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Abstract

The nearest term pathway to the deployment of a seismometer on Venus is an instru-
ment that can operate under ambient surface conditions on battery power. We conduct
a series of studies on combined hardware and software approaches to maximize the
quality of data returned under the likely restrictions of minimal on-board data storage
and only being able to transmit in real time during a small fraction of a multimonth
deployment. We assess likely Venus seismicity by examining different terrestrial analog
settings; we find that likely Venus analog settings all fall within about an order of mag-
nitude of mean Earth in terms of seismicity level. We use the seismic record from a sta-
tion in central Alaska as a Venus surrogate for algorithm development. We tested
various transmission triggers and developed a simple low-memory algorithm that
mimics the common terrestrial long-term average/short-term average trigger. If the
seismometer can operate in coordination with an orbiter that can remotely turn off data
transmission, then the frequency content of a few seconds of data can be used to dis-
tinguish small, nearby earthquakes from large, distal ones, and total data transmission
can be tuned to favor the latter. If an orbiter can also turn on transmission for other
nearby seismometers, it would further enhance the ability to distinguish small- and
large-magnitude earthquakes autonomously and increase the chances of capturing
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the initial onset of significant events.

Introduction
Seismology is the preeminent methodology for studying the
structure and composition of a planet’s interior (Lognonné and
Johnson, 2007; Banerdt et al., 2020; Lognonné et al., 2020; Tian
and Zheng, 2020). The behavior of seismic waves traveling
through planetary bodies provides constraints on interior com-
position, compositional boundaries and transitions, and the state
of the material (e.g., fluid versus solid, hot versus cold, and
porosity). Thousands of seismometers have been deployed on
Earth, a few were deployed on the moon by the Apollo missions
(Nakamura et al., 1982), and the InSight mission (Banerdt et al.,
2020) deployed a currently operating seismometer on Mars.
Seismometers were also attached to Viking (Mars) and Venera
(Venus) landers but recorded no data unambiguously attribut-
able to earthquakes.

Using seismology to understand the interior of Venus is a
high scientific priority. The similar size of Venus and Earth,
and their similar overall surface ages (McKinnon et al., 1997;
Herrick and Rumpf, 2011), suggest that Venus should have a
level of seismic activity comparable to Earth’s and much higher
than the moon or Mars. However, Venus has some fundamen-
tal differences from Earth. Foremost among these is the obser-
vation that while Venus exhibits abundant evidence of folding
and faulting on the surface, the planet does not currently have
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Earth-like plate tectonics (Solomon et al., 1992). There have
been a variety of big-picture geodynamic models for Venus
put forth to explain its different distribution and nature of
volcanism and tectonic deformation (e.g., Turcotte, 1993;
Basilevsky and Head, 1995; Solomatov and Moresi, 1996; Guest
and Stofan, 1999; Herrick, 1999; Johnson and Richards, 2003;
Byrne et al., 2021). Some scenarios predict a varying level of
surface geologic activity with time and would have Venus’s
current tectonic activity low and akin to Earth’s cratonic
regions (e.g., Turcotte, 1993; Basilevsky and Head, 1995),
whereas other scenarios suggest that current tectonic activity
is different in style but similar (or even greater) in level to
Earth (e.g., Guest and Stofan, 1999; Byrne et al., 2021).

A workshop in 2014 (Stevenson et al, 2015) brought
together several seismologists to discuss the Venus seismicity.
Some participants felt that the overall higher temperatures of
the uppermost crust on Venus (surface temperature ~450°C)
might make most fault movement aseismic, although the
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consensus at the workshop was that the elevated surface tem-
perature probably plays a minimal role in affecting overall seis-
micity. The absence of water in the near surface of Venus could
also potentially affect the nature of seismicity, as could the
higher surface air pressure. To our knowledge there is no
straightforward way to treat the effects of differing near-surface
water content, temperature, and pressure conditions on the
nature and level of seismicity, and we see no clear reason
why Earth-Venus differences in these parameters would be
important, so we do not treat them in this work.

Because of the high surface temperature on Venus and the
limited solar energy reaching the surface relative to the power
needed to transmit data, the option of placing solar-powered
seismometers on the surface for an indefinite period, as has
been done on Mars and the Moon, is not currently a viable
option (Venus Exploration Analysis Group [VEXAG], 2019).
The longest that a surface lander with conventional electronics
has lasted on the Venusian surface is about two hours. Yet to
accomplish even the most basic goal of determining seismicity
levels requires the ability to operate over a period of at least
days. Although nuclear power might be viable for either active
cooling or simply as a long-lived power source, regulatory and
cost considerations are such that here we do not consider its
use for seismology on the Venus surface (VEXAG, 2019).

Over the past several years research and development of
high-temperature electronics has advanced to the point in which
a seismometer that can operate under Venus ambient conditions
using battery power has become technically feasible (Kremic
et al, 2020). There is not currently a functioning prototype
for a Venus seismometer, although one is currently under
development as part of the National Aeronautics and Space
Administration High Operating Temperature Technology pro-
gram. What exists are high-temperature-compatible alternatives
to many of the electronic and mechanical parts that would go
into a seismometer, and an understanding of the state of the field
of high-temperature electronics sufficient to reasonably predict
the capabilities of what could be brought to fruition in the next
few years. A major part of the rationale for the work presented
here is a desire to anticipate how the instrument will operate on
Venus to help guide and prioritize future development, such as
the ongoing High Operating Temperature Technology program.
This will be an iterative process moving forward.

