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Locating the source of seismic energy from a single three-component seismic station is associated with
large uncertainties, originating from challenges in identifying seismic phases, as well as inevitable pick
and model uncertainties. The challenge is even higher for planets such as Mars, where interior structure
is a priori largely unknown. In this study, we address the single-station location problem by developing a
probabilistic framework that combines location estimates frommultiple algorithms to estimate the prob-
ability density function (PDF) for epicentral distance, back azimuth, and origin time. Each algorithm uses
independent and complementary information in the seismic signals. Together, the algorithms allow
locating seismicity ranging from local to teleseismic quakes. Distances and origin times of large regional
and teleseismic events (M > 5.5) are estimated from observed and theoretical body- and multi-orbit
surface-wave travel times. The latter are picked from the maxima in the waveform envelopes in various
frequency bands. For smaller events at local and regional distances, only first arrival picks of body waves
are used, possibly in combination with fundamental Rayleigh R1 waveform maxima where detectable;
depth phases, such as pP or PmP, help constrain source depth and improve distance estimates. Back azi-
muth is determined from the polarization of the Rayleigh- and/or P-wave phases. When seismic signals
are good enough for multiple approaches to be used, estimates from the various methods are combined
through the product of their PDFs, resulting in an improved event location and reduced uncertainty range
estimate compared to the results obtained from each algorithm independently. To verify our approach,
we use both earthquake recordings from existing Earth stations and synthetic Martian seismograms.
The Mars synthetics are generated with a full-waveform scheme (AxiSEM) using spherically-
symmetric seismic velocity, density and attenuation models of Mars that incorporate existing knowledge
of Mars internal structure, and include expected ambient and instrumental noise. While our probabilistic
framework is developed mainly for application to Mars in the context of the upcoming InSight mission, it
is also relevant for locating seismic events on Earth in regions with sparse instrumentation.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Mars’ interior is expected to still reflect the differentiation and
early planetary formation processes that have been lost on Earth
due to mantle convection (Solomon et al., 2005). Investigating
the interior structure of Mars has therefore been a high-priority
objective for planetary scientists since the Viking missions in the
mid-1970s (Anderson et al., 1977). NASA supports the scientific
discovery and exploration of Mars with multiple programs,
including the InSight (Interior exploration using Seismic Investiga-
tions, Geodesy and Heat Transport) Discovery Program mission.
InSight will deploy a lander equipped with geophysical, geodetic,
and meteorological sensors on the Martian surface (Banerdt
et al., 2013), including a single three-component ultra-sensitive
very-broadband seismometer (VBB; Lognonné et al., 2012;
Mimoun et al., 2012). InSight mission goals include (1) providing
one-dimensional models of Mars’ mantle and core to within ±5%
uncertainty in seismic wave-speeds, as well as three-dimensional
velocity models of the crust; and (2) measuring the activity and
distribution of seismic events on Mars, including both tectonic
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and impact seismicity (Banerdt et al., 2013). The InSight launch is
targeted for May 2018.

The detection and characterisation of seismicity is important to
understand the tectonic and possible volcanic activity of a planet.
In this study, we develop and verify methods for single-station
event-location for local, regional, and teleseismic seismicity on
Earth and Mars. To deal with the inevitably large uncertainties
associated with these event parameters from a single station, we
develop a probabilistic framework, which accounts for both obser-
vation and model uncertainties. Aside from characterizing Martian
seismicity for InSight and similar future planetary missions, single-
station methods have terrestrial applications (Frohlich and
Pulliam, 1999), such as for seismic and nuclear (CTBTO) monitor-
ing, particularly in regions with sparse instrumentation or in coun-
tries that operate small seismic networks or single stations only
(e.g., Agius and Galea, 2011). Single-station methods are also rele-
vant to earthquake early warning (e.g., Kanamori, 2005; Böse et al.,
2012).

Seismic data from InSight will become available in early 2019.
To verify our event location approach we use both seismic records
from stations on Earth and synthetic Martian seismograms. The
latter are computed from a full-waveform scheme (AxiSEM;
Nissen-Meyer et al., 2014; van Driel et al., 2015) using
spherically-symmetric seismic velocity and density models that
incorporate existing knowledge on the internal structure of Mars,
as well as predicted ambient and instrumental noise characteris-
tics (Murdoch et al., 2015a,b). In this paper we present a novel
approach to single-station location. In our companion paper,
Khan et al. (2016), we apply this method to marsquake simula-
tions, and extend the approach to simultaneously invert for
structure.

1.1. Seismic activity on Mars

Seismic activity on Mars is anticipated to be similar to terres-
trial intraplate activity (Anderson et al., 1972, 1977) with a total
moment release in-between that of the Earth and Moon
(Golombek et al., 1992). Theoretical models for thermo-elastic
cooling (Phillips, 1991) and observed surface faults (Golombek
et al., 1992; Knapmeyer et al., 2006) predict a Martian annual
occurrence of �50 globally detectable marsquakes with seismic
moments of �1015 Nm (�mb = 4), and �5–10 times more quakes
for each unit decrease in moment magnitude (Golombek, 2002).

Without plate tectonics on Mars, we expect that secular cooling
of the planet as described in Phillips (1991) is the driver of sustain-
able tectonic stress. Independent of this, another source of seismic
events on Mars are meteorite impacts, that are expected to consti-
tute �20% of all observed events, similar to observations on the
Moon (Banerdt et al., 2013). The Apollo 14 seismometer detected
on the Moon about 100 events per year with ground velocities
>10�9m/s (Oberst and Nakamura, 1991; Lognonné et al., 2009).
The larger mass of Mars suggests 2–4 times more impacts
(Banerdt et al., 2013), although the velocity of these impacts will
only be half due to smaller orbital velocities and to the additional
deceleration in the atmosphere of Mars, which is absent on the
Moon (Lognonné and Johnson, 2007, 2015; Lognonné and
Kawamura, 2015). In a recent study, however, Teanby and
Wookey (2011) find that detectable impacts at teleseismic dis-
tances of >60� are likely going to be rare and may occur only once
every 10 years; local impacts, on the other hand, are expected to be
more frequently detectable. Successful identification and location
of meteorite impacts is crucially important to produce ground
truth locations that will strongly constrain structural models of
Mars. Approximate locations of suspected meteorite impacts will
be used as targets for gathering high-resolution orbital images, in
order to visually identify and provide exact impact locations. Even
though we presently focus on the location problem for mars-
quakes, we expect our approach to be applicable to locate impacts,
provided that at least two seismic phases can be identified.
2. Method

Seismic (point-) source locations are commonly characterized
by four parameters: (1) latitude u, (2) longitude k, (3) depth h,
and (4) origin time t0. In single-station processing, the problem is
often decomposed: absolute event locations (u, k) are replaced
by epicentral distances D and back azimuths H relative to the sin-
gle station (e.g., Frohlich and Pulliam, 1999; Magotra et al., 1987).
The advantage of this decomposition is that D andH can be deter-
mined independently of each other and be combined at a subse-
quent stage to provide an absolute event location (u, k). With the
resulting location, t0 can then be easily computed from available
velocity models.

Estimating the source depth from a single sensor is challenging.
Certain secondary phases, such as PmP, SmP, pP or sP, are depth-
sensitive and if identifiable could potentially be used to infer h.
Similarly, cross-correlation techniques or relative amplitudes of
body-to-surface wave energy are useful. Though in this study we
mainly focus on determining D, t0 and H, we will illustrate how
depth can be determined from PmP or pP using the examples of
two small local quakes on Earth and Mars.

