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Focus Section: OSIRIS-REx

Array-Based Seismic Measurements
of OSIRIS-REx’s Re-Entry
Benjamin A. Fernando* et al.

Abstract
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M. McCleary, J. Inman, et al. (2025). Array-
Based Seismic Measurements of OSIRIS-
REx’s Re-Entry, Seismol. Res. Lett. XX,
1–11, doi: 10.1785/0220240339.

The return home of the OSIRIS-REx spacecraft in September 2023 marked only the fifth
time that an artificial object entered the Earth’s atmosphere at interplanetary velocities.
Although rare, such events serve as valuable analogs for natural meteoroid re-entries;
enabling study of hypersonic dynamics, shock wave generation, and acoustic-to-seismic
coupling. Here, we report on the signatures recorded by a dense (100m scale) 11-station
array located almost directly underneath the capsule’s point of peak atmospheric heat-
ing in northern Nevada. Seismic data are presented, which allow inferences to be made
about the shape of the shock wave’s footprint on the surface, the capsule’s trajectory,
and its flight parameters.

Introduction
Sample return capsules and seismoacoustics
Sample return capsules arriving from deep space are the only
artificial objects that re-enter the Earth’s atmosphere at speeds
and trajectories comparable to natural meteoroids. This makes
them ideal for studying hypersonic re-entry dynamics as said
capsules have known mass, dimension, speed, and trajectory
(Silber et al., 2023). Because they have known parameters, they
can serve as controlled analogs for natural objects during the
entry, descent, and landing (EDL) phase of the mission.

In seismoacoustic studies of meteor phenomena, the atmos-
pheric shock waves and low-frequency sound produced by
natural meteoroids re-entering the atmosphere are used to
identify and track them on either infrasound sensors or seis-
mometers (e.g., Edwards et al., 2008). The complexities of
shock wave generation and propagation down through the tur-
bulent atmosphere (and coupling into the ground in the case of
seismic recordings) mean that recordings of hypersonic capsu-
les acting as “artificial meteoroids” are particularly valuable in
understanding the seismoacoustic processes involved.

Such events are rare, having occurred only four times on
Earth previously. ReVelle et al. (2005) made seismic and
acoustic measurements of the National Aeronautics and
Space Administration’s (NASA) Genesis spacecraft’s EDL,
and ReVelle and Edwards (2007) did the same for NASA’s
Stardust. More recently, comparable measurements were made
during the EDLs of two JAXA missions, Hayabusa and
Hayabusa2 (Yamamoto et al., 2011; Sansom et al., 2022).

The potential value of such recordings for being able to
study shock wave propagation and air-to-ground coupling
in particular also resulted in two (unsuccessful) attempts by
NASA’s InSight spacecraft to record EDLs seismoacoustically
on Mars, of NASA’s Mars 2020 mission (Fernando, Wójcicka,

Froment, et al., 2021, 2022) and China’s Tianwen-1 (Fernando,
Wójcicka, Han, et al., 2021).

The OSIRIS-REx mission
In September 2023, the OSIRIS-REx (ORX) sample return cap-
sule became the fifth artificial object to re-enter the Earth’s
atmosphere at interplanetary speeds. With many improvements
in instrumentation having been made since Stardust’s landing in
2006, the ORX EDL presented an ideal opportunity to make
seismoacoustic measurements of an “artificial meteoroid” re-
entry over a similar geographical area to two previous missions.

A number of different teams took part in this instrumen-
tation campaign, using both ground-based and airborne infra-
sound sensors, and conventional and optical seismometers. For
a full review of the instruments deployed as part of this cam-
paign see Silber et al. (2024). Fernando et al. (2024) presented
initial results from a separate part of this observation cam-
paign, using a single seismic acoustic station 50 km from
the array described in this article at a site called Fish Creek
from which the data were live-streamed over the internet.

EDL profile
In this section, we briefly describe the planned trajectory of
ORX between the atmospheric interface and peak heating.
Note that all times and locations are based on prelanding
model predictions (e.g., Ajluni et al., 2015), as a postlanding
“as-flown” trajectory has not yet been released.