The constraints on operation of a first-generation seismom-
eter on Venus will be severe. The battery will likely be capable
of enabling the seismometer to operate for a period of a hand-
ful of months (Glass et al., 2020; Kremic et al., 2020). However,
transmission of data from the surface to a relay orbiting space-
craft will be power intensive, such that less than ten hours of
data will likely be able to be transmitted from the surface.
Because data transmission rate depends in part on transmitter
power, it may be the case that frequency and dynamic range of
the instrument will be limited to less than instrument capabil-
ity. Furthermore, although limited computer memory is being
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developed for high-temperature devices, power consumption
will be high, such that storing even small amounts of data
for later transmission may not be possible in the near term.

There are alternatives to a surface seismometer that are being
explored by others that may be able to evaluate current aspects
of Venus seismicity. The high density (~65 kg/m?) and pres-
sure (90 bars) of the atmosphere at the surface-atmosphere
boundary means that good coupling should occur, so observing
earthquakes using infrasound from a balloon platform in the
atmosphere should be possible (Krishnamoorthy et al., 2020).
Modeling also suggests the possibility of observing from orbit
wave propagation from large earthquakes in the upper levels
of the atmosphere (Didion et al., 2018). Although both the ideas
hold promise for long-term continuous monitoring, interpreting
the data from such instruments relies on an understanding of
Venus seismicity that we do not currently possess. Interpreting
data from aerial or spaceborne observations requires removing
distortions and noise produced in the atmosphere, a daunting
challenge without having existing knowledge of the seismicity as
observed at the surface. Ideally, both the methods would be cali-
brated by collecting data during simultaneous observation with a
surface seismometer.

In the work here we present a series of initial case studies
designed to develop and assess methods for dealing with some
of the limiting constraints on a Venus surface seismometer. We
will operate under the assumption that a battery could power
a seismometer operating on the Venusian surface for a period
of a few months, but during that time it will only be able to trans-
mit a few hours of data back to an orbiting spacecraft (and then
back to Earth). In general terms, if we consider a “typical” large-
scale seismic event as requiring ten minutes of data transmission,
then we can think of the seismometer as being capable of trans-
mitting 50 events before the battery is drained, which is in family
with the number of events expected over a Venus solar day
(Lorenz, 2012). The overall goal, then, is to develop feasible hard-
ware and software solutions that will enable the seismometer to
autonomously select the “best” few hours of data to transmit dur-
ing its multiple months of operation. Our desires then can be
described as follows:

o Transmit data only from clear earthquakes and do not trans-
mit wind noise.

o Tune sensitivity of any transmission trigger so that only rel-
atively strong events are transmitted, such that a mean of
approximately one event every other day gets transmitted.

o Skew the seismometer to preferentially favor transmitting large,
farther away earthquakes over nearby small earthquakes that
produce similar amplitude signals. The more distal earthquakes
provide more information about regional- and global-scale
seismicity and can be used to infer planetary interior structure.

The studies that we performed are as follows. First, we
estimated an overall seismicity level for Venus and identified
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TABLE 1
Number of Earthquakes Over M,, 5 per Area per Year

Earth East Africa
Region Average Rift Zone
Seismicity density (107 km=2 yr-') 36.0 16.62

Caribbean Alaska Earth Average, Excluding
Plate Interior Plate Boundaries
39.79 2.7 2.7

The fact that the quieter parts of Earth are still within an order of magnitude of the Earth average provides some confidence that designing a seismometer to our best guess of

Venusian analog conditions will yield acceptable results in practice.

reasonable Earth analog sites that can be used as test areas for
potential seismometer designs. After settling upon a suitable
analog setting, we thoroughly characterized a multiday seismic
record from an analog site, noting the time, location, and
magnitude of every seismic event recorded at our test site.
Using the resulting cataloged record, we then evaluated the
performance of the seismometer operating under the likely
constraints imposed by Venus’s surface conditions. We exam-
ined the effects of different band-pass filters on our ability to
detect earthquakes and separate them from noise.

To optimize data return, we designed and assessed the per-
formance of a couple of data transmission triggers. A simple
threshold trigger for data transmission was analyzed by study-
ing the effects of its tunable parameters. A threshold trigger
is easy to implement and requires no data storage on the seis-
mometer. We also developed a trigger that is feasible with
expected lander constraints that we call the “segmented
window” trigger. This trigger approximates a commonly used
terrestrial trigger—the short-term average/long-term average
trigger (ratio of STA/LTA; Trnkoczy, 2009).

Because these triggers need to detect the first moments of a
seismic event, they have minimal ability to distinguish between
small nearby events and the more interesting larger but farther
away earthquakes. However, in a scheme in which the com-
puter on an orbiting satellite could autonomously analyze data
from a seismometer, or even a network of seismometers, it may
be possible that after a short period of time to distinguish
between small- and large-magnitude events and then cease
transmission from smaller events, thereby enabling more large
events to be transmitted with limited battery power. Thus, we
include some initial thoughts on rapid autonomous analysis
approaches that might be used in this capacity.

