drop in
transverse directions between the core and the regolith. Because of its
relative frailty and less viscous behaviour, the regolith layer dissipates
those transverse stresses as transverse displacements. As a consequence,
while horizontal displacements are greater, horizontal surface stresses
are weaker than those in the homogeneous models. Since the horizontal
surface stresses are the main source of shear, the consequence is that it is
more difficult for a regolith-covered Didymoon to reach failure than for a
homogeneous, consolidated Didymoon. Failure is, however, reached for
the two regolith models (1 m and 10 m regolith depths), but at shallower
locations, as seen in Fig. 10. While the presence of the regolith layer
alters the values and repartition of stress over Didymoon, the poles are
still the regions where failure is the most likely to happen.

5.3.4. Influence of Didymoon ellipticity
The models used in the detailed stress calculations above assume

spherical, and layered bodies without any local inhomogeneity or
anisotropy. As such, only the eccentricity of the orbit is taken into ac-
count, not the ellipticity of the secondary body. Here we discuss briefly
the influence that the ellipsoidal shape of Didymoon may have on the
above results.

The perturbation ψ of the total potential is calculated as the difference



Fig. 9. Representation of the maximal shear stress in Didymoon τm (dashed line) and the required shear stress Cmc in order to reach local failure (solid line), as a function of time (left y-
axis) and mean anomaly (right y-axis). The model of Didymoon used here is the homogeneous model. The failure is most easily reached when the difference between the maximal shear
stress τm and the required shear stress Cmc is at its maximum. Such maxima are reached 3 h and 9 h after passing the periapsis (mean anomaly at π

2 and -π2 rad).

Fig. 10. Maximum depth of failure versus the angle of friction. Results are shown for the
homogeneous Didymoon model (light grey solid line), the layered Didymoon model with a
1 m regolith (darker grey dotted line), and the layered Didymoon model with a 10 m
regolith (black dashed line). The regular discontinuities are due to the quantification of
the body into sub-layers of equal size. The spatial resolution varies between the models
(see text), however, the depth of failure for large angles of friction always occurs between
the upper two sub-layers in our models.
of the potential at a non-eccentric position and at the periapsis of the
Didymoon's orbit around Didymain. Assuming a tidally-locked rotational
state of the binary system, the gravitational potential of the Didymoon is
constant in its frame of reference and its contribution to the perturbation
ψ is, therefore, nil (as long as the other potentials do not significantly
deform the body). The total potential considered here then includes the
gravitational potential of Didymain, and the centrifugal potential (in the
frame of reference of Didymoon).

The gradient of ψ is calculated along the meridian aligned with
primary-secondary axis, at the surface of both a sphere and an ellipsoid
(a¼ 103m, b¼ 79m and c¼ 66m; Section 3), for comparison. The radial
and the tangential components of the gradient of ψ are presented in
Fig. 11 as a function of Θ; the angle between the furthest point from the
primary asteroid and the considered point at the surface of Didymoon.
The radial component curve for the spherical case shows that the body is
stretched along the primary-secondary axis (Θ ¼ 0� and Θ ¼ ±180�). At
the poles (Θ ¼ ±90�), the radial component is nil, whereas the tangential
one is close to its maximum amplitude. In the ellipsoid case, the curves
show that this particular geometry tends to magnify the effects enlight-
ened in the spherical case, by amplifying the stretching of the body on
one hand, and by enlarging the area with high values of tangential
component on the other hand. We can, therefore, conclude that the
spherical analyses presented above are reasonable, but the effects may be
larger in the case of an ellipsoidal Didymoon.

6. Seismic wave propagation in Didymoon

As discussed in detail above, seismic sources such as meteoroid im-
pacts, as well as thermal cracks and tidally-induced events are expected
to occur at the surface of Didymoon. In order to predict typical seismic
waveforms for body and surface waves, possible reverberations and
dispersive surface waves in case of a global regolith layer, as well as the



Fig. 11. Potential perturbation gradient - Radial (left) and tangential (right) components of the gravitational potential perturbation gradient for the sphere and the ellipsoid case
(a ¼ 103 m, b ¼ 79 m, c ¼ 66 m). The orbital eccentricity of Didymoon is e ¼ 0.03. Θ is the angle between the furthest point from the primary asteroid and the considered point at the
surface of Didymoon (Θ ¼ ±180� points towards the primary).
effects of scattering heterogeneities within the body, we simulate the
seismic wavefield for example seismic sources.