Atmospheric interface was due to occur over the Pacific
Ocean, west of San Francisco, California, at 14:41:55 UTC

Full author list and affiliations appear at the end of this article.

*Corresponding author: bfernan9@jh.edu

© Seismological Society of America

Volume XX • Number XX • XXXX XXXX • www.srl-online.org Seismological Research Letters 1

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220240339/7113301/srl-2024339.1.pdf
by Los Alamos National Lab Research Library user
on 12 February 2025

https://orcid.org/0000-0002-7321-8401
https://doi.org/10.1785/0220240339


on Sunday, 24 September 2023. The defined altitude of inter-
face was 132 km, at which time the spacecraft was expected to
be traveling at Mach ∼25 (43,000 km/hr; 11.9 km/s).

At the point of peak atmospheric heating from frictional
drag, the capsule was expected to be in the mesosphere at
around 62 km altitude over 39.5585° N, 116.3852° W in
northern Nevada. This is a relatively remote region with no
permanent seismometers within several dozen kilometers,
and we are not aware of any publicly accessible infrasound sta-
tions within the wider area. This necessitated the deployment
of these temporary seismic arrays.

Temperatures during peak heating were expected to reach
∼3100 K at a speed of Mach 30 (39,000 km/hr; 10.8 km/s)
and a deceleration approaching 300 m=s2 (31 g). Note that
the Mach number at peak heating is higher than at the atmos-
pheric interface despite the capsule’s deceleration, due to the
increase in sound speed with altitude through the thermosphere.

As the point of peak heating is where the maximum amount
of energy is being dissipated into the atmosphere, the expect-
ation was for an intense shock wave to be generated in this
area. This shock was expected to transition to a linear acoustic
wave during propagation down through the atmosphere and
be audible at the surface as a sonic boom.

On a seismic network, the sonic booms themselves are pri-
marily recorded via the production of an itinerant strain field
in response to the surface loading and unloading from wave-
front-induced compression and rarefaction (Kanamori et al.,
1992). Small contributions to the observed displacement after
the initial motion may also come about from more complex
effects, such as compliance-induced ground deformation
(Sorrells, 1971; Kenda et al., 2020).

Instrumentation campaign
The deployment discussed in this article involved eleven indi-
vidual seismic stations, each consisting of a three-axis Fairfield
ZLand 3C node set to 24 dB gain and 2000 samples per second.

The deployment location for these nodes was chosen to be as
close to the point of projected peak heating as possible, to try to
capture the shock wave at its strongest point. For natural mete-
oroids, peak emission is expected to occur around the point of
peak heating, and hence measurements made of artificial cap-
sules in this region of flight are of particular interest as analogs.

The array was located at Bean Flats, on U.S. Bureau of Land
Management land, in an area shared with large herbivorous
creatures (cows). Despite the presence of topographic variation
in the wider region, this area itself was very flat, with less than
4 m of undulation between the array’s center and edge in any
direction. Given a sound speed in the air of ∼330 m/s, this
corresponds to a very small elevation-induced correction to
phase arrival times, on the order of 0.01 s.

Instruments were deployed in a cross-shaped array, with an
instrument spacing of ∼100 m. This configuration, and wider
geographical context, are shown in Figure 1 alongside the ORX

EDL trajectory. The long axis of the array was chosen to be
parallel to ORX’s trajectory footprint.

Each instrument was manually leveled and pointed toward
north using multiple compasses as references, with errors in
orientation estimated to be less than ±2°. The reported
Global Positioning System coordinates of each station are
the mean of readings made on multiple handheld instruments.