Venus Seismicity Estimation

Our desire is to test seismometer design, including triggering
mechanisms, against our best estimate of likely Venus condi-
tions. We begin by estimating the nature and level of seismicity
on Venus. Although there are differences between Venus and
Earth’s lithospheric structure and tectonic styles, there are some
areas on Earth that have been suggested as Venus analogs. The
African plate has no subduction zone boundaries, minimal
movement relative to the hotspot reference frame, and some lim-
ited extension along the East Africa rift; its hotspot-dominated
tectonics and volcanism has been suggested as the overall setting
Volume XX »
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on Earth’s most analogous to Venus (Burke, 1996; Herrick,
1999). Some large coronae on Venus may have retrograde sub-
duction (Sandwell and Schubert, 1992), and the Caribbean plate
region has been suggested as an analog (Davaille et al, 2017).
Because some proposed geologic histories for Venus have been
proposed that make present-day Venus relatively quiescent
(Basilevsky and Head, 2002), some of Earth’s intraplate areas
may also be reasonably analogous settings.

Besides the spatial distribution of the earthquakes on Venus,
the magnitudes of a typical sampling of earthquakes might also be
different than for Earth. For example, if Venus is truly a one-plate
planet, and earthquakes are only caused by thermoelastic stresses,
then by analogy with Earth the maximum moment magnitude
would be ~6.5 (Lognonné and Johnson, 2007). We note that
in our test data discussed in the Analog seismicity catalog section
that the time period selected had no earthquakes above moment
magnitude 7.0 and only a few above moment magnitude 6.5.
Thus, even if the hypothesis is correct that no earthquakes above
moment magnitude 6.5 are possible, it does not significantly alter
the conclusions from the tests that we are performing.

In Table 1 and Figure 1, we compare the mean seismicity
of Earth to some of the Venus analog settings, and we show
the mean Earth excluding earthquakes within two degrees
(222 km) of a designated plate boundary. Overall, quiet places
on Earth are within an order of magnitude or so in terms of
seismicity compared to regions near plate boundaries. This
provides some confidence that designing to a level of seismicity
found in these quiet places will not be drastically different from
Venus. The Caribbean plate is a well-monitored and well-
understood example of rollback subduction; the overall seis-
micity level likely includes some contributions on the eastern
end from Pacific plate subduction and, thus, is likely a modest
overestimate. The portions of the East Africa rift system that
were chosen have been previously noted for their resemblance
to rifting in Beta Regio—part of the globe-encircling Venusian
rift systems (McGill et al., 1981; Foster and Nimmo, 1996).

The initial InSight results for Mars (Banerdt et al., 2020) were
interpreted to indicate a seismicity level a few hundred times
lower than global Earth (this involved extrapolating observa-
tions from the InSight location to a global estimate). Given
the considerably more faulted and fractured surface of Venus
compared to Mars, it seems reasonable to expect Venus to be
at least an order of magnitude more active than Mars. The
(Banerdt et al., 2020) article also includes an interpretation of
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(Okal et al., 2007) to arrive at estimates of intraplate seismicity
for “tectonically deformed regions away from plate boundaries”
and “stable continental interiors,” with the former around 35
times lower than global Earth and the latter about 200 times
lower. The (Okal et al., 2007) was focused on evaluating whether
the magnitude distributions between intra- and interplate earth-
quakes are similar (their conclusion was that they are), and the
values shown in (Banerdt et al., 2020) are a repackaging of their
results. The larger global to intraplate ratio on Earth than we
found is primarily from Okal et al. (2007) using different start-
ing catalogs than we did, excluding earthquakes to a farther dis-
tance from plate boundaries and subtracting hotspot-related
seismicity. In short, we think this previous work is also support-
ive of the best guess of a Venus seismicity level ten to twenty
times lower than Earth and of using a seismometer in an intra-
plate setting as a Venus analog.

Analog Seismicity Catalog

We took a multiday seismic record located in a Venus analog
setting, and comprehensively documented and characterized the
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Figure 1. Intraplate events greater than M,, 5 in 2010-2020. The
dots represent seismic events; dot size shows magnitude of
events ranging from M,, 5 to 9. (a) Red lines show major plate
boundaries, and all events shown are more than 2 degrees from a
plate boundary. The seismicity density of events greater than
M., 5 is about 2.7 per million square kilometer per 10 yr. (b) All
large events in the Alaska interior (a circle centered at 67° N,
145° W, and radius 5°). The seismicity density of events greater
than M,, 5 in the region is also about 2.7 per million square
kilometer per 10 yr. The red triangle is the station we have chosen
for a Venus analog for the testing in the subsequent sections.
(c) The seismicity in the east Africa rift zone; the pink shading
shows the area used for the spatial density calculation. (d) The
seismicity near the Caribbean plate boundary. The pink shading
indicates the area near the plate boundary used in the spatial
density calculation of Table 1. The color version of this figure is
available only in the electronic edition.

