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Introduction: The seismic activity of tidally-driven 

planets and moons outside the Earth-Moon system is 
unknown, and even the tidally-driven activity of Earth’s 
Moon remains poorly constrained.  Notwithstanding, 
we do know that: 1.) the Moon’s seismic activity is 
driven by tidal interactions with the Earth; 2.) tidal con-
trol of activity from fractures has been observed on En-
celadus [1,2]; and, 3.) complex tectonic fabrics are ob-
served on many tidally-influenced bodies in our Solar 
System. 

We outline an approach for estimating the size and 
frequency distribution of seismic events on tidally ac-
tive worlds.  In doing so, we quantify how tides may 
affect the timing and location of events occurring on 
these bodies.  In developing this framework, we use the 
Moon to constrain links between tidal dissipation and 
seismic activity, survey seismic activity on different tid-
ally-active worlds, and apply the model to Europa [3]. 

Tidal dissipation and seismic energy: The total 
amount of energy dissipated within a spin-synchronous 
body due to reworking from orbital eccentricity over a 
time period, t, can be defined as  
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where k2 is the second order gravitational Love number 
of the body’s response to the tide-raising potential, Q is 
the quality factor describing the dissipation of energy 
per cycle within the body, e is the orbital eccentricity, 
Mp is the mass of the tide-raiser, n is the mean motion 
of the body, R is the body’s radius, and a is its orbital 
semi-major axis. Typically, this equation is presented in 
the form of an orbit average of tidal power (in Watts); 
here, we instead choose to account for the total tidal en-
ergy ET (in Joules) dissipated in an arbitrary time period, 
t. Because the derivation of Eq. 1 assumes an average 
tidal dissipation per orbit, it is best to select t to be an 
integer number of orbital periods. Equation (1) de-
scribes all of the energy lost to the interior of a body 
from eccentricity tides and in planetary applications it 
has been assumed that all of this energy is dissipated as 
heat within the interior.  In reality, (1) represents the 
sum total of energy available for tidally driven pro-
cesses, among which viscous heating is probably domi-
nant.  

Creation of an event catalog: Following work by 
Golombek et al. [4] for Mars and extended to Europa by 
Panning et al. [5], we can define likely activity levels 
using an assumed Gutenberg-Richter relationship, usu-
ally written as 

log+9 𝑁(𝑀=) = 𝑎 − 𝑏𝑀=, 
but rewritten as in Golombek et al. [4] as 

𝑁(𝑀9) = 𝐴𝑀9
DE, 

where log+9 𝑀9 = 1.5𝑀= + 9.1, 𝑎 = log+9 𝐴 − 9.1𝐵, 
b < 1.5 and 𝑏 = 1.5𝐵.  The cumulative moment release 
is 

𝛴𝑀9 =
𝐴𝐵
1 − 𝐵

(𝑀9
⋆)+DE, 

where 𝑀9
⋆ limits the size of the largest event. Thus, seis-

mic event statistics can be defined with 3 parameters (b, 
Σ𝑀O and 𝑀9

⋆).   
Constraints from the Earth-Moon System: Based 

on the cataloging of Lunar seismic events, the b param-
eter for Lunar seismicity is not well constrained. High 
frequency teleseismic events in the shallow subsurface 
of the Moon follow a distribution with a low value, b ~ 
0.5, while other studies have concluded that b can be as 
high as 1.78 [6,7]. With the range of b values so broad, 
most studies adopt a b value of 1.0. Based on the seismic 
record detailed in Oberst [8] and the result from Naka-
mura [6], we adopt a b value of 1.0 for our Lunar con-
straint analysis.   

While studies tend to look at Lunar data on yearly 
periods, this timescale is somewhat arbitrary.  Based on 
the frequency of the largest shallow seismic events, we 
find that seismic moment seems to build up and be re-
leased over roughly 10 orbital cycles. For the Moon, 
over a period of 10 full tidal cycles, the total energy dis-
sipated is ~ 5x1016 J. During a 10 orbital cycle period, 
the average of the total moment release, SMo, is ~ 8x1014 
Nm. This represents a conversion factor between energy 
dissipation and total moment release of ~ 0.017. Using 
a tabulation of events provided in Oberst [8], we find 
that a value of 𝑀9

⋆=2.5x1014 Nm (MW 3.5) is needed to 
predict the correct number of seismic events (Fig. 1). 
Moreover, the largest seismic events represent about 
70% of the total moment released. 