The sensors were buried with their tops a few centimeters
below the ground’s surface to reduce environmental noise.
Some of the surface covering was removed by rain and wind
(and possibly the actions of the previously mentioned herbi-
vores) between deployment and collection. Signals from
instrument 4 (the most uprange) were found to be particularly
noisy. The ground at this location was ascertained to be soft,
mostly dry superficial alluvium. Detailed geophysical surveys
from this area of Nevada suggest soil properties described
by VP � 585 m=s and VS � 350 m=s, Poisson ratio = 0.22,
and Young’s Modulus E = 0.45 MPa (Allander and
Berger, 2009).

Seismic data
Data were recorded at all eleven stations, and are shown
in Figure 2 and in detail for one station in Figure 3.
Seismograms were processed by removing the instrument
response and Butterworth-band-pass filtering between
1 and 100 Hz. The beam shown in Figure 4a,c uses a slightly
broader frequency range, 2–200 Hz.

Detailed N-wave structure
A clear, rounded (smoothed) N-wave signature is observed just
after 14:46:04.5 UTC. A downward, near-instantaneous first
motion associated with the acoustic compression is followed
by an upward ground motion associated with the atmospheric
rarefaction.

The rounding of theN wave is characteristic of a shock wave
which has decayed in the turbulent atmosphere (in particular
the planetary boundary layer) to become a linear sound wave,
though retaining its characteristic N-wave shape in a more
rounded form (Pierce and Maglieri, 1972; Ben-Menahem
and Singh, 1981; Plotkin, 2002). The arrival time is commen-
surate with the expected capsule overflight a few minutes pre-
viously (around 14:42 UTC). The overall duration of the N-
wave phase within the wavetrain is around 0.15 s, depending
on which station is examined and how the end of the rarefac-
tion period is chosen (we use the first zero-crossing after the
rarefaction).

Differences are observed in the structure of the rounded N
wave (Fig. 2), even between stations that are separated by only
100 m. Frequencies up to 500 Hz are recorded at some stations
(e.g., 2 and 10), while others (e.g., 1 and 3) are limited to the
highest frequencies around 400 Hz. The rarefaction has a nar-
rower frequency content than the compression and is accord-
ingly broader.
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The most significant origins of these differences are likely
propagation effects associated with inhomogeneity and turbu-
lence in the atmosphere (Pierce and Maglieri, 1972) and local
variations in sediment properties (causing different coupling
behavior, McDonald and Goforth, 1969). The spatially varying
nature of the seismic source itself (i.e., the fact that the capsule
is descending and decelerating over time) may also have had a
small effect.

We now consider a more detailed analysis of the signal
recorded at a single station, as shown in Figure 3. These data
are for station 1, as it is located at the array center, but similar
features are recorded across the array.

As per Figure 3a, the N wave is most clearly detectable on
the vertical component, as is expected for a wavefront traveling
almost vertically downward (McDonald and Goforth, 1969). A

peak ground velocity of 2:6 × 106 m=s is noted, which is
slightly higher than that noted by Fernando et al. (2024) of
2:0 × 106 at a site 50 km away.

Figure 1. (a) The OSIRIS-REx (ORX) entry, descent, and landing
(EDL) trajectory (side view), from the point of atmospheric
interface to landing. (b) Geographical context (top-down view) of
the trajectory. We refer to directions toward landing as
“downrange” and those toward the atmospheric interface as
“uprange.” The inset panel shows the seismometer array
deployment. Note that the long arm of the array is parallel to the
expected trajectory (i.e., runs uprange/downrange). The cross
arm is perpendicular to the trajectory (i.e., cross-range). The
lateral distance between the center line of the array and the
trajectory footprint on the ground is ∼2300 m. The color version
of this figure is available only in the electronic edition.

Volume XX • Number XX • XXXX XXXX • www.srl-online.org Seismological Research Letters 3

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220240339/7113301/srl-2024339.1.pdf
by Los Alamos National Lab Research Library user
on 12 February 2025



Figure 3b shows a vertical-component spectrogram. Weak
background noise with energy predominantly at frequencies
up to 30 Hz is apparent before the rounded N-wave arrival.
The amplitude variations across the array (higher noise levels
closer to the road), the moveout of the energy, and the iden-
tification of similar signatures in the seismic record at a later
time (15:25–15:27 UTC) collectively indicate a vehicular origin
for this particular noise source. This is discussed further in the
Traffic Data section.