different types of seismic signals in the record beyond just cata-
loged events. We used this catalog to evaluate the efficacy of
filtering and triggering mechanisms. We chose a 9-day record
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Figure 2. Event magnitude versus epicenter distance for the
benchmark catalog. The blue dots are representing events in the
catalog. The black line is a manually selected line for the mini-
mum magnitude searched in each distance. The color version of
this figure is available only in the electronic edition.

from a station located in central Alaska from a period with no
global major (M,, 7+) earthquakes and associated aftershocks
(labeled in Fig. 1 as AK-SCRK, “AK” for the network and
“SCRK” for the station code). Based on the Venus seismicity
estimation section, central Alaska is an intraplate region that
we interpret to be an acceptable Venus analog setting. We chose
this station in part, because the authors have a good understand-
ing of the setting; and, thus, we can identify and characterize the
various nonearthquake environmental signals.

The catalog is constructed in several steps, combining a
recursive STA/LTA method, manual picking, and machine
learning (Fig. 2):

1. We applied some initial constraints based on distance and
events magnitudes to the global seismic events catalog (the
black line in Fig. 2).

2. We used a recursive STA/LTA method to generate detec-
tions on nine days of continuous data.

3. We used the machine learning-based detection package
EQTransformer (Mousavi et al., 2020) to detect nearby
events and combine them with the events detected by the
recursive STA/LTA method implemented via ObsPy (Megies
et al, 2011; Wassermann et al., 2013).

4. We calculated the theoretical arrival time of all events in the
catalog using a TauP algorithm (Crotwell et al., 1999).

5. We next associated the detections with catalog events based
on their arrival time.

6. Finally, we manually checked each associated event as a
quality control. These associated events compose our cata-
log. For each event in the catalog, we have entries for
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location of the event, magnitude, distance to the single
station, event type, and the origin time.

The relationship between magnitude and distance of all the
events in the catalog is plotted in Figure 2. As would be
expected, the catalog contains many small events that occurred
near the station, and only large events from farther away are
detectable above the station noise.

Seismicity Detection Method

Because both data storage and data transmission are power
intensive, we desire a data transmission trigger that is accurate
(triggers on real events and does not trigger on noise) and
requires no more than a few bytes of storage. This requirement
rules out the common STA/LTA trigger, which requires storing
a rolling time window of data. Here we test two transmission
triggers—an amplitude threshold and a low-memory method
designed to mimic the STA/LTA trigger that we call the “seg-
mented window” method. In the testing that we present in
this section, we assume that after triggering the seismometer
transmits data for a fixed period of time. In the preliminary
seismometer design presented in Kremic et al. (2020), a trans-
mission interval of 10 min was suggested. In the Discussion
section, we consider the possibility of being able to send a
“stop-transmission” signal to the seismometer.

The amplitude threshold method we use has two parameters:
the “threshold”, the amplitude value that triggers seismometer
transmission; and the “minimum trigger interval”, which is the
minimum time between two triggers and can obviously be no
smaller than any specified post-triggering transmission period.
Setting the minimum trigger interval parameter at several times
the transmission period helps reduce the amount of bad data
transmitted during a high-noise period at the seismometer.
For example, if the transmission period is 10 min and the mini-
mum trigger interval is 30 min, then during a one-hour period of
high-amplitude wind noise that would continuously trigger
transmission we would only transmit a total of 20 min.
Because the minimum trigger interval increases, however, the
ability to detect earthquakes close in time is necessarily
diminished.

The primary advantage in functionality that the STA/LTA
method has over a simple amplitude threshold method is that
it adjusts the sensitivity to account for changes in ambient
noise. If noise levels become high, then only the larger earth-
quakes would produce an adequate signal-to-noise ratio to
trigger transmission. An example of a situation that the
STA/LTA method would handle effectively is the diurnal varia-
tion in wind noise levels observed on Mars at the InSight seis-
mometer (Giardini et al, 2020).

To better mimic STA/LTA performance, we designed an
approach that does not require storage of a rolling time period
of data. We call this the “segmented window” method.
Compared to the amplitude threshold, this method has only
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three more parameters, which means it requires very little extra
memory on a seismometer. This approach first divides the seis-
mic record into equal length time windows (AT) (Fig. 3). The
seismometer only stores the cumulative summation of the
most recent full window. We can then get the mean absolute
value of the data [#,] in that window by dividing by the num-

2 ~ATluy|

o AT is the window
length, ¢, — AT is the starting time of the window, |u,| is
the absolute value of the seismic record for sample ¢;, and
Nar is the number of samples in the window. This mean
describes the noise level of this period of time. The ratio

ber of samples, where |7,| =

luy,|/|4,] is then a running measure of the signal amplitude
relative to the most recent segmented window. This ratio func-
tions as a type of signal-to-noise measure. Therefore, we can set
a ratio-based threshold, R, instead of setting a constant thresh-
old throughout the recording. Once the displacement reaches
this ratio-based threshold, the seismometer will be triggered for
a certain amount of time (30 min in this example). This
method can help prevent the seismometer from falsely trigger-
ing when the data is noisy. One way to implement the seg-
mented window is to store only [#,| from the previous time
window, the running summation of |u, | in the current time
window, and a time marker of when the current window ends.
With this minimal addition of required memory, the seg-
mented window method has a superior performance when
there is high frequency noise (Fig. 4).

