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Introduction: Seismology is vital for 

understanding the interior structure of planets and 
other solid Solar System bodies. The InSight mission 
to Mars will potentially deploy three-component 
broadband (SEIS-VBB) and short-period (SEIS-SP) 
seismometers onto the surface of Mars. These 
instruments will be used to constrain the interior 
structure, including the size of the Martian core [1-4]. 
In this study we use a single terrestrial analog station 
and random draws of seismic events to 1) investigate 
the quality and quantity of events needed to accurately 
recover the terrestrial core, 2) estimate the total 
uncertainty in core size that would be obtained from a 
Mars-like distribution of events and 3) investigate if 
InSight will be able to detect mantle heterogeneities. 

Methods: We designed our study to simulate a 
Mars-like dataset. Terrestrial events are randomly 
selected with a weighted probability assigned to mimic 
the distribution of magnitudes and distance ranges 
expected for a planet without the strong signature of 
plate tectonics [5]. Here we focus on investigating ScS 
phases for detecting the core radius of the Earth; these 
seismic phases travel down through the mantle as shear 
(S) waves reflect off the outer core, and return to the 
surface. ScS waves are highly sensitive to the depth 
and impedance contrast at the core mantle boundary 
(CMB) and have been used to resolve the size of the 
lunar core [6].  

Analog Earthquake Database: Seismic data were 
obtained from the Incorporated Research Institutions 
for Seismology (IRIS) Data Management Center [7]. 
These data include teleseismic earthquakes with 
magnitudes >3.0 during the years 2010-2014 recorded 
at the Black Forest Observatory in Germany (BFO). 
We visually inspected each seismogram [8] to remove 
those with multiple events or very low signal-to-noise 
ratios, as such events would also be removed from a 
Martian database during core analysis. The final 
database contained 1299 events with well-defined 
surface wave and primary body wave arrivals. Fig. 1 
shows the location and magnitude of the events. The 
events were ranked according to their quality for ScS 
stacking. One guideline was the signal-to-noise ratio, 
calculated by dividing the S amplitude by the 
maximum background amplitude. Rank 1 indicated 
ScS could not be stacked because the receiver was in 
the shadow zone. Rank 2 events could not be used 
because of interference from surface or body waves. 
Rank 3 events had well defined surface and first 

arriving body waves, but ScS was more difficult to 
identify. Rank 4 indicated a signal-to-noise typically 
between 1-4, and ScS was easily identifiable. Rank 5 
indicated signal-to-noise was typically above 4 and 
ScS was easily identifiable.  

Simulated Martian database: From this terrestrial 
database we selected a random subset of Ranks 3-5 
events. The events were chosen for a general dataset, 
or are chosen by rank or back azimuth. We set the 
number of events to five, ten, and fifteen to test how 
quantity affects the algorithm's ability to constrain core 
depth. To test how location uncertainty could affect the 
model, the location of each seismogram was changed 
randomly by up to ±1 degree, the expected location 
uncertainty for InSight [9].  

Core Models: To search for the core in our analog 
dataset, 22 seismic velocity models were generated and 
used to predict travel time curves with the TauP toolkit 
[10]. These models were initially based on the 
Preliminary Reference Earth Model (PREM) [11] and 
then the core depth was changed in increments of 10 
kilometers for a total range of 2791-2991 km.  

Measuring core depth: Using the predicted travel 
times from each model, we stacked amplitudes along 
the moveout of the ScS phase. Models that accurately 
predict the core phase arrival resulted in a coherent 
ScS stack while other models defocus the core 
reflections. In addition to comparing the stacked 
amplitudes, we also compared the average offset time 
between the predicted arrival time and the handpicked 
arrival time of the ScS phase.  

Figure 1. Distribution of all source events. The location of 
BFO is indicated by the pink star at the center of the map. 
Event Magnitude is indicated by the size of the circle. 
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 Results: The algorithm was repeated 1000 times, 
testing how often a particular core depth was selected 
as the best fitting model. The best model can be chosen 
by using the maximum stacked amplitude, the 
minimum average offset time, and/or using 
uncertainties derived from the statistical bootstrap 
technique. We chose to pick the best model by the 
maximum amplitude, after eliminating models whose 
mean offset time was greater than 5 seconds or whose 
uncertainty in amplitude was greater than its mean 
stacked amplitude. In Fig. 2A, models whose 
uncertainties (errorbars) fall below the dashed green 
line would be eliminated. In rare instances, this method 
eliminates all possible models, so the sum of selection 
frequencies falls below N=1000. From Fig. 2B, the 
most frequently selected model was within 10km of 
the PREM CMB depth of 2891km. Models whose 
depths were far from 2891km were less frequently 
selected. 

Location Uncertainty: When uncertainties in 
location were added, the uncertainty in core depth 
increased by about 2km and the frequency sum 
decreased from 935 to 915, when all stackable ranks 
were considered. The most frequently selected models 
remained the most frequently selected, but tended to 
have the most reduced selection frequency.  

Quality and Quantity of Events: Increasing the 
quantity of events reduces the uncertainty in core depth 
and the selection frequency of core depths far from the 
PREM CMB. For all stackable events, models within 
50km of the PREM CMB were selected 90%, 93%, 
and 94% of the time for 5, 10, and 15 events, 
respectively. Those likelihoods increased to 96.2%, 

98.8%, and 97.7% when only Rank 5 events are used. 
Overall, increasing quality and quantity of events 
minimizes the effect of background noise, which could 
cause destructive interference, decreasing the stacked 
amplitude. Noise could also create a peak in amplitude 
unassociated with ScS within the expected arrival time 
interval affecting the ability to identify ScS.  

Mantle Heterogeneities: The mean core depth 
tends to be 10-20km shallower than the expected 
PREM depth. By tracing common travel paths of ScS 
on tomographic models [12], we concluded that the 
discrepancies can be explained by 3D variations from 
PREM's 1D velocity structure. When the algorithm 
was re-run using four back azimuth subsets, with 90° 
increments, the most frequently selected models varied 
greatly. For events with back azimuths less than 90° or 
greater than 270°, models with shallower core depths 
were more likely to be chosen suggesting they had 
consistently earlier arrival times compared to PREM's 
predicted arrival. InSight data could also be divided 
into back azimuth subsets to see if there are variations 
from a 1-D velocity structure, suggesting mantle 
heterogeneities. 

Implications: The results indicate that data from 
InSight will be able to constrain the depth to the 
Martian CMB with low uncertainty. Increasing 
quantity and utilizing only high quality events further 
decreases uncertainty in core depth. InSight may also 
be able to detect variations from 1-D velocity 
structures, suggesting mantle heterogeneities. 
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Figure 2. Grey dashed lines indicate the PREM CMB 
depth. A) Example iteration of the mean stacked amplitude 
normalized to the maximum mean stacked amplitude. A 
bootstrap technique was used to find the mean stacked 
amplitude (circles) and resulting uncertainty (errorbars). 
Models falling below the green line are removed from best 
model consideration.  The remaining panels represent the 
number of times each model is picked as the best model 
when N=1000 for B) All Ranks C) Ranks 4 & 5 and D) 
Rank 5, blue lines are when no additional location 
uncertainty is added, red indicates up to ±1 degree is added. 
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Figure 3.  Mean Core Depth with uncertainty in core depth 
based on rank groupings. Means and uncertainties were 
calculated using similar distributions as the blue lines in 
Fig. 2. The dashed grey line represents the PREM CMB.    
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