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Introduction: The Apollo 17 landing site provides 
a unique opportunity to analyze the thermal properties 
of the surface of the Moon. As part of the Apollo Lunar 
Surface Experiment Package (ALSEP), Apollo 17 
contained the Lunar Seismic Profiling Experiment 
(LSPE) instead of the traditional broadband 
seismometer. LSPE had two components, an active 
component and a passive component. Recent studies 
have been re-analyzing the passive LSPE data and 
have found three different thermal moonquake event 
types occurring at different times within the lunar day 
[1]. Our goal is to co-locate these thermal moonquakes 
to physical surface features to determine the cyclic 
breakdown of rocks over the course of a lunar day.  

Thermal moonquakes are small amplitude, shallow 
surface events. Weber et al. presented a thermal 
moonquake location algorithm using first order 
approximations, including a standard misfit and 
constraining the event waveforms to the lunar surface 
only [2]. While these approximations were appropriate 
as a first order technique, the seismic energy from 
thermal moonquakes is not constrained to the lunar 
surface only. To improve on the location algorithm, 
we need to apply ray tracing techniques using a 2D 
shallow surface velocity model.  

Published Velocity Models: Various studies have 
been performed to determine the shallow surface 
velocity at the Apollo 17 landing site. Finding a 
velocity model relies on accurate distance and time 
measurements. The active component of the LSPE 
included eight explosive packages (EPs) placed on the 
lunar surface as shown in Figure 1. The EPs were 
detonated at specific times, and the waveforms 
measured by four geophones arranged in a triangular 
array, with one in the middle. The initial analysis of 

the waveform arrivals produced a layer-cake model 
with velocities of 250 m/s, 1200 m/s, and 4 km/s at 
interface depths of 248 m, 927 m, and 2 km [4].  

Copper et al. [5] reanalyzed the data using new 
travel times and a prediction error filter. They found 
an initial 32 m layer with a velocity of 327 m/s, a 
second layer down to 390 m with a velocity of 495 m/s, 
and a third layer of 1.385 km depth and velocity of 960 
m/s. This study also suggested a regolith velocity of 
100 m/s from the thumper experiment on Apollo 14 
and 16. Sollberger et al. [6] used spatial waveform 
gradients to constrain velocities. Using rotational 
components of the waveforms allowed better 
identification of shear wave travel times which could 
be used to find the P-wave velocity. The initial layer 
velocity was 370 m/s with a depth of 60 m, the second 
layer velocity was 500 m/s with a depth of 410 m, and 
a third layer velocity of 1100 m/s to 1 km depth.  

Heffels et al. [7] produced a new velocity model 
using new travel times and updated distances 
(constrained from imagery). To better identify the 
travel times, they used a Wiener filter as an updated 
prediction error filter. In addition, they used new 
coordinates for six of the eight EPs. New coordinates 
were not available at the time for the remaining two 
EPs so they did not include them in their analysis. 
While they acknowledged the likely presence of the 
regolith layer, they did not include it as it could not be 
reconstructed only with the Apollo 17 LSPE data. The 
three-layer velocity model using only 6 EPs included 
velocities of 285 m/s, 580 m/s and 1.825 km/s at 
interface depths of 96 m, 773 m, and 2 km 
respectively.  

In testing the location algorithm for the thermal 
moonquakes, we tried to relocate the EPs with the 
previously published velocity models as discussed and 
shown in Figure 3. The study did not produce 
relocation results of the EPs within acceptable 
parameters for thermal moonquakes [8]. However, the 
previously published velocity models all used single 
travel time methods without including uncertainty 
estimations of the waveform arrivals. The given 
velocity models apply a single best fit line per segment 
of data points, while the uncertainties can provide 
various fits within a given error parameter.  

New Velocity Model: The goal of creating a new 
velocity model is to preserve the waveform arrival 
uncertainties, thus translating to a velocity uncertainty. 
We found the independent travel times for each EP 

Figure 1 – Apollo 17 EP Locations from Haase et al. 
[3]. 
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using a variety of filters including a bandpass filter, an 
average magnitude filter, a sliding window 
polarization filter, a Hilbert series transformation, and 
a Wiener filter. Each filter provides a different view of 
the travel times with different filters being better for 
certain EPs. While the filters were applied consistently 
to all EPs, each provided a different frequency range. 
For example, the Wiener filter provided better insight 
on the distant EPs while the polarization filter 
provided better insight for closer EPs. Using all the 
arrivals for all the filters, we can get a range of travel 
times for each EP.  

In addition to the range of travel time uncertainties, 
Haase et al. [3] published a new set of coordinates for 
all eight EPs and four geophones using a combination 
of LROC images and original astronaut images from 
the surface. Heffels et al. [7] demonstrated changing 
the coordinates of the EPs change the velocities and 
layer depths significantly. Using these updated 
coordinates and the range of travel times for each EP, 
we can get a range of velocities for a new shallow 
surface velocity model at the Apollo 17 landing site.  

Figure 2 demonstrates the fit for a two-layer 
velocity model without considering uncertainty. 
Preliminary analysis suggests velocities of 198 m/s 
with a depth interface of 169 m, and a velocity of 824 
m/s to an unknown depth around 1-2km. These 
preliminary velocities do not include the uncertainty in 
the waveform arrival times and use the weighted 
average of all the travel times. Additionally, these 
velocities do not include the regolith layer mentioned 
in [5]. These velocities and depths are different from 
previously published values due to the inclusion of 
EP1 and EP7 with new distance measurements.  

Figure 2 suggests several different possibilities in 
the shallow surface velocity at the Apollo 17 landing 
site. The timing of EP1 is suggesting a low velocity 

zone between 2000 m and 3000 m away from the 
array. Additionally, the topographic map of the Apollo 
17 landing site along with the arrival of the EPs at the 
four geophones suggests an asymmetric velocity 
profile surrounding the landing site which can be 
verified using geographically clustered subsets of EPs. 
Exploring these possibilities is the next goal in 
verifying the velocity model along with producing a 
range of velocities uncertainties.  

Terrestrial Analog: To test the efficacy of our 
velocity fitting method, we are exploring a terrestrial 
analog data set from the Cinder Lake Crater Field near 
Flagstaff, Arizona. As part of the San Francisco 
Volcanic Field (SFVF) 2019 Field Season, a scaled 
wavelength replica of the LSPE active experiment was 
performed along with several additions including a 
calibration experiment and a moveout line. The Cinder 
Lake Crater Field was originally created during the 
Apollo era to train the astronauts on lunar terrain and 
geography providing an excellent analog location. 
This controlled dataset provides an avenue to verify 
methods used to find the uncertainty in waveform 
arrivals in the LSPE data leading to the range in the 
velocity values. After verifying our method using the 
terrestrial analog, we aim to use the shallow lunar 
surface velocity model to locate thermal moonquakes.  
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Figure 3 – Shallow surface velocity model 
comparison for the top 1 km of the lunar surface.  

Figure 2 – Preliminary travel time plot for EPs using 
weighted average of all filtered arrival times. 
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