Algorithm Performance

We define success as triggering on as many real events in the
catalog as possible without triggering on noise. We evaluate
our two low-memory approaches and benchmark them against
a traditional STA/LTA approach. We adjusted the sensitivity to
increase or decrease the number of triggered events when used
with our seismicity catalog. To fairly compare the performance
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Figure 3. lllustration of the “segmented window" method. (a) The
displacement seismogram u(t) is from the Z component of
broadband seismometer SCRK. The seismogram is divided into
windows of length AT = 120 s (red dashed lines). The green line
is mean window noise, |U,|, multiplied by the threshold value
(multiplying by the threshold R makes it possible to observe
directly when the displacement |uy | triggers). The running
summation of R x |u,| is plotted as blue solid line. This sum-
mation can be performed continuously to compute the mean
absolute displacement for use during the next time window.
(b) The displacement ratio |uy,|/[Uy]. The adjustable threshold R is
plotted in solid green line. The color version of this figure is
available only in the electronic edition.

of different method, we set the minimum trigger interval of
both the approaches at 30 min and test against the same
nine-day record. We preprocess the waveforms with a 0.8 Hz
high-pass filter to improve the ability to detect initial body
waves. If a similar filter were to be used in the onboard trigger
algorithm, it could be integrated into the electronics and would
not need to consume digital resources. The event association is
based on the triggered time and the first arrival time of cata-
loged events estimated using the TauP method (Crotwell et al.,
1999). If an event arrival time in the catalog is within the inter-
val from 80 s before to 10 s after a triggered time, we consider
an event in the catalog to have been correctly triggered. We
then determined the fraction of the trigger events that were
correct detections (Fig. 5a).

For all the three trigger mechanisms, the number of detec-
tions obviously increases as we lower the threshold (threshold
detection method) or the ratio (STA/LTA and segmented win-
dow). The percentage of successful detections (true positive rate)
of threshold detection method drops rapidly with decreasing
threshold value but stays above 75% for a wide range of ratios
with the other two triggering methods, eventually dropping as
the ratio approaches 1. We also computed the “false positive
Volume XX« Number XX
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rate” and the “true negative rate” for comparing the perfor-
mance of these three methods (Fig. 5b,c).

Other parameters also impact the overall performance. The
minimum rest interval between detections affects the number
of detections, with longer rest intervals decreasing the number
of detections. As we discuss subsequently, noise and earth-
quakes have a range of frequency characteristics, so our choice
of frequency filter before implementing a trigger significantly
affects performance. From our observation, small events can
often hide beneath the low-frequency surface waves of large
earthquakes. The frequency spectrum of noise sources like
wind tend to skew toward high frequencies, ~8-25 Hz. But
these effects could be mitigated with a band-pass filter.

We conducted a parameter space exploration to determine
the influence of the minimum trigger interval and various
band-pass filters. With the threshold method, the ratio of cor-
rectly detected events is typically very low if the threshold is
low. However, by increasing the minimum trigger interval,
we can minimize false triggers (Fig. 6).

As discussed earlier, it is important to examine the effect of
a band-pass filter on our seismic events detection. The lower
frequencies provide the most information on deep structure
and are important for separating large, distal earthquakes from
nearby small ones. The higher frequency limit can help us
know what sampling rate is optimal for the Venus seismom-
eter. The higher the sampling rate of the seismometer, the
more power is required to transmit data to an orbiter. The
required sampling rate is determined by the highest frequency
being recorded, so we are strongly motivated to set the high-
end of a band-pass filter to the lowest value that does not sig-
nificantly alter the interpretability of the data. Figure 7 explores
band-pass filtering effects for the direct threshold and seg-
mented window methods. For the threshold method there is
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Figure 4. (a) Comparison of the amplitude threshold detection
algorithm and (b) the segmented window detection algorithm.
Vertical red lines show when the algorithm indicated detection of
an earthquake. The latter half of this record includes considerably
high frequency noise. The color version of this figure is available
only in the electronic edition.

no choice of filters that does a particularly good job of trigger-
ing on large numbers of earthquakes with a high percentage of
detections. However, using the segmented window with a
band-pass of around 2-8 Hz (black star) maximizes both
the number of detections and the percentage that are accurate.

Separating Large, Farther Away Events
from Small Nearby Ones

If a seismometer on Venus is fortunate enough to detect more
earthquakes than can be transmitted, then our preference would
be to prioritize larger earthquakes that are coming from farther
away from the lander; they provide more information about the
deep interior and global tectonics. The triggering methods can-
not evaluate whether a first break is from a small, nearby event
or a large, farther away event. However, this may be possible
using a short time series of data (perhaps just a few seconds).
Thus, if orbiter-lander communications provide the ability to
tell a seismometer to stop transmitting, autonomous processing
on the orbiter might be able tell the seismometer to transmit a
long time for distal earthquakes but only transmit a short time
for nearby earthquakes. We have explored three methods that
may be able to distinguish between distal and nearby events rap-
idly and autonomously. The methods rely on the general obser-
vation that the larger, more distal earthquakes should have
relatively more low-frequency signal content than small nearby
events. Each method processes an initial portion of the seismic
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Figure 5. Comparison of three detection algorithms in terms of
successful detections and false positives as the sensitivity of the
algorithms are adjusted to increase the number of triggers during
the observation period. (a) The fraction of trigger events that are
actual earthquakes as the number of triggers increases, or the “true
positive” rate. (b) The number of triggers on non-earthquakes, or
“false positives”, as the number of true positives increases. () The
fraction of events that were missed, or “true negatives”, of events
in the catalog as the number of triggers increases. The color version
of this figure is available only in the electronic edition.

signal and develops a quantitative parameter that is used to sep-
arate large- and small-magnitude earthquakes.