Single-station locations, as a matter of principle, are associated
with large inherent uncertainties that originate from inevitable
pick and model uncertainties (e.g. Husen and Hardebeck, 2010),
and potential mis-identification of seismic phases. In this study,
we address the problem of single-station event location in a prob-
abilistic framework that combines multiple algorithms with the
goal to estimate the probability density functions (PDFs), p(D), p
(t0), and p(H), for observing D, t0 and H given a set of observed
phase picks (and uncertainties) and the polarization of surface
and body waves.

In the following sections, we present two single-station algo-
rithms to estimate p(D) [and p(t0)] from picks of seismic phase
arrivals, and two algorithms to estimate p(H) from wave polariza-
tion. We demonstrate that event location estimates improve signif-
icantly through the combination of multiple algorithms, which
mathematically corresponds to a multiplication of the respective
PDFs:

PðXÞ /
Y
M

pMðXÞ; X ¼ fD;H; t0g; ð1Þ

where M is the method used. The procedure is schematically illus-
trated in Fig. 1.

2.1. Distance estimation from multi-orbit Rayleigh-waves: pR1 R2 R3(D)

Rayleigh waves propagate along the free surface of a planet and
are characterized by elliptical ground-motions. Their amplitudes
decay slower with increasing distance than those of seismic body
waves, which spread out in three dimensions from the source.
Therefore, Rayleigh waves are typically detectable at much larger
hypocentral distances than body waves. Large events may generate
Rayleigh waves that travel multiple times around the whole globe
before their amplitudes are attenuated below the level of back-
ground noise. The first 3 multi-orbit phase arrivals are named R1,
R2, and R3, where R1 propagates along the minor-arc from the
quake towards the receiver; R2 takes the opposite direction around
the planet along the major arc; R3 propagates along the minor arc
plus another trip around the great circle path.

Differential times between multi-orbit Rayleigh-wave phase-
arrivals can be used to infer epicentral distance D and origin time



Fig. 1. Illustration of the location approach using a single station. The absolute
event location and its uncertainty are determined from epicentral distance D and
back azimuth H (relative to the receiver), which are probabilistically estimated
from phase picks and the polarization of surface and body waves. Depth phases, if
identified, constrain the event depth h. The combination of multiple approaches
that are based on complementary information contained in body and surface waves
adds robustness to the overall solution. See main text for more details.
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t0 (The alternative usage of Love waves is discussed in Section 5).
Since Rayleigh waves are dispersive, R1, R2, and R3 (group-) arrival
times tR1, tR2, and tR3 are frequency-dependent. Following Panning
et al. (2015), we filter the vertical component of a given broadband
seismogram in a series of Nb band-pass 1/2 octave-wide filters
using a second-order Butterworth filter with 20% frequency band
overlap. The frequency range, where Rayleigh waves are visible
above the background noise, does not only depend on the magni-
tude and distance to the station, but also on the typical noise of
the station which is strongly limited by the planet (see Section 3).
We pick tR1b , tR2b , and tR3b from the peak energy of the correspond-
ing waveform envelope in each frequency band b provided that the
signal-to-noise ratio SNR >1.5 (where the per-band noise ampli-
tudes are determined over a pre-event time window of 30 min).
The epicentral distance Db and origin time t0b are then determined
from

Db ¼ p� 1
2
UbðtR2b � tR1b Þ ð2:1Þ

t0b ¼ tR1b �
Db

Ub
ð2:2Þ

where the angular group velocity Ub is given by

Ub ¼ 2p
tR3b � tR1b

ð2:3Þ

where Db is in radians and Ub in radians/s.
For application to less favorable conditions, in which R1, R2, and

R3 cannot be clearly identified, because of multiple peaks in the
waveform envelopes produced by noise sources with similar or
greater amplitudes than the Rayleigh wave trains or by multi-
pathing (see Fig. 2b for example), we modify the original algorithm
to accept different pick combinations and thus multiple solutions
for Db and t0b , each weighted by the amplitudes and group-
velocities of their picked Rayleigh-wave arrivals. That is, instead
of picking tR1b , tR2b , and tR3b , we consider all i = 1. . .Ni peak-

combinations with pick times tðiÞR1b , t
ðiÞ
R2b

, and tðiÞR3b , assuming that

tðiÞR1b > tðiÞR2b > tðiÞR3b . Each combination provides an independent set
of parameter estimates DðiÞ
b , tðiÞ0b , and UðiÞ

b , which can be determined
from Eqs. (2.1)–(2.3). The final PDF pR1 R2 R3(X) with X = {D, t0} is
obtained from summing up the PDFs of all amplitude- and
velocity-weighted solutions. Details of this approach are given in
the Appendix A.

Note that the approach described above does not require any
prior velocity model, which is particularly intriguing for applica-
tion to Mars, since the interior structure is largely unknown. Over-
all, this method is well-suited for estimating epicentral distances
and origin times of quakes with clearly identifiable R1, R2, and
R3 arrivals in at least some of the band-passes. In particular, a
strong R1 phase is required to predict and recognize the later R3
arrival. On Earth this is generally true for larger quakes (MP 6)
located at distances 10 < D < 170o that are far enough away from
the station and the antipode where phases are not well-
separated (see discussion in Section 5).
2.2. Distance estimation from body- and surface-wave phase-arrivals:
pbody-surface(D)

Seismic body waves travel through the planetary interior and
are therefore strongly affected by the seismic velocities in the
crust, mantle, and core. Unlike in the Rayleigh-wave approach
(Section 2.1), in which a priori structure is not required (though
the computed Rayleigh wave group velocities can be used to invert
for structure as shown in our companion paper Khan et al. (2016)),
inferring quake locations from body-phase arrivals requires mod-
els of interior structure.

While global one-dimensional (e.g., iasp91: Kennett and
Engdahl, 1991; prem: Dziewonski and Anderson, 1981; ak135:
Kennett et al., 1995) and three-dimensional models (see
Dziewonski and Romanowicz (2007) for review) for Earth exist,
only few constraints exist on the interior structure of Mars (e.g.,
Khan and Connolly, 2008; Rivoldini et al., 2011; Verhoeven et al.,
2005; Zharkov and Gudkova, 2005; Nimmo and Faul, 2013;
Mocquet and Menvielle, 2000; Sohl and Spohn, 1997). Sets or fam-
ilies of periodically updated one-dimensional structure models of
the mantle and core, as well as three-dimensional models of the
crust, will be derived and iteratively refined from the seismic and
geodetic observations during the InSight mission (Banerdt et al.,
2013).

Aside from these model uncertainties, the practice of picking
seismic phase arrivals in the seismogram does include an addi-
tional source of uncertainty (e.g. Husen and Hardebeck, 2010),
even when these phases can be correctly identified. The timing of
a manual phase pick can often differ from analyst to analyst by
up to several seconds, and often depends on filtering and applica-
tion of other data pre-processing steps (Diehl et al., 2011). This
problem is even more severe in environments with significant site
noise or in the presence of highly scattering media, such as on the
Moon (e.g. Lognonné et al., 2003; Nakamura, 2005), for which
errors in the timing as large as 10 s can be found, especially on S
waves; probabilistic determination of the Lunar Quake and
Impacts location has therefore been used by Khan and
Mosegaard (2002) and Gagnepain-Beyneix et al. (2006). A similar
situation may be also encountered on Mars.