The seismic simulations use AxiSEM (Nissen-Meyer et al., 2014),
which is based on an axisymmetric spherical geometry. This allows us to
model the seismic wavefield with a higher resolution in time and space
compared to former studies using normal mode modeling (e.g. Garcia
et al., 2015) and compared to computationally expensive 3D approaches
such as SPECFEM (Komatitsch and Tromp, 2002a, 2002b; Peter et al.,
2011; Martin et al., 2008). AxiSEM also allows the inclusion of randomly
or controlled distributed 2D heterogeneities such as voids and fractures
to give a first estimate on the effect of heterogeneity as compared to a
radial-symmetrically stratified asteroid. However, due to the axisym-
metric setup, heterogeneities are transformed to concentric tubes within
the body. The seismic wavefield is simulated for sources of equal energy
Fig. 12. Didymoon seismic wavefields - The vertical seismic wavefield for models with regolit
average diameter. The inset shows the ray paths of P (solid), PcP (dashed) and PKP (dotted) as
include the body waves P and S, their multiples PP and SS, the core phase PKP, as well as the s
(aþd), but show clear dispersion for regolith layers. For a thin regolith, leakage of R1 into R2, R
after the PKP phase (see also Fig. 13).
at epicentral distances Δ between the receiver and its antipode at 1-de-
gree steps.
6.1. Influence of the internal structure on the seismic wave propagation

The different seismic source types are described by their character-
istic seismic moment, source time function or frequency content, and
source mechanism. First, we consider a 1 mg meteoroid impactor with an
impact velocity of 6 km/s. The impact source energy distribution is
characterised by a Gaussian function, a seismic moment of 4.9e3 N.m
(see Section 4) and a source duration of 5 ms (due to computational
limitations, this is longer than the source duration predicted from theo-
retical calculations for a 1 mg impactor; see discussion in Section 6.2). As
in Garcia et al. (2015), we assume a vertical impact, which can be
h thicknesses of a) 0, b) 1 and c) 10 m as well as, d) the asteroid containing voids of 5 m
predicted using the extended TauP Toolkit (Hempel and Garcia, in prep.). Marked phases
urface waves: Rayleigh waves (R1, R2 etc.) are non-dispersive for the homogeneous cases
1 and R2 into R3 etc. can be observed (b). Reverberations are visible as thin lines shortly



represented by an explosive source placed at the surface. This hypothesis
is based on previous studies of small hypervelocity impacts that favour a
seismic moment tensor close to that of an explosion (Walker and Hueb-
ner, 2004). Fig. 12 shows the resulting vertical seismic wavefields and
Fig. 13 shows the waveforms for four hypothetical impacts of known
locations at 30�, 90�, 120� and 150� epicentral distance. Computations
are performed for the four internal structure models described in Fig. 2.