The three methods were applied to 34 catalog events that
were successfully detected using nominal parameters with
the simple threshold method. We assess whether the seismic
signal a few seconds after the first break are correlated to
the magnitude of the detected events. The first method
(Fig. 8a) quantifies the frequency content of an earthquake
from only a few seconds of data (Kanamori, 2005).

21
T, = —F/—, (1)
L’O P2 (t)dt
L’“ W2 (t)dt
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Figure 6. Exploration of parameter space of threshold detection
method. The horizontal axis is the minimum trigger interval,
which is the minimum time allowed between two triggers. The
vertical axis is the value of threshold. The color version of this
figure is available only in the electronic edition.

in which u(t) is the ground-motion displacement, and 7 is the
time window used for the analysis. The parameter 7, is high for
signals rich in higher frequency energy and low for signals
dominated by lower frequency energy. The window 7, should
be set to the minimum length of time necessary to ensure suf-
ficient information about the frequency content. The second
method that we tried uses the peak frequency, defined as the
frequency corresponding to the value in a smoothed amplitude
spectrum (Fig. 8b). Our third method uses the frequency index
concept of (Buurman and West, 2006; Ketner and Power,
2013). This approach ratios the energy in a high-frequency
band (1-5 Hz) by the energy in a low-frequency band (0-
1 Hz) (Fig. 8c). All three approaches show some correlation
with magnitude, but our limited data set shows no clear favor-
ite in implementation. For example, all of the methods appear
to be able to have the minimum value that could be set to
divide earthquakes below and above around M,, 5, but none
of them could be used to cleanly divide earthquakes above and
below M,, 4. More testing is required to try to improve on the
methodology of using the frequency content of a short time
series. In the end, however, the implementation will likely still
be imperfect, and it will have to be accepted that to skew the
transmitted data to larger magnitude, farther away events, it
will be necessary to accept that some mid-size (M,, 4-5) earth-
quakes may get cut short.

We also briefly consider how a network of a few stations
separated by a few hundred kilometers might be used to autono-
mously differentiate between small and large events. A modest
network cannot only increase the number of seismic event detec-
tions, but it can also give us a way to cross validate the detections
and improve the chances of recording the most valuable signals.
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We consider the case in which three stations can communicate
with a common orbiting computer that has the capability of
turning data transmission on or off at each station. A computer
on board the orbiter could be programmed for one station to tell
the other stations to turn on after first triggering. If the other
stations see nothing above some minimum noise level after
the maximum possible travel time of a seismic wave between
the two stations, then the evaluation could be made that the event
was small and only observed at the initial station. Transmission
could then be ceased at all stations to save power. As an initial
test of this idea, we analyzed the seismic record from a handful
of stations in the Alaska interior (Fig. 9a) at distances of
100-800 km from AK-SCRK to see how many of the events in
our catalog were detectable in those more distal stations (Fig. 9b).
The triggering algorithm that we used for this was the “seg-
mented window” method using nominal parameters and the
data filtered at 2-8 Hz. In our test, all of the common events
detected by two or more stations that are farther than 5°
(553 km) from each other are larger than M,, 3.5 (Fig. 9c).
Here again, our initial results show that the methodology has
promise, so that this methodology combined with frequency
content assessment may end up being highly effective at maxi-
mizing data collection from larger earthquakes. Further analyses
Number XX« —2022 .
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Figure 7. Comparison of threshold detection method and seg-
mented window detection method and the exploration of proper
frequency of each method. Here, x axis is the upper limit of the
band-pass filter applied to the data, and y axis represents the lower
limit of the filter. Each dot in the figure is a combination of two
parameters of a band-pass filter. (a,c) The threshold method and (b,
d) the segmented window method. The panels (a) and (b) repre-
sents the number of triggers, and the panels (c) and (d) represents
the ratio between correct detection and total number of triggers.
The black stars indicate a seemingly best choice of the band-pass
filter (2-8 Hz) for the segmented window method. The color
version of this figure is available only in the electronic edition.

along the lines of Figure 9 may also be useful in mission design
in terms of planning the station separation for a small network.