Finally, Figure 3c shows the ground particle motion asso-
ciated with the initialN wave (orange) and the rest of the wave-
train (blue). The overwhelmingly vertical motion associated

with the N wave is clear. A potential elliptical polarization
can be seen in the rest of the wavetrain, suggesting the presence
of Rayleigh waves here.

Figure 2. The array records seismic data. Traces are vertical ground
velocity in the 1–100 Hz range and are arranged in (a) by down-
range distance from the westernmost station in the array and in
(b) by cross-range distance from the northernmost station. Station
numbers are indicated in red on the left side. The weak signal at
station 4 is thought to be due to issues with the instrument, which
displayed higher noise levels throughout the deployment. The color
version of this figure is available only in the electronic edition.
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Figure 3. Data from the central station of the array (station 1), band
passed between 1 and 100 Hz. The Nwave is only clearly apparent
on the vertical component. (a) Three-component data shows the
dominance of the signal on the vertical component. (b) Velocity
spectrogram for the vertical component. A small inset is shown for
station 2 (one station uprange from station 1), to illustrate the

variation in peak frequency recorded between stations. At station
2, a resonance around 200 Hz is also observed, which could
correspond to excitation in a thin playa layer around 1–2 m thick.
(c) Particle motion, with the Nwave shown in orange (14:46:04.4–
14:46:04.8 UTC) and the remainder of the wavetrain in blue. The
color version of this figure is available only in the electronic edition.
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Slowness and origin azimuth. In considering the passage
of the sonic boom over the array, it is important to consider that
the capsule does not act as a point source. Rather, while traveling
at supersonic speeds it is more appropriately described as a line
source producing a conical shock front (Carlson and Maglieri,
1972). The opening angle of the cone, μ, is given by

μ � arcsin
1
M

, �1�

in whichM is the Mach number, in this case 30—corresponding
to an opening angle of 1.9°. This narrow Mach cone means that
the seismic source may effectively be considered to be a cylinder
(Karakostas et al., 2018). The acoustic rays themselves are emit-
ted at the complement of the Mach angle (Cates and Sturtevant,
2002), which in this case is 88.1°, that is, nearly normal to the
shock front.

The intersection of the Mach cone with the ground produ-
ces a hyperbola along which a sonic boom is audible, and the
passage of the hyperbola over the surface sweeps out a sonic
boom “carpet.” As per equation (1), the hyperbolic footprint
also becomes narrower with increasing Mach number.

In Figure 4, we first show the results of a beam pack aimed
at determining the 2D slowness of the overpressure wavefront,
followed by vespagrams showing beams in slowness sx and sy
space. These are constructed under the assumption that the
wave propagates across the array as a plane wave at a consistent
velocity. We do not find it necessary to compensate for the
small variation in topographic elevation across the array as this
is <4 m across an array aperture of ∼600 m and hence the
impact of elevation variation is small.

The beam pack shows the maximum arrival amplitude with
a 0.025 s window around the overall maximum amplitude
stack, as a function of slowness in the east (sx) and north

(sy) directions. As Figure 4a,c shows, there is a clear peak in
amplitude associated with wavefront arrival at a slowness of
�sx,sy� � �−0:209, − 0:063�. The actual signal is convolved with
an array response function leading to amplitude artifacts
associated with the orientation of the arms of the array in
the uprange and cross-range directions, these are visible as
bright lines in the beam pack. The fact that the array response
function passes slightly northwest of [0,0] in slowness space
indicates the array was slightly to the south of the actual re-
entry trajectory (consistent with prelanding predictions, and
indicating that the spacecraft was either on or ever so slightly
south of its nominal re-entry line).