For a homogeneous spherical asteroid both P and S body waves, as
well as the Rayleigh waves (R1, R2 etc.) traveling along the surface can
be clearly observed. The surface waves travel several times around the
tiny asteroid due to the low seismic attenuation. For a homogeneous
body the surface waves are non-dispersive. For models with regolith
layers on top of the asteroid's core, the surface waves become dispersive
(Figs. 12 b þ c, 14), allowing for the analysis of regolith thickness (dis-
cussed in Section 7). Also more complexity can be observed in the
waveforms (Fig. 13): the thinner the regolith layer, the more re-
verberations of body waves can be observed. The seismic energy is
effectively trapped in the regolith layer due to the strong impedance
contrast at the regolith-core boundary. For a thicker regolith layer, the
interference between reverberations is less destructive, hence the am-
plitudes of the waves traveling along the surface reach higher values than
Fig. 13. Didymoon seismic waveforms - Seismic wave propagation computed at a time resolution
the asteroid containing voids of 5 m average diameter (see legend, and Fig. 2 for details about th
and 180� epicentral distance. To increase the visibility of the first arrivals, we suppressed the su
time of the first arrival of the P wave for the homogeneous asteroid. Arrows mark first arriving
motion per distance group.
for a thinner regolith layer. With macro-porosity (voids) included, the
seismic energy is more distributed over the entire wavefield. The onsets
of seismic waves become less clear due to increased scattering (Figs. 12 d,
14). Little surface wave dispersion occurs for the internal structure model
including voids. For all cases, the most prominent waves remain those
traveling along the surface of the asteroid, and those focusing in the
antipodal point of the seismic source (Δ ¼ 180�) and at the impact point
itself after traveling 360�.

Zooming in on a few individual waveforms resulting from the
different internal structure models (Fig. 13), we focus on the first arrivals.
These are weak compared to the surface waves, thus we apply a time-
dependent scaling function as described in Fig. 13. For a homogeneous
asteroid, the first arrivals are clearly visible without considering the
possibility of noise. Multiples of P and S, such as PP, SS, PPP, SSS would
be the only other phases observable (Fig. 13).

For a thin regolith layer of 1 m thickness, the first arrival is directly
followed by reverberations within the regolith layer. First arrivals are
heavily delayed and decreased in amplitude for a thicker regolith layer of
10 m. For internal structure models including a regolith layer, direct
body waves are only observable at very close distances, and core-phases
such as PKP and SKS travel faster than the phases diffracted at the
of 5 ms for internal structure models with regolith thicknesses of 0, 1, and 10 m, as well as
e internal structure models). The vertical seismic waveforms are recorded at 30�, 90�, 120�

rface waves with a time-dependent scaling of s(t) ¼ exp(�100(t�t0(Δ)), where t0(Δ) is the
seismic phases: P and PKP (see inset of Fig. 12). Black bars give a scale of vertical ground



Fig. 14. Wavefront snapshots - (left) Wavefront for the model with 1 m of regolith. Here you can see the P as well as the S wave (concave wavefronts in the direction of propagation), their
underside reflections PP and SS (convex wavefronts), as well as interference between the two. (Right) Wavefront for the model with randomly distributed 5 m voids. The wavefield
becomes more complex, as increases slightly in period.
regolith-core boundary. In the case of the internal structure model with
≈7% macro-porosity, the first arrival are identifiable (Figs. 12 d and 13).
In otherwords, for a strongly perturbed asteroid, first arrivals may be
detected as long as both the seismic source is strong enough and the
intrinsic attenuation is low enough to cause ground movements
exceeding the self-noise level of the deployed instrument as well as
possible environmental noise.

An analysis of the frequency content of the observed signal shows
how the seismic amplitudes vary across the surface of Didymoon (Fig. 15
a). Compared to 90� epicentral distance, there is an increased amplitude
near the impact site (Δ ¼ 1�) and at the antipodal point (Δ ¼ 180�). The
influence of the internal structure is also visible in the spectra of the
observed seismic signal (Fig. 15 b). Having a regolith layer increases the
maximum of the acceleration spectrum by two orders of magnitude
compared with the homogeneous model (due to the seismic energy
trapped in the regolith layer). The interference is more destructive for the
1 m regolith case than for the 10 m regolith case resulting in lower
amplitudes (particularly at lower frequencies) in the 1 m regolith case.
Whereas the homogeneous structure results in a relatively smooth
spectrum, small-scale structure such as a 1 m regolith layer and the voids
result in a spectral response with multiple maxima. As there is no
frequency-dependent absorption considered in these simulations, the
peak of the spectra are determined by the source duration (τ ¼ 5 ms so
the dominant source period is 200 Hz) and interference effects.