To estimate the epicentral distance and origin time of a seismic
event from phase arrivals, we propose a method that takes the
uncertainties in both models and picks into account. Here we focus
on body-wave phases, but demonstrate that this approach can be
extended to frequency limited peak phase arrivals for surface
waves, such as R1 filtered between 120 and 180 s. Our approach
requires arrival times ftobsphaseg of at least Npicks = 2 identified (e.g.
P, S, R1@120–180s) phases. Each pick is assumed to have an



Fig. 2. Building a single-station probabilistic location for a moderate-sized M5.9 earthquake at �97� (teleseismic) distance from station BFO. a) Three-component
seismogram at BFO with manually picked P- and S-wave arrivals (red; see Table 1 for details); secondary pP and SP/PS arrivals (gray) are predicted from the distance estimated
from our approach; these arrivals are not used here to locate the event. b) Broadband seismogram and waveform envelopes of vertical component filtered in 9 frequency
bands between 120 and 240 s. Red, green and blue dots show automatically picked R1, R2, and R3 arrivals (and time windows) with largest amplitudes and expected group
velocities; cyan lines show theoretical arrivals. Other arrival candidates (gray dots) are considered in the probabilistic location approach as well, but reach low probabilities
only. c) Probability density functions (PDFs) for epicentral distance (top) and back azimuth (bottom) using the picks and polarization of Rayleigh- and body-waves or the
combination of both. Red lines show combined PDFs obtained from multiplication of results from the different methods. d) Catalogue (red star) and estimated single station
event location (yellow star) and color-coded uncertainty range using azimuthal equidistant map projection. The estimated location meets the L1 requirements of the InSight
mission (black line). See Table 1 for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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uncertainty robs
phase, which can be modeled, for instance, by a uni-

form distribution

fobsphaseðtÞ ¼
1

robs
phase

for t�½tobsphase � 0:5robs
phase; t

obs
phase þ 0:5robs

phase�
0 otherwise

(
ð3:1Þ

In practice, the uncertainty is defined by the data analyst, who,
as well as selecting the most likely phase arrival time, also selects a
window indicating the earliest and latest possible arrival times for
that phase. Since the event origin time t0 is typically unknown, we
use differential times tobsphase�ref relative to a picked (reference) phase
arrival, for instance relative to P, and determine the corresponding

probability density function fobsphase�refðtÞ using Eq. (3.1). The refer-
ence phase is always defined as the earliest identified phase. The

theoretical (differential) phase-arrival times tpredphase�ref ;mðD;hÞ for a
given epicentral distance D and focal depth h are predicted from

a suite of m = 1. . .M velocity models. Finally, fpredphase�ref ðtjD;hÞ is com-
puted from the distribution of the predicted differential times
using all M models.

To estimate the probability that the event occurred at distance
D and source depth h, given the phase pick times and their associ-
ated uncertainties, we integrate the product of the observed and
predicted travel-time distributions over time t and sum this result
for all phases identified in addition to the reference phase

pbody�surfaceðD; hÞ /
X
phase

Z
fobsphase�refðtÞfpredphase�ref ðtjD;hÞdt ð3:2Þ

Unless we pick a so-called depth phase, we have no information
on h. Thus if a depth phase is identified, we use Eq. (3.2), otherwise
we integrate over depth h (here from 0 to 600 km) and compute
the marginal likelihood as
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pbody�surfaceðDÞ /
X
phase

Z Z
fobsphase�refðtÞfpredphase�refðtjD;hÞdtdh ð3:3Þ

Once the distance is determined, pbody�surfaceðt0Þ is estimated
from the available velocity models. As shown later, the described
approach can be easily extended to include combinations of
body- and surface-wave arrivals, if theoretical models and travel
times exist.

This method requires at least 2 clearly identified body phases,
or one body phase and one band-passed Rayleigh phase. It can be
used for a wide variety of seismic events, as long as impulsive
phases are recorded with high signal-to-noise ratio. This means
that the approach is appropriate for all sizes of local events, as well
as moderate regional and teleseismic events.

2.3. Back-azimuth estimation from Rayleigh wave: pR1(H)

Rayleigh waves exist at the free surface of a planet as a super-
position of vertically polarized P- and SV motions. Due to the phase
shift between the vertical and radial components with a 90�
advance of the vertical component, Rayleigh waves exhibit retro-
grade elliptical particle motions at the planet surface. The back azi-
muth H can be determined from Rayleigh wave energy at a single
sensor either from the eigenvalues and eigenvectors of the 3 � 3
covariance matrix from the three-component seismogram (e.g.
Selby, 2001), or from the cross-correlation of the radial and vertical
components (e.g. Chael, 1997).

In the cross-correlation approach, it is necessary to Hilbert
transform the vertical (or radial) component of the seismogram
to remove the 90� phase shift, and thus to convert the elliptical
polarization of the fundamental mode Rayleigh wave into linear
motion (Chael, 1997). The back azimuth H is found from rotating
the radial components r through various trial angles. For each of
these angles, we compute the cross-correlation value C�zr between
r and the Hilbert-transformed vertical component �z to quantify
the polarization, where

C�zr ¼ S�zr
S�z�zSrr

; where Sjk ¼
Z

xjðtÞxkðtÞdt ð4:1Þ

The back azimuth is determined from the angle with minimum
of C�zr. In practice, the back azimuth is calculated in a manually
defined time window that spans the major energy of the R1 wave-
train selected from the waveform envelopes of the vertical compo-
nent (see Figs. 3b and 4b for example). The resulting back azimuth
depends on the orientation of minimum correlation between the
vertical and horizontal components, rather than on the direction
of maximum ground-motion, and thus is insensitive to coda of pre-
ceding arrivals (such as S- or Love waves) that may be included in
the R1 time window (Chael, 1997). Notice that a prominent peak in
the correlation function in Eq. (4.1) is often absent, in particular
when there is only weak Love wave energy (Panning et al.,
2015). In these cases, H cannot be well resolved. Baker and
Stevens (2004) suggest using the cross-correlation value C�zr in
Eq. (4.1) as a proxy of the (empirical) accuracy of the back azimuth
estimate.

Here, we select the described approach because of its insensitiv-
ity towards noise, as well as its lack of 180o ambiguity in the pre-
dicted back azimuth, which is typical for body wave-based
polarization approaches. Because we are not only interested in
the optimum solution for H, but p(H), we consider all trial angles
and cross-correlation coefficients as defined in Eq. (4.1) above
some (arbitrary) threshold, e.g. here we use C�zr P 0, and model
the estimated probability density function as

pR1ðHÞ / C�zrðHÞ; ifC�zrðHÞ P Cthreshold

0; otherwise

�
ð4:2Þ
This approach is similar to data-culling and computation of con-
fidence intervals for determination of OBS sensor orientations
described in Stachnik et al. (2012). In practice, we determine the
angle-dependent cross-correlation function in each frequency
band b (see Section 2.1), and then for each trial azimuth average
C�zr over all bands.

This method requires R1 energy and can be applied to a wide
range of events sizes and distances. Errors in azimuth determined
from R1 polarization on Earth are typically in the order of �30�.

2.4. Back-azimuth estimation from body wave: pP(H)

Our second approach for back azimuth (H) estimation uses the
polarization of seismic body-wave phases. P-phases usually pro-
vide the best estimates since they are not contaminated by the
coda of preceding phases. However, other phases of vertically
polarized (P-SV) waves could in principle be used as well, while
horizontally polarized (SH) waves require a different approach.
We determine H from the amplitude ratio of the two horizontal
components, here denoted traditionally by e for East component
and n for the North component,

hi ¼
arctanðei=niÞ þ p; ifzini < 0
arctanðei=niÞ; otherwise

�
ð5:1Þ

where i marks the sample index in the considered time window, z
the vertical component, and arctan () is the inverse tangent func-
tion. Similarly to Eisermann et al. (2015), we resolve the 180o ambi-
guity in the computed back azimuth from the fact that the back
azimuth vector cannot point outside the lower half-space. The
resulting flipping condition in Eq. (5.1) is valid for P waves and is
independent of the source mechanism (Eisermann et al., 2015).