Tidal dissipation and seismic activity:  
Assuming that the constraints on our model placed 

by Lunar seismic activity are representative of tidally-
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driven seismic activity, we can explore the seismicity of 
a variety of tidally-active worlds. Estimating the amount 
of energy tidally dissipated in these worlds allows us to 
predict the amount of total seismic moment released 
over 10 orbital cycles; the largest events predicted 
would represent 70% of the total moment released.  We 
have explored the seismicity of satellites in our Solar 
System, other terrestrial planets and activity on exoplan-
ets.   

Figure 1: In a survey of tidally-active worlds the largest 
events predicted in a 10-orbiral period cycle are defined 
based on an estimate of total energy dissipated.  Known 
exoplanets (T=TRAPPIST, TC= Tau Ceti, K=Kepler) 
should experience high amounts of tidal dissipation and 
would likely exhibit frequent, large seismic events. 
Many satellites in the outer Solar System are as seismi-
cally active as the Moon.  Tidal processes should also 
drive seismic activity on terrestrial planets. 
 

Looking more closely at various tidally-active bod-
ies, we can explore the consequences of temporal and 
spatial variations in tidal dissipation.  The tidal dissipa-
tion rate over an orbit oscillates by 14% and this would 
lead to temporal variation in seismic activity.  Moreo-
ver, spatial rate of tidal dissipation within a body, as 
shown with the Europan example, is not uniform.  This 
heterogeneity can also affect the location of seismic 
events (Fig. 2).  

Conclusions and Discussion: Tidally-driven dissi-
pation should drive seismicity in bodies that experience 
tidal processes.  Observations of this seismic activity 
can help explore the interiors of planets and satellites in 
our Solar System.  This work also predicts the seismic 
events on Titan [10], which might be observed by the 
Dragonfly New Frontiers mission. 
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Figure 2: (Top) A histogram of predicted seismic activ-
ity on Europa that reflects the variations in tidal dissipa-
tion rate throughout an orbital cycle. (Middle)  Seismic 
events predicted near pericenter of Europa’s orbit are 
shown; contours show the spatial distribution of the rate 
of tidal dissipation with warmer colors representing 
more tidal dissipation. The sizes of the circles are pro-
portional to magnitude. (Bottom) Over a 10-orbit cycle 
the combined changes in dissipation rate predict fewer 
seismic events in the sub/anti Jupiter regions of Europa. 
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This probability would be valid if the rate of energy dissipation 
within a tidally-active body were uniform with time. This is effectively 
the approach used by Panning et al. (2018), in which event probability 
was assumed to be uniform in time and space. However, since the rate of 
energy dissipation is not constant in time, the tidal dissipation equation 
(Eq. (1)) details the average rate of dissipation, which is most accurate 
for timescales that are multiples of the orbital period. 

This equation continues to average over the full object volumetri-
cally, while eliminating the averaging with respect to time. For objects 
such as Europa, the dissipation (in solid layers) outside of the ice shell is 
negligible, and therefore this equation also effectively represents the 
near-surface dissipation rate. We do not address any dissipation occur-
ring in fluid layers (Tyler, 2008). While the total number of seismic 
events depends on the total seismic energy released, the instantaneous 
probability of events occurring can be expected to be proportional to the 
instantaneous rate of energy dissipation. This expectation is reasonable 
because the rate of energy dissipation will be proportional to the rate of 
change of all terms describing the stress and strain tensors throughout 
the object and over the course of 10 orbital cycles the total moment 
balance is still achieved. Thus, when the rate of energy dissipation is 
higher, the likelihood of an event occurring should increase, and when 
the rate of energy dissipation is lower the likelihood should decrease. 
This change in production rate modifies the event probability to corre-
spond to the change in the rate of energy dissipation, 
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The effect of the tidal dissipation rate and the triggering of seismic 
events is estimated to cause a 14% increase in earthquake occurrence 
probability at one- and three-quarters of an orbit with a corresponding 
14% decrease in formation probability at pericenter and apocenter. This 
occurs because it is at these times that the librational tide, rather than 
the radial tide, is at a maximum. The librational tide occurs due to the 
fact that for a spin-synchronous body in an eccentric orbit, a vector 
normal fixed to the sub-perturber point at pericenter will not remain 
pointed to the perturber itself at other points within the orbit (but in fact 
points to the orbit’s empty focus). The radial tide by contrast is due only 
to sub-orbit changes in the perturber-target distance. However, the total 
number of events predicted over the course of a full orbit is not affected 
by this variation, and any variation from orbit to orbit would be caused 
by the fact that events are stochastic. 