Concluding, we can discriminate between the four internal structure
models easily: non-dispersive surface waves indicate the absence of a
sharp boundary between regolith and core, whereas dispersive surface
waves and strong reverberations indicate a clearly defined regolith layer.
Analysis of either of these two observations would indicate the regolith
Fig. 15. Acceleration spectra - (a) Vertical ground acceleration amplitude spectral density for s
Didymoon at 6 km/s. (b) Vertical ground acceleration amplitude spectral density for signals obse
models are considered (see Fig. 2). The vertical line marks the dominant source period of 200
thickness (see Section 7). Long coda indicates a laterally heterogeneous
scattering interior. Not considering frequency-dependent absorption,
shifts in frequency maxima are caused by interference. Thus, multiple
maxima may indicate lateral heterogeneity.
6.2. Influence of varying source characteristics

Here we consider how the seismic source characteristics may influ-
ence the seismic signals. For a given internal structure model and
epicentral distance, the spectral amplitude of the observed seismic signal
varies linearly with the seismic moment. For example, for the homoge-
neous model at Δ ¼ 90�, the peak acceleration spectral amplitude,
Amax ≈ 2.4e6*M0 for a vertical meteroid impact. As shown above
(Fig. 15), the dominant observed frequency in our simulations is deter-
mined by the source duration. The source duration for a meteoroid
impact (τ in seconds) can be obtained from scaling relations provided by
Lognonn�e et al. (2009):

τ ¼
 
8π2�0:384�S2m

ερV3
p

!�1
3

�
(5)

where S is the seismic amplification (ranges from 0 to 2, or higher if there
are ejecta), and ρ and Vp are respectively the density and the P-wave
velocity of the target. This means that the smaller, more frequent impacts
will lead to very short source durations and thus high dominant fre-
quencies of the seismic wavefield (e.g., a 10 g and a 10mgmeteoroid will
have dominant frequencies of ~1 kHz and ~10 kHz, respectively). Based
ignals observed at Δ ¼ 1�, 90� and 180� for a 1 mg meteoroid impacting a homogeneous
rved at Δ ¼ 90� for a 1 mg meteoroid impacting at 6 km/s. Four different internal structure
Hz.
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on this theoretical scaling, the source duration of 5 ms used above for a
1 mg impactor should have been much shorter. However, aforemen-
tioned effects of different structure models on seismic wavefield and the
spectra, are qualitatively independent on the choice of source duration.
Furthermore, we expect frequency-dependent absorption for any realistic
asteroid structure. Hence, higher frequencies would be attenuated more
efficiently than lower frequencies. However, since we only have con-
straints on Didymoon's density and an rough estimate on its composition,
we chose to exclude assumptions of frequency-dependent absorption.

The seismic moment for one tidal or thermal crack can be estimated
using Eq. (2). Considering a range of crack surface areas (1 cm2 to 1 m2)
and maximum displacements (1 nm–10 cm), and using the shear wave
velocity and density of lunar regolith to calculate the regolith shear
modulus (μ¼ 240 MPa; Cooper et al., 1974), this gives a range of seismic
moments from 2.4e-5 to 2.4e7 N.m. Further analysis, therefore, has to be
performed to estimate the typical seismic moment (and source duration)
expected from tidally and thermally induced cracks before the range of
expected observable signals can be determined.

7. Determining the internal structure of Didymoon using seismic
measurements

Both the direct waves and signals in transmission, and the diffuse
wavefield can be exploited to study the sub-surface and internal structure
of the asteroid using in-situ seismic instrumentation. Our simulations
above show the strong effect interior structure such as layering or
random heterogeneities of length-scales between centimeters and meters
have on the seismic amplitudes as well as the frequencies, and on the
types of seismic phases that can be observed. If the first arrival is strong
enough to be detected, it gives the average Pwave velocity of the interior.
The arrivals with the strongest amplitude, however, characterise the S
wave properties of the uppermost layer. In the case where the asteroid
can be simplified as an asteroid-core covered with a regolith layer, these
measurements will allow the computation of seismic velocities as well as
regolith thickness. Strong resonance frequencies or long coda will indi-
cate either trapped waves or strong heterogeneity, respectively.