The 2D slowness of the wavefront arrival indicates that
the point of apparent wavefront emission is at an azimuth
of 253° (roughly west-southwest), and an apparent slowness
of 0.214 s/km. The derived azimuth is very close to the
prelanding nominal prediction of 249°. The beam pack is
extremely well resolved, given the frequency of the overpres-
sure wave and array aperture. The vespagrams in Figure 4b,d
show evidence for either a slight variation in slowness across

Figure 4. Array analysis of the ORX re-entry signal. (a,c) The results
of a beam pack through slowness in x and y, taking the maximum
amplitude with ±50 samples (0.025 s) of the absolute maximum
amplitude for the shockwave arrival (at 14:46:04.621 and a
slowness of [−0.209, −0.063]). (b,d) Vespagrams in y and x
slowness space, respectively. In each vespagram, the other
slowness is fixed at the value giving the absolute maximum
amplitude for the shock wave arrival. All plots are normalized to
the peak value. (e–g) The optimal-slowness beam for vertical,
downrange, and cross-range components, respectively, in the
pass band 1–100 Hz. All beams are normalized to the peak value
of the vertical component beam. The color version of this figure is
available only in the electronic edition.
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the array, or equivalently, the detection of wavefront curvature.
In this case, where source-array distance is likely to be only
around two orders of magnitude higher than the array aper-
ture, slight wavefront curvature is more likely than the impact
of a consistent atmospheric gradient on the length scale of the
array aperture. The former would also be expected given that
the sonic boom footprint on the ground is a hyperbola.

Source location analysis. Given the azimuth and slowness
resolution of the array, we are also able to estimate origin loca-
tion of the shock wave. Without a full atmospheric model and
inversion of the data, which are beyond the scope of this article,
this involves making a number of assumptions.

First, we assume that the sonic boom can be represented as
a plane wave propagating through the atmosphere, which, as
we justify above, is an approximation, which is reasonable in
the far field. Second, we assume that the shock wave has
decayed sufficiently such that it propagates at the speed of
sound v0, which we calculate to be 332 m/s (see the Weather
data section for more details on this calculation).

Geometrically, we consider the apparent slowness
(sapp � 1

vapp
) of the wavefront across the array (e.g., Rost and

Thomas, 2002) as

sapp �
sin θ
v0

: �2�

In the downrange direction, the apparent velocity vapp of the

wavefront across the array is 4581 m/s. Note that this is an
apparent, rather than physical, velocity and yields an estimated
angle of emission which is 4.15° from the vertical. This is the
equivalent point-source angle of emission, and does not repro-
duce the actual, extended line source nature of the capsule as a
seismic source; but it does indicate that the signal was pro-
duced almost exactly overhead the array, as expected. When
combined with the derived bearing from the previous section
of 253°, this indicates an origin for the shock wave, which is
slightly to the southwest of the array and almost vertically
above it. Note that this result also suggests that the effects
of atmospheric refraction of the acoustic rays are minimal,
as each different layer of the vertically stratified atmosphere
is encountered at a near-normal angle to its interface.

Pre- and post-cursors. Similarly to Fernando et al. (2024),
no clear precursor phases are noted, and there are no coherent
sources detected by our array. This is as expected because pre-
cursors are normally restricted to settings where the supersonic
source is “slow” as compared to the compressional speed in the
ground, such that surface waves induced immediately beneath
the source can “overtake” a slower direct airwave due to the
higher wavespeeds in the ground (Cook and Goforth, 1970).
In this case, the capsule’s velocity is very much greater than
VP, thus explaining the absence of precursor phases

(McDonald and Goforth, 1969). Furthermore, the sound speed
in the ground is only slightly higher (less than factor 2) than
the sound speed in the air.

We do note that there is an increase in noise levels around
14:45:50 UTC, around twenty seconds before the ORX signal
(see the Traffic Data section for more details). We exclude this
as being a precursor, as it arrives too early as compared to the
airwave and has a moveout consistent with a vehicular origin,
specifically a lorry/truck that arrived at the nearby rest area and
idled until 14:47 UTC.