Various approaches have been suggested to identify the opti-
mum body-phase time-window for back azimuth measurement
(e.g. Eisermann et al., 2015). Since these approaches have an inher-
ent number of free parameters, in practice it is reasonable to use
the distribution of back azimuth values spanning various P and
SV arrivals when available in order to determine pPðHÞ. In this
study, we apply Eq. (5.1) to all samples i in a given time interval
following the P-arrival. Each sample is weighted with (ei2 + ni

2).
The length of the time window is determined manually by the data
analyst and, by observation, this duration has only a weak impact
on pPðHÞ, as long as SH energy is not included.

This method requires P or SV wave energy, so can also be
applied to a wide range of event sizes and distances, in particular
small local events.

3. Data and synthetic waveforms

To demonstrate and verify our proposed single-station location
framework, we use the seismic recordings from three small and
moderate-sized quakes at local, regional and teleseismic distances
for the Earth, as well as synthetic data for three marsquakes at sim-
ilar distances (in terms of degrees), but with smaller magnitudes.

3.1. Earth

For demonstration on Earth, we use ground motions recorded
on the three-component broadband STS-2 velocity sensor at sta-
tion BFO (u = 48.33�, k = 8.33�), located in the Black Forest Obser-
vatory, Germany. We randomly select three small and moderate-
sized earthquakes at teleseismic (2015 M5.9 Peru, D � 97�), regio-
nal (2015 M5.6 Egypt, D � 28�), and local (2012 M3.7 Switzerland,
D � 1.5�) distances (Table 1). Though seismic phases are usually
easier to pick and locations thus better constrained for large
events, we want to verify the applicability of our approach to



Fig. 3. Building a single-station probabilistic location for a moderate-sized M5.6 earthquake at �28� (regional) distance from station BFO. See caption of Fig. 2 for explanation.
Notice that the R2 picks of the best solution (green) in b) do not agree with the correct arrivals (cyan), because high noise leads to multiple distance solutions with similar
probabilities (black line in c, top). A unique and well-defined solution is obtained when the results of Rayleigh- and body-wave locators are combined. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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smaller events, which are more likely to be observed on Mars. The
teleseismic and regional events chosen are fairly deep (�30 km),
which is suboptimal for surface-wave generation, but show that
our location approach is applicable over a wide-range of (unfavor-
able) conditions.

We access the seismic waveforms and metadata for the three

events from the SZGRF datacenter (www.szgrf.bgr.de) of the Fed-
eral Institute for Geosciences and Natural Resources (BGR), and
downsample the waveforms to 10 sps corresponding to the sam-
pling rate of waveforms returned from InSight. The following data
processing is done within a GUI tool (marslocgui) based on
SeisComp3 (www.seiscomp3.org) developed by the Swiss Federal
Institute of Technology (ETH) Zurich and Gempa GmbH, in which
the single-station approaches as proposed in this paper have been
implemented. We band-pass filter the records with a second-order
Butterworth filter with corner frequencies adapted to the fre-
quency content of the respective event (Table 1).

For the location based on multi-orbit Rayleigh waves (Sec-
tion 2.1), we pick the peak energy from R1, R2, and R3 from the
band-pass filtered (140–240 s) waveform envelopes in NB = 9 fre-
quency bands (Figs. 2b and 3b). For the small local event, we can-
not identify R1, R2 and R3 arrivals and thus derive the location from
body-wave phase-arrivals only.
For the location based on body- and surface wave arrivals (Sec-
tion 2.2), we manually pick the phases along with their uncertain-
ties from the waveforms inside the GUI (Table 1). We investigate
two cases: in the first case, we assume that only P and S phases
are picked, corresponding to the case of minimum information,
and we use predicted secondary phase arrivals, such as of pP or
SP, to verify the resulting distance estimate by matching them with
clearly visible arrivals in the waveforms. In the second case, we
examine how distance estimates change if additional phase arri-
vals and uncertainty ranges are picked, including depth and R1
phases. We also explore how sensitive solutions are to incorrectly
picked and mislabeled phases.

Unlike for the case of the Rayleigh locator (Section 2.1), locating
seismic signals from body-wave phases requires theoretical travel
times and uncertainties derived from available velocity models.
Here, we use the TauP Toolkit 2.3 (Crotwell et al., 1999) to predict
body-phase arrivals for various spherically symmetric 1-D velocity
models from Earth. Furthermore, we adapt the minor-based code of
Nolet (2008) to calculate fundamental-mode Rayleigh-wave group
velocities and hence theoretical R1 arrivals in various frequency
bands (10–300 s).

To get a reasonable distribution of phase arrivals, we use eight
standard Earth models that are distributed within the TauP Toolkit

http://www.szgrf.bgr.de
http://www.seiscomp3.org


Fig. 4. Building a single-station probabilistic location for a small M3.7 earthquake at �1.5� (local) distance from station BFO. See caption of Fig. 2 for explanation. R1, R2, and
R3 cannot be identified because of the small epicentral distance and small magnitude. The location estimates are derived from the body-phase picks of Pn and Sn, as well as
the polarization of the P-wavetrain. Including the depth phase PmP allows resolving the event depth at <5 km (see c), and reduces location uncertainties (see d and e).
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2.3 (Crotwell et al., 1999). These are iasp91 (Kennett and Engdahl,
1991), PREM (Dziewonski and Anderson, 1984), ak135 (Kennett
et al., 1995), jb (Jeffreys and Bullen, 1940), 1066a/b (Gilbert and
Dziewonski, 1975), pwdk (Weber and Davis, 1990), and sp6
(Morelli and Dziewonski, 1993). Using a suite of models rather
than a single model makes this test more similar to the Mars set-
ting, in which the interior structure is largely unknown and models
are poorly constrained.

The time window lengths for the back azimuth determination
from the polarization of body- and surface waves vary from 5 s
for the local event to 9 min for the teleseism (Table 1). Note, that
the length of the selected time window is not critical for the results
of our approach, but the time window should be chosen to encom-
pass mostly P-wave energy.

3.2. Mars

For demonstration on Mars, we assume our reference station to
be located at the target landing- site of the InSight lander in Ely-
sium Planitia (u = 4.5�, k = 136.0�). To compute synthetic Martian
seismograms, we use the axisymmetric spectral element method
AxiSEM by Nissen-Meyer et al. (2014) and the Instaseis software
by van Driel et al. (2015). These simulations are based on full
numerical solutions of the visco-elastic wave equation and include
the effects of attenuation, and are accurate down to 1 s period for
body waves and 3 s for surface waves. We adapt a simple one-
dimensional Martian velocity model as described in our compan-
ion paper (Khan et al., 2016), that was constructed using an aver-
age Martian mantle composition and model areotherm using
thermodynamic principles, mineral physics data, and visco-
elastic modeling. Depth profiles of P- and S-wave speeds, density
q, and attenuation (Ql) for crust, mantle and core are shown in
Fig. 5. The sharp velocity increase at �1100 km is caused by the
mineral phase transition olivine->wadsleyite (more details are
given in Khan et al. (2016)). The waveform simulations show
strong reverberations caused by trapped energy in the crust that
is produced by our simple crustal model.