Discussion

The first seismometers to Venus will have a finite, limited power
supply and little to no on-site data storage; these conditions
present design challenges that are not present for lunar or
Martian seismometer deployments. The series of short case
studies that we conducted has provided some meaningful
insights toward planning for future placement of a seismometer

Seismological Research Letters 9

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220220085/5717814/srl-2022085.1.pdf?casa_token=T0QZnCmikZkAAAAA:ph1h_VMBFb70yz35_3VGY9SVjv56MegHM29eQmtll-7wQou9RK15L06
bv lIniversitv of Alacska Fairbanks user



(a) Correlation coefficient = 0.791
2.0 9
° ° °
°
154
1.0 A
)
3
£
g 0.5
s
0.0 1
—0.51
°
1 2 3 4 5 6
Magnitude (M,)
(b) Correlation coefficient = 0.801
°
8
° °
6
)
2
c
v
3
g4
&
X
©
[
s
=
24
oA
1 2 3 4 5 6
Magnitude (M,)
(C) Correlation coefficient = 0.731
[ ]
[ ]
2
g
€ 19
o
o
o
L
&
=
k=
< 01
H
)
=)
S
_1 4
[ ]
[ ]
-2 L] [ ]

1 2 3 4 5 6 7
Magnitude (M,,)

Figure 8. Correlation between earthquake magnitude and various
frequency parameters. (a) 7., (b) peak frequency, and (c) fre-
guency index. The color version of this figure is available only in
the electronic edition.

10 Seismological Research Letters

68°N
. 66°N

rrotwy ] 64°N

165°W 160°W 150°W 145°W 140°W

155° W
(b) Number of detection in the events catalog of SCRK

50 -

- 40+
k)
-1
[%3
]

$ 30
-
o
@
Qo

E 20+
p=4

10

0 .

1 2 3 4 5 6
Distance to SCRK (°)
(C) Common detected events magnitude

5.0 A

4.5
w

4 4.0
2
o
£

£ 3.5
o
c
S

3 3.0
=

2.5

2.0

1 2 3 4 5 6

Distance to SCRK (°)

Figure 9. Small seismic station network test to rule out small

nearby events. (a) The distribution of the selected stations. The
red triangle is the AK-SCRK station; the green triangles are the
stations in our analog network. (b) Number of detections on

different distant stations. (c) The median magnitudes of common
detected events in different stations in the network. The color
version of this figure is available only in the electronic edition.

www.srl-online.org « Volume XX « Number XX « —2022

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220220085/5717814/srl-2022085.1.pdf?casa_token=T0QZnCmikZkAAAAA:ph1h_VMBFb70yz35_3VGY9SVjv56MegHM29eQmtll-7wQou9RK15L06
bv lIniversitv of Alacska Fairbanks user



on Venus. An obvious caveat is that we have asserted that the
station and seismic record that we used is typical of an intraplate
setting, and that our observations have some universality. The
observation that the most Venus-analogous places on Earth
have seismicity levels that are within roughly an order of mag-
nitude of mean Earth provides some confidence that our test
station is reasonably representative of many Venus analog set-
tings. Required future work is to repeat some of the tests using
different time periods at the same station and using records
from other stations in a variety of geographic and tectonic set-
tings (especially the African plate), including in higher pressure
environments such as below the ocean surface.

A fixed amount of battery power means that we must be
selective of the data we choose to transmit. It is challenging
to prevent a simple amplitude threshold trigger from triggering
on small events without also frequently triggering on noise.
Even if noise sources on Venus are “well-behaved” and vary
in amplitude within a small range, without having a seismic
record already in hand it would be educated guessing to preset
the trigger level for the amplitude threshold method such that
transmission was triggered on earthquakes and not noise.

However, with a method that relies on a ratio relative to
noise level (either STA/LTA or “segmented window”), the
negative outcome of guessing wrong on the expected level of
seismicity will not be triggering on noise, but instead getting a
less-than-desirable mix of low- versus high-amplitude events
being transmitted. We have designed a seismicity detection
method that comes close to matching the performance of
an STA/LTA trigger and uses very limited memory and
processing.

Regardless of the data transmission trigger that is chosen, it
would clearly be beneficial if there were some ways to adjust
the sensitivity of the trigger after seismometer deployment,
even if just to be able to switch between a few different settings.
If, for example, power limitations are such that the seismom-
eter can monitor the surface for a few months but can only
return a few hours of data, then we would desire a trigger sen-
sitivity that results in transmitting, on average, an event every
day or two. A trigger set to be too sensitive could expend the
data transmission budget in just a few days and potentially
before any large, distal earthquakes were observed. Conversely,
an insensitive trigger might result in few or no events being
transmitted back to Earth. We also tested various types of data
filtering, and these can considerably improve trigger perfor-
mance. In general terms, trigger performance at our test station
was optimized with a band-pass of ~2-8 Hz. For a seismom-
eter on Venus, transmitter power will limit data volume, which
in turn means restrictions on dynamic range and sample rate.
Thus, although innate instrument performance will dictate the
lowest frequencies that the seismometer will transmit back to
Earth, it is conceivable that the high-frequency cutoff for the
transmitted data will be lower than the capability of the instru-
ment. The more high-frequency content that can be included,
Volume XX« Number XX

-2022 « www.srl-online.org

the easier it is to distinguish small, nearby earthquakes from
larger, farther away ones.