Here we discuss three additional measurement methods for studying
the internal structure of an asteroid with one three-component seismic
station: seismic coda analysis, H/V ratios, and receiver functions. Table 2
gives a short summary of the different methods and the physical pa-
rameters that can be obtained. These methods are then discussed in more
detail below. Other methods, such exploiting the resonant modes of the
asteroid, may also be useful but are not considered here.

7.1. Seismic coda analysis

The seismic coda refers to the scattered/diffuse wavefield i.e., the
seismic signal past the arrival of the direct seismic phase. The shape of
the envelope of the seismogram returns information on both the intrinsic
attenuation (Qi; the process of anelastic transformation of seismic energy
to heat) as well as the apparent attenuation from the redirection of en-
ergy due to scattering (QSc). The coda is characterised by its rise time and
the characteristic decay time. The rise time is the delay in the arrival of
the energy maximum due to scattering (Dainty and Toksoz, 1981). The
rise time can be used to estimate the mean free path (approximately
equivalent to the size of the scatterers) given that the intrinsic attenua-
tion is weaker than the apparent attenuation due to scattering. The
characteristic decay time τD, which is the time in which the coda
amplitude decreases by a factor e, measures both Qi and QSc. Numerical
modeling of the coda is necessary to discriminate between the effects of
intrinsic attenuation and scattering (for an overview over these methods
see Fig. 20 of Shearer, 2007). Measuring both the rise time and the shape
of the coda envelope, i.e. the decay time, will provide information on the
scattering and the absorption of the asteroid subsurface (e.g., Gillet et al.,
2017). Usually, however, the coda decay is dominated by the absorption.
Further discussion can be found in Blanchette-Guertin et al. (2012).



7.2. H/V method

On soft ground, horizontal motion is larger than vertical motion.
However, on the hard ground, both horizontal and vertical motions are
similar to each other both in the maximum value and waveform. Naka-
mura (1989) gives a method to study the sediment layer beneath the
receiver using the frequency spectra of horizontal versus vertical com-
ponents. The peak of this H/V-spectra is taken as the resonance frequency
of the medium. Assuming that there is a strong impedance contrast
(�2.5) between the sediment layer (the asteroid's regolith layer) and the
underlying bedrock, the resonance frequency depends on the thickness of
the sediment layer following a power law relation (Ibs-von Seht and
Wohlenberg, 1999). The average shear-wave velocity vS of a soft sedi-
mentary layer, its thickness h and the resonance frequency fR are
approximately linked by fR ¼ vS/4h (see Delgado et al., 2000). Therefore,
analysis of either the ambient noise or the coda detected on horizontal
and vertical components can return valuable information about near-
receiver shear wave velocity structure (mechanical properties) or rego-
lith thickness, respectively.

7.3. Receiver functions

Receiver function analysis measures the depths beneath a seismic
station due to teleseismic P or S wave energy partly converted to S or P
waves at the discontinuity at a certain depth. This method is sensitive to
the depths of layers as well as to the velocity structure beneath the
seismometer and involves deconvolution of the source wavelet. Vinnik
et al. (2001) shows the applicability of this method to the lunar seismic
data. Receiver function analysis is also restricted by non-uniqueness of
the seismic velocity model versus the layering model (Ammon et al.,
1990). Furthermore, experiences with lunar data indicate that strong
scattering would increase the difficulty of isolating individual receiver
functions corresponding to individual depths or phases (Vinnik
et al., 2001).

7.4. Additional techniques with multiple seismic stations

With two or more seismic stations, in addition to the techniques
described above, the cross-correlation method can be applied using the
diffuse wavefield, as long as there are continuous seismic records from
the stations. If the seismic source is well located, and the station locations
are known, the full seismic response of the asteroid will be provided. This
means the body waves, the surface waves and the level of diffusion (i.e.,
heterogeneities). Analyzing the polarization of the diffuse wavefield
should allow the determination of the direction of incoming wavefield.
This means that, having a two or more seismic stations will also allow the
seismic sources and diffraction sources to be localized. Finally, with
several seismic stations, it may also be possible to determine the
approximate location of a surface source using the direct body waves.