Unlike on Earth, there is no microseismic noise on Mars as there
are no oceans. The current power-spectral-density (PSD) model of
the InSight noise working group (Murdoch et al., 2015a,b), which
includes ambient and instrumental noise sources for both vertical
and horizontal components, and day and night time (Fig. 6), is used
to create realistic time-domain noise that is added to the simulated
traces, assuming random phases with uniform distribution. Here



Table 1
Background information on the 3 earthquakes analysed in this study, as well as on the
algorithms used. For the phase arrival algorithm, the identified body and surface
phases, their actual pick times and uncertainties are shown; for the body-phase
polarization, the optimal bandpass (BP) and time windows are indicated. The final
location error combining solutions from all algorithms is given in terms of epicentral
distance D and back azimuth H relative to station BFO, and absolute location loc.
InSight L1 requirements which stipulate determining epicentral distances and back
azimuths to accuracies of ±25% respective ±20� (Banerdt et al., 2013) are fulfilled.

Event
moment magnitude
origin time
latitude/longitude/
depth
distance
back azimuth

Algorithms Errors
epicentral
distance
back azimuth
absolute location

Teleseismic
M5.9 Peru
2015-06-29
09:09:21 UTC
-16.09�/-74.51o/
38 km
D = 97.3�
H = 254�

Distance:
- multi-orbit Rayleigh-phase

arrivals (section 2.1)
- body-wave phase arrivals

(section 2.2)
P: 09:22:43.1 ± 2.0 s
S: 09:33:58.0 ± 5.0 s

Back azimuth:
- Rayleigh wave (section 2.3)
- P-wave (section 2.4)
BP: 20–200 s,�9 min

Derror = 0.2� (0.2%)
Herror = 1�
locerror = 0.99�

Regional
M5.6 Egypt
2015-06-27
15:34:03 UTC
28.83�/34.62�/
28 km
D = 28.1�
H = 124.4�

Distance:
- multi-orbit Rayleigh-phase

arrivals (section 2.1)
- body- and surface-wave

phase arrivals (section 2.2)
P: 15:39:54.1 ± 1.5 s
S: 15:44:37.2 ± 3.0 s,
R1@120–180s:

15:47:56.0 ± 30 s
Back azimuth:
- Rayleigh wave (section 2.3)
- P-wave (section 2.4)
BP: 10–50 s, �35 s

Derror = 1.0� (3.5%)
Herror = 0.4�
locerror = 1.0�

Local
M3.7
Switzerland
2013-12-12
00:59:18 UTC
47.05 �/9.49�/
6 km
D = 1.49�
H = 148.1�

Distance:
- body -wave phase arrivals

(section 2.1)
Pn: 00:59:45.6 ± 0.25 s
Sn: 01:00:06.7 ± 0.65 s
PmP:00:59:47.5 ± 1.0 s

Back azimuth:
- P-waves (section 2.4)
BP: 1–2 s,�5 s

Derror = 0.� (<0.1%)
Herror = 5.1�
locerror = 0.2�

Source parameters obtained from www.globalcmt.org and www.seismo.ethz.ch.
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we conservatively use the higher day-time noise. For comparison,
at frequencies higher than 0.035 Hz (�30 s), the noise at BFO, a
high-quality Earth station relatively far from the oceans, is still sig-
nificantly higher than what is expected on Mars, though at lower
frequencies, this is reversed.

We model three events on Mars: teleseismic M5.0 at D � 97�,
regional M4.8 at D � 28�, and local M3.4 at D � 8� (Figs. 7–9).
Source locations and focal mechanisms of the simulated events
agree with the corresponding example earthquakes in Section 3.1.
In the case of the local event, however, we increase the distance
and depth to 8.0o and 52 km, respectively, because our simple
homogeneous crustal model (Fig. 5) produces unrealistically
smooth waveforms for shallow events at close distances. We
reduce the magnitudes of the simulated marsquakes to �85% of
the corresponding earthquake to account for the more favorable
noise conditions and expected lower seismicity on Mars (Table 2).

As for Earth we compute theoretical travel-time tables for var-
ious body-phases using the TauP Toolkit (Crotwell et al., 1999). On
Mars, however, we need to use a wider range of models, since the
interior structure of Mars is poorly constrained. As a proof-of-
concept, we employ in this study a suite of 80 plausible Mars mod-
els (Fig. 5), obtained using methods described in Khan and
Connolly (2008) and the parameterization of Khan et al. (2016).
The reference model chosen to compute synthetic waveforms for
Mars (colored lines in Fig. 5) is an extreme model with respect to
the distribution of the model suite used to compute travel times,
again to show that our location approach works well also under
adverse conditions.
4. Results

P- and S-wave arrivals of all six events show quite impulsive
onsets, so that we can pick them manually from the three-
component seismograms in Figs. 2a, 3a, and 4a for Earth, and in
Figs. 7a, 8a, and 9a for Mars. For the regional and teleseismic
events, we pick additionally the multi-orbit Rayleigh phase arrivals
R1-R2-R3 from the waveform envelopes in various frequency bands
(Figs. 2b, and 3b for Earth, and 7b and 8b for Mars); no multi-orbit
arrivals are visible above background noise for the two small local
events on Earth and Mars.

Using these pick times and their uncertainties (Tables 1 and 2),
as well as the polarization of the respective P- and R1 phases, we
determine the probability density functions (PDFs) for epicentral
distance and back azimuth relative to the recording station
(Figs. 2c, 3c, 4b for Earth, and 7c, 8c, and 9b for Mars), as well abso-
lute event locations (Figs. 2d, 3d, 4d for Earth, and Figs. 7d, 8d, 9d
for Mars).

For the three example earthquakes, we determine absolute
event locations to within 1.0� (�111 km; 63.5% relative distance
error), for the three simulated marsquakes to within 0.6�
(�35 km; <5% relative distance error) relative to the given
hypocenters. All locations are within the target uncertainty ranges
set by the L1 requirements of the InSight mission (see thick lines in
Figs. 2d–4d, and Figs. 7d–9d), which stipulate determining epicen-
tral distances and back azimuths to accuracies of ±25% and ±20�,
respectively (L1-SCI-51; Banerdt et al., 2013). It should be noted
though that our synthetic marsquake waveforms were computed
using a radial model, neglecting the complexities of the three-
dimensional structure, in particular in the crust and upper mantle.
We expect that three-dimensional effects will add larger uncer-
tainties to the estimated event locations (see Discussion,
Section 5).

The combination of multiple location approaches allows us to
exploit the information contained in both body- and surface-
waves. This helps to remove weaknesses of single methods and
to obtain a more robust estimate of distance and back azimuth
compared to the results obtained from each algorithm indepen-
dently. For the M5.6 Egypt earthquake, for example, we cannot
easily identify the R2 arrival because of high noise amplitudes that
result in an erroneous peak designation as most probable arrival
(Fig. 3b). But since most of the solution candidates (Fig. 3c, black
line) are inconsistent with the body-phase picks, they disappear
in the combined solution (Fig. 3c, red line).