Our assessment of likely seismicity levels for Venus based on
extrapolating the terrestrial record, and assuming that Venus
must be more active than Mars, suggests that the most likely
activity level that the first Venusian seismometers will observe
will be around an order of magnitude less than Earth, but we
should plan for a range of possibilities from the same to two
orders of magnitudes less than global Earth. For comparison,
the previous studies of Mars seismicity estimated a total moment
release on Mars with about a fourth of Earth’s surface area of
10'7 N - m/yr to 10" N - m/yr (Phillips, 1991; Golombek e al.,
1992; Knapmeyer et al., 2006; Plesa et al., 2018). The extrapo-
lated global seismicity observed by InSight is close to these pre-
dictions, with the actual seismicity perhaps a few to several times
greater than anticipated (Banerdt et al., 2020).

The underlying premise of the STA/LTA trigger and our
segmented window method is that noise sources do not gen-
erate abrupt spikes in ground motion. On Venus, noise is
expected to result from near-surface winds, either directly
or indirectly (a lengthy discussion of wind noise issues is in
Lorenz, 2012). To maximize lander safety and the chance
for the seismometer to deploy on a smooth surface to maxi-
mize coupling, the first seismometer on Venus will almost
certainly deploy to locations with no discernable topography,
places categorized as volcanic plains with surface slopes of
<0.1° over thousands of square kilometers. With a solar day
of 117 Earth days in duration, it is challenging to imagine sit-
uations that could generate sharp changes of wind speed at a
lander location; the wind speed at the surface of Venus is
expected to generally be <2 m/s (an overview of likely surface
wind conditions is in Lorenz, 2016).

A more likely scenario is that some wind speed threshold is
crossed that abruptly makes some lander part start rattling or
flapping in an unanticipated way. It would be useful to have an
independent wind monitor on the lander, and we expect that to
be a part of future lander plans. However, a wind sensor would
have the same problem as a seismometer of not being able to
store or continuously transmit data. The wind sensor could be
set to transmit data when the seismometer is transmitting, but
that would only record the wind speed after triggering. A high
wind speed and a seismic record characteristic of wind noise
might allow an after-the-fact interpretation that a transmitted
event was wind-caused. Figuring out how to incorporate a
wind sensor into lander-orbiter operations in a way that pre-
vents such an event from being transmitted is an area that
requires additional research beyond the scope of this work.

The capability to have an orbiting spacecraft signal a seis-
mometer to turn off data transmission would enable the ability
to preferentially transmit for extended periods during major
earthquakes and cut short transmission from small, nearby
earthquakes. With an orbiter capable of onboard processing,
over a short period the frequency content of the event can
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be used to assess its likely magnitude. If an orbiting spacecraft
can also turn on data transmission for a seismometer, then one
seismometer can trigger others in a small network. Multiple
stations make it easier to distinguish between large and small
earthquakes, and a small network provides enormous advan-
tages in terms of locating an earthquake, evaluating its mag-
nitude, and using the event to infer subsurface properties.

Another advantage of an orbiter being able to turn on and
turn off surface transmission is that the orbiter computer can
have some capability to be reprogrammed to mitigate unantici-
pated problems on the lander. For example, if Venus proved to
be much more seismically active than anticipated, so that many
events are triggered per day at the lander, the orbiter could be
set to rapidly shut down transmission of all but the largest
earthquakes. In broader terms, if filtering or triggering mech-
anisms on the lander are not functioning as intended but can
be turned on or off, then a programmable orbiter can help mit-
igate the problem by limiting the amount of undesired data
that is transmitted. Of course, for a lander to be in continuous
line-of-sight contact with an orbiter requires more than one
orbiter, and potential mission scenarios could involve regular
periods of time where an orbiter(s) will be out of contact with
the lander. An additional use of an orbiter being able to send
transmission on-off commands to the lander would be to put
the lander in “stand-by” mode during periods, when the orbit-
er(s) is unable to communicate with it.

Although we think our test station is a reasonable analog for
Venusian earthquake seismicity, it may not be a good analog for
potential noise or coupling. A Venus seismometer will not be
buried but instead will reside on the surface. We have tested
the effect of wind noise on Earth, but the Venus atmosphere has
a much higher density and pressure at the surface than on Earth,
and conditions can be thought of as in between those for an
ocean-bottom seismometer and one placed on the Earth’s sur-
face. Thus, testing comparison data from stations in similar
tectonic settings (preferably near each other) collected by ocean-
bottom seismometers and land-based seismometers is also part
of our desired future work. In more general terms, repeating the
initial studies presented here using stations in different locations
on Earth, in different times, and in different noise settings to
generalize our results is a high priority for future work.

Although it may seem fanciful to study seismic station oper-
ations on a planet for which we are a few years away from
having an instrument prototype that can operate at Venus tem-
peratures, these activities are providing key insights that are
guiding instrument development. Our initial results suggest
that finding a way to implement a segmented window trigger
and the ability to turn on and off data transmission from orbit
should be priorities for a Venus seismometer.

Data and Resources
The supplemental material available to this article includes the Venus
analog seismicity catalog. It is also being used as the benchmarking
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catalog for testing detection algorithm (uploaded separately). The
python code to generate the figures in the article are shared in GitHub
link available at https:/github.com/ytian159/Venus-Seismology (last
accessed September 2022).
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