Using this stochastic seismic model, one realization of seismic ac-
tivity over 10 Europan orbits can be constructed (Fig. 3-top). As seen in 
Fig. 3-middle, the size distribution of events in the synthetic catalog 
follows the idealized Gutenberg-Richter relationship using the param-
eters in Table 1. Slight variations are seen as a result of the stochastic 
nature of the model and become more prominent at higher event mag-
nitudes since here the variability due to the small sample size is 
heightened. When the events are binned by the orbital phase (Fig. 3- 
bottom), seismic activity at the quarter orbit periods is seen to be 
enhanced compared to activity at pericenter and apocenter. 

If the rate of tidal dissipation were uniform within the interior of the 
body, there would be no preference for where a seismic event would 
occur. Hence, without more information about how seismic activity may 
be concentrated in the body, the event could be assigned to a random 
position in latitude and longitude. But just as the instantaneous tidal 
dissipation rate is likely to introduce variation in the timing of seismic 
events, the spatial variations in tidal dissipation rate may drive varia-
tions in the likely locations of seismic activity. 

Indeed, the rate of tidal dissipation is not uniform across the surface, 
and even the pattern of spatial heterogeneity changes throughout the 
orbit (Fig. 4). In Fig. 4 the rate of tidal dissipation on Europa is calcu-
lated with a multilayer modeling approach (Henning and Hurford, 
2014). For each point on the surface, the rate of tidal dissipation radially 
beneath that point is integrated such that the tidal dissipation pattern 

plotted reflects total variations in heating within Europa. This pattern is 
sensitive to the interior model assumed; in Fig. 4, it is computed for a 
five-layer model of Europa, whose parameters are specified in Table 2. 
For Europa, heating solutions are insensitive to material parameters 
below the ice shell, yet quite sensitive to ice shell thickness and viscosity. 
For computational stability reasons, we include small offsets in the 

Fig. 3. Top: A seismic catalog of events produced over a 10-orbit cycle 
(35.51 days) is shown with event magnitude plotted as a function of time. 
Middle: The size distribution in this one realization of a stochastically deter-
mined seismic catalog of events (dots) follows the idealized case represented by 
the Gutenberg-Richter relationship with parameters form Table 1 and a b-value 
of 1 (line). Bottom: The event catalog plotted with the number of events binned 
by orbital phase from pericenter shows the effect of the instantaneous dissi-
pation rate of event formation with more events occurring at one-quarter and 
three-quarters of an orbit and fewer events at pericenter and apocenter. 
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To construct the hazard maps, we compute the acceleration experi-
enced at different points on the surface due to the surface waves pro-
duced by each event in each of the 100 event catalogs, assuming that the 
seismic depths are sufficiently shallow to negligibly affect simulated 
accelerations. We record the number of times a 100 ng acceleration 
(measured at 1 Hz) is exceeded at that point for each of the event cat-
alogs and average that number over the 100 catalogs to produce a 
sample seismic hazard map under the assumption that attenuation Q is 
10 or 200 (Fig. 5-middle/bottom). For the case presented in this paper 
with Q ¼ 200 representing a lower bound of energy attenuation, we find 

that 100 ng acceleration from surface waves happen between 60 and 
120 times in a 35.51-day period on Europa with the greatest activity 
near the poles and the lowest at the sub-/anti-Jupiter regions. This ac-
tivity would be equally distributed throughout the 10 orbital cycles 
meaning that 100 ng surface waves would be expected to occur 6 to 12 
times per orbit. If attenuation is higher (i.e. Q ¼ 10), the seismic accel-
erations are damped quickly and high accelerations are localized near 
the seismic event, reducing the number of 100 ng accelerations experi-
enced across the Europan surface. Future work can extend to higher 
frequency wave propagation simulations, which should allow us to 

Fig. 5. Top The seismic catalog of events produced 
over a 10-orbit cycle (35.51 days) is plotted by lati-
tude and longitude of the event, showing the het-
erogeneous distribution across Europa’s surface. 
Middle Using 100 uniquely generated seismic cata-
logs, a hazard map of the Europa surface shows the 
spatial variations of the average number of surface 
wave events "100 ng at 1 Hz accelerations under the 
assumption that Q ¼ 10. Bottom Using 100 uniquely 
generated seismic catalogs, a hazard map of the 
Europa surface shows the spatial variations of the 
average number of surface wave events "100 ng at 
1 Hz accelerations under the assumption that 
Q ¼ 200.   
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