Aside from epicentral distance D, phase arrival times also
depend on source depth h. Identified and picked depth phases,
such as PmP or pP (see Section 2), are used in our body- and
surface-wave phase arrival approach for distance estimation (Sec-
tion 2.2) like any other phase. However, since these phases are
strongly depth-dependent, we can apply equation (3.2) to deter-
mine pbody�surfaceðD;hÞ rather than the marginal pbody�surfaceðDÞ in
Eq. (3.3), which we use in the other examples. This procedure is
demonstrated here for the two local earth- and marsquakes, for
which we pick PmP respective pP arrivals. Using these depth
phases in combination with Pn and Sn (respective P and S) allows
resolving the source depths of the two events as <5 km (Fig. 4c)
and 45–75 km (Fig. 9c), respectively, which is in good agreement

http://www.globalcmt.org
http://www.seismo.ethz.ch


Fig. 5. One-dimensional P- and S-wave velocity vp and vs (top) and density and attenuation models (Q, bottom) for Mars described in our companion paper Khan et al. (2016).
Thick colored lines show models used to generate Mars synthetic waveforms; gray lines show models used to locate quakes (only vp and vs are relevant).
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with the given depths (Table 1). Using these depth phases in addi-
tion to other arrivals also helps reducing the uncertainties in our
distance estimates (Figs. 4e and 9e).

With the estimated epicentral distances and available velocity
models, we are able to predict the arrivals of secondary phases,
such as pP or SS, and match those in the recorded seismograms.
This is illustrated for various phases in the seismograms in
Figs. 2a–4a and 7a–9a (gray bars). A good agreement between
these predicted arrivals and observed changes in amplitudes and/
or frequency content of the recorded waveforms indicates that a
given distance estimate and assigned phase label is likely appropri-
ate; otherwise we need to review our picks, phase labels, and loca-
tion results. This iterative procedure of phase picking, forward
modeling of additional phase arrivals, and comparison with the
recorded waveforms needs to be repeated until all strong arrivals
in the seismogram are explained. In our companion paper, Khan
et al. (2016), this procedure is adapted for simultaneous inversion
for structure.

To test the robustness of our approach, in the following, we
analyse the sensitivity of our results to various possible shortcom-
ings in the analysis, such as the number of phase picks, incorrect
pick times, as well as mislabeled phases. We run these tests for
three events from the original event suite.

4.1. Teleseismic M5.9 Peru

In this event we have very clear R1-R2-R3 arrivals (Fig. 2b). We
investigate two scenarios. In the first case (Fig. 10a, left), in addi-



Fig. 6. Comparison of noise at Earth station BFO with noise models by Peterson
(1993; gray lines) for Earth and by Murdoch et al., 2015a,b for Mars.
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tion to P and S, we pick and correctly label PP. We show that we
obtain a narrower peak in the distance PDF compared to the case
when only P and S phases are used (Fig. 10b, left).
Fig. 7. Building a single-station probabilistic location for a moderate-sized M5.0 synthe
crustal reflections produce strong reverberations and long wavetrains, such as of the pP
In the second scenario we correctly pick the P phase, but we
mislabel the SP phase as S, denoted as S⁄ (Fig. 10a, right). The loca-
tor tells us immediately that the time window between P and S⁄ is
too large for a direct arrival, so instead we label the second phase
as Sdiff. We observe that the two distance PDFs from the picks
(Fig. 10b, left) and R1–R2–R3 (Fig. 10b, middle) do not overlap
and no consistent solution is obtained, once we combine both solu-
tions by multiplication (Fig. 10b, right), a strong indication that our
picks are incorrect or mislabeled. In addition, with the distance
estimated with the S⁄ pick (120�, Fig. 10b left), the predicted PP
arrival (shaded area in Fig. 10a, right) will no longer line up with
the clear phase seen in Fig. 10a, left. This example demonstrates
how phase identifications can be iteratively improved in case of
erroneous phase labeling or picking.

4.2. Regional M5.6 Egypt

In this event we have no clear R1–R2–R3 arrivals and thus mul-
tiple solutions in the resulting distance PDF (Figs. 3b and 3c). We
investigate three scenarios: (1) in addition to P and S (Fig. 10c, left)
we pick and correctly label R1 measured between 120 and 180 s
and denoted as R1@120–180s, (2) we correctly pick P, but pick
the S phase 20 s too late (here denoted as S⁄; Figure 10c, right);
(3) we pick the same S⁄ phase as in (2), but assign to this pick a
tic marsquake at �97� (teleseismic) distance from the InSight landing site. Trapped
phase. See caption of Fig. 2 for explanation.



Fig. 8. Building a single-station probabilistic location for a moderate-sized M4.8 synthetic marsquake at �28� (regional) distance from the InSight landing site. See caption of
Fig. 2 for explanation.
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large uncertainty of 25 s, which actually includes also the correct
arrival S. In the first case, when we supplement P and S arrivals
by R1@120-180s, we obtain a more peaked distance PDF compared
to the case when using only P and S (Fig. 10d, left). When combined
with the results from R1–R2–R3 (Fig. 10d, middle), it becomes clear
that distances beyond 40� are not expected (as predicted from
multiple solutions from R1–R2–R3). When using R1 in addition to
the two body-wave phase picks, we obtain a better defined, that
is higher peaked distance result compared to the case of minimum
information (Fig. 10d, right).

In the second scenario, in which we pick the S phase arrival 20 s
too late (Fig. 10c, right), the event is estimated to be located at lar-
ger distance (>29�, Fig. 10d, left). As the results from R1–R2–R3 do
not help in this case, and the probability in the combined distance
PDF for the correct distance at 28.1� is low (Fig. 10d, right). How-
ever, the probability increases significantly in the third scenario,
in which we assign a larger uncertainty to S⁄. Unlike in the previous
example of the teleseismic Peru earthquake, there are no clear sec-
ondary picks in this event that we can use to verify predicted sec-
ondary phase arrivals.

4.3. Local M3.4 Mars

There are two complications with this event: first, we have no
results from the R1–R2–R3 approach, and, second, P and pP arrivals
are very weak (Fig. 10e, left). We investigate here two scenarios:
(1) in addition to P and S we pick and correctly label pP (Fig. 10e,
left), and (2) we correctly label the S phase, but mislabel the
P^20S arrival as P (here denoted P⁄; Fig. 10c, right). In the first case,
we see that the correct distance at 8� is not well-covered by the
PDF (Fig. 10f, left). The problem here is, that our reference model
for the waveform simulations is extreme compared to the model
suite used for location (cfr. Fig. 5); under these conditions, adding
more phases generates multiple solutions for the distance recov-
ery, contrary to what we observe on the Earth, where the model
is better constrained.

In the second scenario, in which we mislabel the P^20S arrival
as P, the event is estimated as being located at closer distance
(Fig. 10f, left). Detecting this error is challenging in this case, since
the R1–R2–R3 approach cannot be used for a small local quake. This
event highlights the need for careful review of all picks with syn-
thetics and updated models to spot errors.
5. Discussion

The amplitudes and travel-times of Rayleigh waves are con-
trolled primarily by event magnitude and distance with respect
to the recording station, but are also sensitive to azimuth, focal
depth, mechanism, rupture directivity, and geologic structure



Fig. 9. Building a single-station probabilistic location for a moderate-sized M3.4 synthetic marsquake at 8� (local to regional) distance from the InSight landing site. See
caption of Fig. 2 for explanation. Phase arrivals between P and S are caused by energy that enters the crust as S-wave and then is trapped above the Moho. The most prominent
phase is SPvmP, where vm denotes an upper side Moho reflection (see Electronic Supplements for wave-animation). Including the depth phase pP allows constraining the
event depth at �45–75 km in c) and reduces absolute location uncertainties in e).
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along the travel path. The time window between the full-orbit R3
phase arrivals on Mars is 3 h, compared to 4½ hours on Earth,
which is about twice the size in circumference of Mars. Due to
the shorter propagation distances, Rayleigh waves on Mars are
expected to be less attenuated and R3 phases should still be detect-
able at teleseismic distances for magnitude�M5 quakes, compared
to �M6 on Earth (Panning et al., 2015). Moreover, Larmat et al.
(2008) predict that surface-wave dispersion on Mars is likely smal-
ler than on Earth and Rayleigh waves are hence more impulsive
and easier to observe. Nevertheless, there are a number of issues
potentially affecting the location accuracy derived from Rayleigh
wave observations.