8. Conclusions

An in-situ seismic investigation on an asteroid could provide infor-
mation about an asteroid's surface and interior properties. As there is
evidence to suggest that asteroids are seismically active, passive rather
than active seismology could be performed thus simplifying the mission
design. In this paper, we have described the major natural seismic
sources that may be present at Didymoon. Although meteoroid impacts
are rare on an asteroid as small as Didymoon, thermal cracks and tidal
stresses are expected to produce seismic signals. Based on our detailed
tidal stress calculations, it is very likely that quakes occur on and in
Didymoon due to failure from tidal stress, if Didymoon has an eccentric
orbit. In both the homogeneous and the layered internal structure models
that we have considered, failure is found to be reached first at the poles,
and to occur close to the asteroid's surface.

Our simulations of seismic wave propagation have shown that a small
(1 mg) meteoroid impacting a homogeneous Didymoon (at 6 km/s) can
generate clearly observable body and surface waves that can travel
several times around the tiny asteroid due to the low seismic attenuation.
When a regolith layer is included, the seismic energy can become trapped
in the regolith layer due to the strong impedance contrast at the regolith-
core boundary. With macro-porosity (voids) included, the wavefield
becomes more complex and the onsets of seismic waves become less clear
due to increased scattering. Nonetheless, the most prominent waves
remain those traveling along the surface of the asteroid and those
focusing in the antipodal point of the seismic source.

Analysis of the waveforms and ground acceleration spectra allow
discrimination between the different internal structure models. Seismic
data recorded by just one station could, therefore, indicate the regolith
thickness or lateral heterogeneity. In our simulations we have assumed a
very conservative value for the seismic quality factor, providing lower
bounds on the seismic wave amplitudes. In the future, a more realistic
frequency-dependent absorption could also be included in the simula-
tions and this is also likely to influence the spectra.

Ground accelerations from micrometeoroid impacts are large enough
to cause lofting in the low-gravity asteroid environment. However, as
found in Garcia et al. (2015), the vertical ground velocities are signifi-
cantly smaller that the escape velocity, therefore, any unattached seismic
station that is lofted will return to the surface. Additionally, given the low
impact frequency of meteoroids, lower energy thermal cracks and tidally-
induced seismic events are likely to be the dominant seismic sources at
Didymoon. Lofting is, therefore, unlikely. However, if a seismic station
was also equippedwith an accelerometer, a lofting event would provide a
unique opportunity to study the asteroid surface properties, perhaps at
several locations if the lander bounces. An accelerometer could also
provide information about the surface properties upon landing (e.g.,
Murdoch et al., 2017).

We have specifically considered micrometeoroid impacts, thermal
cracks and tidal events, however, there may also be additional seismic
sources that we have not yet considered such as downslope regolith
motion cause by e.g., cliff collapse. Additionally, we have not yet taken
into account the librations of Didymoon, so a next step would be to model
the typical librations and integrate these into our tidal stresses analysis.
The impact of the >300 kg DART spacecraft at ~7 km/s into Didymoon
(Cheng et al., 2016) will also be a major seismic source. However, given
the impact energy, it is likely that a (non-linear) shock wave will be
generated in Didymoon and, considering the size of the impactor with
respect to the target, this shock wave may fill the entire volume of the
asteroid. Our elastic model cannot, therefore, be used to model the
resulting wave propagation in Didymoon and hydrocodes (e.g., Asphaug
et al., 1996b) should be used instead.

We have described several seismic measurement techniques that
could be applied in order to study the asteroid internal structure with one
three-component seismic station. Although the science return will be
enhanced by having multiple seismic stations, one single seismic station
can already vastly improve our knowledge about the seismic environ-
ment and sub-surface structure of an asteroid. In addition to performing
the first surface-based geophysical investigation of an asteroid, a seismic
experiment on Didymoon could lead to very unexpected and exciting
scientific discoveries.
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