First, the Rayleigh wave approaches as outlined in Sections 2.1
and 2.3 assume an idealized spherically symmetric planet. The
strong ellipticity of Mars, which is �1.76 larger than on Earth
(http://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html),
will change Rayleigh-wave travel-times and thus distance and ori-
gin time estimates. Secondly, geometrical effects caused by the
extreme variability in surface topography on Mars ranging from
�8 km in the Hellas impact basin to 20 km on Olympus Mons is
expected to increase travel-times in basins and to decrease those
with high elevations (Larmat et al., 2008).

Thirdly, lateral phase velocity variations, which on Earth can be
as large as 10% and may be even larger on Mars, can lead to signif-
icant deviations of the Rayleigh wave paths from the great circle
andmay cause anomalies of surface wave amplitudes and polariza-
tion (e.g., Romanowicz, 2002). These anomalies can often be asso-
ciated with focusing and defocusing effects related to caustics
formed by the intersection of surface wave paths at large epicen-
tral distances, that can particularly affect the multi-orbit phases
R2, R3, etc. (Bukchin et al., 2006). Schwartz and Thorne (1987),
however, find that for most source-receiver geometries on Earth,
the off great-circle travel-time differences for second and third
orbits are small (<10 s), which suggests that the effect on estimates
of D and t0 should be minor.

Lateral structural variations in the Martian crust are likely much
stronger than on Earth (Larmat et al., 2008) due to the crustal
dichotomy between the Southern and Northern hemispheres
(e.g., Zhong and Zuber, 2001): the crust in the Northern lowlands
with an estimated average thickness of �30 km, is only half as

http://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html


Table 2
Background information on the 3 synthetic marsquakes analysed in this study, as well
as on the algorithms used. Follows Table 1.

Event
moment magnitude
origin time
latitude/longitude/
depth
distance
back azimuth
strike/dip/rake

Algorithms Errors
epicentral
distance
back azimuth
absolute location

Teleseismic
M5.0
01:00:00 UTC
-16.41�/39.70 �/
38 km
D = 97.3�
H = 254 �
313�/29�/63�

Distance:
-multi-orbit Rayleigh-phase

arrivals (section 2.1)
- body-wave phase arrivals

(section 2.2)
P: 01:09:51.3 ± 5 s
S: 01:18:45.0 ± 10 s

Back azimuth:
- Rayleigh wave (section 2.3)
- P-wave (section 2.4)
BP: 1–10 s, �1 min

Derror = 0.1� (0.1%)
Herror = 0.1�
locerror = 0.1�

Regional
M4.8
01:00:00 UTC
-11.31�/159.35� /
28 km
D = 28.1�
H = 124.4�
200 �/82 �/2�

Distance:
- multi-orbit Rayleigh-phase

arrivals (section 2.1)
- body-wave phase arrivals

(section 2.2)
P: 01:03:40.0 ± 5.0 s
S: 01:06:40.0 ± 10.0 s

Back azimuth:
- Rayleigh wave (section 2.3)
- P-wave (section 2.4)
BP: 1–10 s, �30 s

Derror = 0.1� (0.4%)
Herror = 1.2�
locerror < 0.6 �

Local
M3.4
01:00:00 UTC
-2.3�/140.2�/
52 km
D = 8.0�
H = 148.1�
182�/77�/15�

Distance:
- body -wave phase arrivals

(section 2.1)
P: 01:01:06.7 ± 0.4 s
S: 01:02:09.0 ± 2.0 s
pP:01:01:16.5 ± 0.5 s

Back azimuth:
- P-wave (section 2.4)
BP: 1–20 s, �25 s

Derror = 0.4� (5%)
Herror = 1�
locerror = 0.5�
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thick as in the Southern highlands. Surface waves travelling across
the thin Northern hemisphere are characterized by earlier arrivals
compared to those travelling across the Southern hemisphere
(Larmat et al., 2008).

Though ellipticity, topography, and lateral phase velocity varia-
tions are expected to change surface wave propagation on Mars,
these effects can be modeled in advance to determine empirical
correction factors that can be applied to the later recorded seismic
events (Lognonné and Johnson, 2007) once preliminary azimuths
and distances are determined. Our preliminary back-of-the-
envelope calculations suggest that the Martian ellipticity may
cause errors in D and t0 of up to �0.5� (�30 km) and �10 s, respec-
tively, while the crustal dichotomy with errors of �7� (�420 km)
and �70 s is expected to have a much larger impact. A more
detailed study of these effects is under way and will be discussed
in forthcoming publications.

Not only distance, but also back azimuth estimates are affected
by the divergence of Earth and Mars from the idealized planet
model in which perfect elliptical polarization is predicted. The
accuracy of the back azimuth measurement typically decreases
with the amplitude of the signal. Chael (1997) find that back azi-
muth errors on Earth are typically ±15� for Ms > 4 and D 6 30�;
the sensitivity decreases gradually to �Ms5 at the furthest ranges.
Using a location approach similar to the multi-orbit and back azi-
muth Rayleigh approaches we have been using here, Panning et al.
(2015) find that for terrestrial seismic data, most events (M > 6) are
located within an epicentral distance of 1o and an origin time of
30 s; back azimuth errors are typically within 10�.

According to Selby (2001), back azimuth errors using R1 polar-
ization are mainly caused by (1) interference of Rayleigh waves
with Love waves or with scattered Rayleigh or Love waves; (2)
off great-circle path propagation of Rayleigh waves; (3) deflection
of the plane of the polarization ellipse from the plane of propaga-
tion due to azimuthal anisotropy; (4) much higher noise at periods
>50 s (on Earth) on the horizontal components than on the vertical
component, mainly caused by atmospheric pressure and/or wind.
Peak amplitudes of R1 Rayleigh waves from shallow earthquakes,
however, are typically observed at �20 s period, so the last prob-
lem can be largely avoided (at least on Earth) by choosing appro-
priate frequency bands for the back azimuth measurements
(Selby, 2001). The approach is likely more feasible on Mars where
the lack of microseisms may lead to low noise in this frequency
range. The Rayleigh wave method described in this paper could
in principal be extended to Love waves, which cause pure trans-
verse horizontal motion along the planet surface. However,
employing Love waves for seismic event location requires usage
of horizontal waveforms, which are typically much noisier than
those on the vertical component.

Walck and Chael (1991) find that quite accurate back azimuth
estimates can be obtained from P-wave polarization analyses of
regional earthquakes with >75% of the records yielding errors of
less than 20�. The accuracy of the back azimuth estimates, how-
ever, does vary from station to station. In general, the choice of fre-
quency band plays the most important role, while the length of the
signal window is less critical, which is consistent with our prelim-
inary observations. Using the polarization of seismic body waves
for back azimuth measurements requires a significant level of
coherence among the three orthogonal components of ground
motion. In strongly scattered environments, such as observed on
the Moon (Nakamura, 1977), the lack of coherence prohibits polar-
ization analyses and back azimuth estimates. Both the level of dis-
sipation (Q) and scattering of seismic waves on Mars are not well
known.

In this study, we assume that phase arrivals are uncertain in
time due to noise and limited temporal resolution. In practice, cor-
rect phase identification, is often challenging, in particular for
depth and core phases, such as pP, sP, sS, PcP, or ScS. One way to
avoid phase mis-identification is to utilize generic phase labels,
such as P1 or S1, in order to identify any first P or S arrival (provided
that corresponding travel-time tables exist). Alternatively, we may
want to iteratively predict secondary phase arrivals (for a prelimi-
nary distance estimate from our approach) and compare these
with observed waveform anomalies as discussed in Section 4 and
also in our companion paper (Khan et al., 2016). This procedure
can also encompass depth phases, and might in addition to pure
arrival times involve waveforms, possibly with the horizontal com-
ponents rotated in radial and transversal directions using the esti-
mated back azimuth. Once a preliminary distance is estimated
from our location approach, we can vary the source depth h to
check for a good match with one or more depth phases (here pP)
in the simulated and recorded waveforms. This is demonstrated
in Fig. 11 using the example of the deep local marsquake.

We demonstrated in this paper a procedure to locate seismicity
from body- and surface-wave arrivals. In general, the accuracy of
estimated source locations is expected to increase with increasing
numbers of picked phases (see Fig. 5 for example). The sensitivity
of the InSight very-broadband (VBB) seismometer is expected to be
comparable to that of the best terrestrial seismometers (Lognonné
et al., 2012; Lognonné and Pike, 2015). External noise is anticipated
to originate mainly from temperature, pressure, and wind fluctua-
tions. Due to the absence of oceans, which is the major source of



Fig. 10. Probability density functions for epicentral distances D of the (1) teleseismic M5.9 Peru earthquake at D = 97.3� (Fig. 2), (2) regional M5.6 Egypt earthquake at
D = 28.1� (Fig. 3), and (3) local M3.4 marsquake at D = 8.0� (Fig. 9) using different pick scenarios to explore the sensitivity of solutions towards additional picks, mislabeled
phases, and incorrect picks (‘‘v” marks correct and ‘‘X” incorrect picks). See main text for details.
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terrestrial noise between 1 and 30 s, seismic noise on Mars in this
frequency band is expected to be generally low (�10�9m/s2 at
0.5 Hz; Banerdt et al., 2013). While diffusive scattering clearly
dominates the seismic records from the Moon and often prohibits
the separation of individual seismic phases (including P and S) and
polarization analyses (Nakamura, 1977), Martian records are
expected to be less challenging to interpret: first, strong scattering
requires extreme low-volatile conditions (for very high Q), which
are not expected on Mars; secondly, the effects of both dissipation
and scattering should be less pronounced at the lower frequencies
(<0.1 Hz) on the VBB sensor. It is expected that P- and S-waves
from a quake of 1015 Nm (�mb = 4) can be detected globally with
signal-to-noise-ratios of >5 for a sensitivity of 10�9m/s2 (Banerdt
et al., 2013).



Fig. 11. Once the epicentral distance D is estimated, correctly identified and picked depth phase arrivals, such as pP or sP, help constraining event depth h. a) Initial portion of
the vertical component velocity seismogram of the local M3.4 marsquake synthetic at D = 8� distance and h = 52 km depth shown in Fig. 9 with picked P and pP arrivals. b)
Variations in source depth h of the same quake between 0 and 60 km and resulting P and pP arrivals.
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6. Conclusions

In this paper, we propose and verify a new framework for locat-
ing seismic activity using three-component broadband data
recorded on a single-station. Locating seismic energy using limited
data is a major challenge due to difficulties in phase identification
and large inherent pick and model uncertainties. We have devel-
oped a probabilistic framework for single-station location in which
we combine multiple algorithms that use independent and com-
plementary information in the seismic signals to estimate the
probability density function of epicentral distance D and back azi-
muth H. First, multi-orbit Rayleigh arrivals tR1, tR2 and tR3 are



M. Böse et al. / Physics of the Earth and Planetary Interiors 262 (2017) 48–65 63
picked in various frequency bands to estimate pR1 R2 R3(D). Second,
two or more body and surface phase arrivals (e.g. tP, tS, and tR1@120s)
and their uncertainties are picked and compared with theoretical
arrivals predicted from a suite of velocity models, to produce
pbody-surface(D). pR1(H) and pP(H) are estimated from the polariza-
tion of the R1- and body-waves, respectively. Estimates from the
various methods are combined through the product of their PDFs,
which usually results in a well-defined event location and uncer-
tainty range.

We combine four methods: two methods for determining epi-
central distance, and two methods for determining the back azi-
muth relative to the receiver. Other methodologies, such as
cross-correlation techniques, can be added to the proposed frame-
work in the future. We expect that these methods will additionally
improve location estimates. Also likely marsquake locations, e.g.
constrained by surface faults and other parameters (Knapmeyer
et al., 2006), could be included as prior information. This approach
appears particularly intriguing to assign source depth to events,
where no depth phases can be identified.

While developed for the planned InSight NASA mission that will
deploy a single seismic station on Mars in November 2018, our
probabilistic approach is also relevant to locate quakes on Earth
in regions with sparse instrumentation. As shown in this paper,
the method shows good performance for local, regional and tele-
seismic events, as long as body phases and/or Rayleigh wavetrains
are identifiable above the station noise. A joint location and
inversion-scheme based on our location approach is discussed in
our companion paper (Khan et al., 2016).
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Appendix A.

In the extended Rayleigh approach for distance estimation (Sec-
tion 2.1), we consider all i = 1. . .Ni peak combinations in the wave-

form envelopes assuming that tðiÞR1b > tðiÞR2b > tðiÞR3b . The corresponding

probability density functions fðXðiÞÞ are modeled as Gaussian
distributions

fðXðiÞÞ ¼ 1
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X
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with mean �XðiÞ and standard deviation rðiÞ
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That is, each solution i = 1. . .Ni (assuming their consistent exis-
tence in multiple frequency bands) is weighted by the mean per-

band normalized peak envelope amplitudes cR1ðiÞ
b , cR2ðiÞ

b and cR3ðiÞ
b

and the probability of

gðUÞ ¼ 1
rU
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2p

p e
�0:5 U��U

rU

� �2

ðA4Þ

at group velocity UðiÞ
b � du. Here we set �U ¼ 3:6 km/s and rU = 0.75 -

km/s for Earth, and �U ¼ 2:5 km=s km/s and rU = 0.75 km/s for Mars,
which is in good agreement with the dispersion curves observed for
Earth (e.g. Panning et al., 2015) and estimated for Mars (Khan et al.,
2016).

The final PDF pR1 R2 R3(X) with X = {D, t0} is obtained from sum-
ming up the PDFs of all weighted solutions

pR1R2R3ðXÞ /
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Data and resources

Earth station BFO is operated jointly by the Karlsruhe Institute
of Technology and the Stuttgart University. The data from the
broadband seismometer STS-2 are archived and disseminated by
the SZGRF datacenter (www.szgrf.bgr.de) of the Federal Institute
for Geosciences and Natural Resources (BGR). Source parameters
were obtained from the Global Centroid-Moment-Tensor (CMT)
catalogue (www.globalcmt.org; last accessed January 2016) and
the Swiss Seismological Service event catalogue (www.seismo.
ethz.ch). Synthetic seismograms for the three marsquakes were
computed with the axisymmetric spectral element AxiSEM code
(Nissen-Meyer et al., 2014). Maps were generated with Generic
Mapping Tools (GMT; Wessel et al., 2013), using the MOLA (Mars
Orbiter Laser Altimeter; Smith et al., 2001) dataset.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.pepi.2016.11.003.
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