Conversely, a relatively rich set of seismic waves is apparent
immediately after the initial rounded N wave. These are visible
as an extended set of oscillations in Figure 2a,b. These have
similar slowness to the airwave arrival, and hence are poten-
tially associated with acoustic waves propagating in the atmos-
phere after the initial compression/rarefaction, or longer-
duration complex deformation associated with the wavefront’s
passage over the station. It is also likely that Rayleigh waves are
present in this wavetrain. Given that VS in playa is extremely
close to the sound-speed in air, the air-to-ground coupling
should be strong. However, this closeness of speeds also makes
phase separation challenging.

Comparison to known flight parameters. In theory, the
detailed seismic recordings made at this array could be inverted
for the capsule’s trajectory and flight parameters. However, this
is extremely challenging in practice, due to the lack of an exact
atmospheric state model or an as-flown trajectory.

Nonetheless, we note that a comparison of the boom
duration (τ) to theoretical predictions given by Kanamori
et al. (1992) is possible. Following the approach of Whitham
(1974) (though with slightly different notation, and correction
for a missing exponent noted by Kanamori et al., 1992), given a
capsule speed u at height h we expect τ to be approximately
given by

τ ≈
2

�������
2k2

p
k3h

1
4

u
, �3�

in which k2 is a constant dependent on the ratio of specific
heats within the atmosphere γ and the Mach number M:

k2 �
�γ� 1�M4

���
2

p �M2 − 1�34 , �4�

and k3 is a constant related to the capsule’s geometry,

k3 � δl
3
4, �5�

in which δ is the ratio of maximum effective capsule radius to
capsule length l.

For the ORX capsule with radius 0.4 m and length 0.5 m,
k3 � 0:48 (noting that in practice, the effective radius of the
capsule may be larger due to shockwave stand-off).
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Given the nominal prelanding predictions of h = 62,000 m
and u = 10,800 m/s, and assuming a canonical γ � 1:4 (as per
Kanamori et al., 1992, though it is likely lower at M = 30), we
derive k2 ≈ 8370. Using the “effective” (slant) height makes
little difference to this calculation given that the capsule is
almost directly overhead.

These results yield an estimate of τ � 0:18 s. This is in
remarkably close agreement with our measured value of 0.15 s
given the significant simplifications made in the calculation
of the constants above and the unknown capsule height and
atmospheric conditions at the time of overflight. Calculation
of a more accurate ratio of specific heats or applying a correction
for atmospheric structure and wind structure may enable an
even more accurate match.

Kanamori et al. (1992) also gives an approximate relation
for theoretical overpressure as a function of aspect ratio and
altitude:

ΔP
P

≈ k1k3h−
3
4, �6�

in which k1 is another constant given by

k1 �
2
1
4γ

�γ� 1�12 �M
2 − 1�18: �7�

We compute k1 � 2:5 and hence ΔP
P � 0:00030. Based on a

receiver altitude of 1920 m and an ambient air temperature
of +4.5°C, P = 79,600 Pa and hence ΔP ≈ 24 Pa. We are
not able to directly compare this to the actual overpressure
as the ground compliance at the array site was not measured.

However, we note that the theoretical overpressure is still
significantly larger than that recorded by Fernando et al.

(2024) of 0.7 Pa at the Fish Creek site ∼50 km away.
Computing the expected overpressure at Fish Creek while
accounting for the longer slant height at this laterally offset
station yields a predicted overpressure of 21 Pa, still around
30 times too large.

Therefore, we conclude that this formula for ΔP is not valid
in this regime. This may due to the capsule’s hypersonic speed
producing a substantially modified bow shock, or its extreme
altitude producing different interactions with the surrounding
airflow, as compared to tests conducted at lower altitudes and
lower Mach numbers.

Ancillary data
We will briefly discuss ancillary data which was collected
as part of this deployment by part of a team of volunteers,
working remotely with data provided online by the Nevada
Department of Transport (NVDOT). All these data, and sim-
ilar readings from nearby potentially of interest to other por-
tions of the ORX EDL instrumentation campaign, are available
in our online repository (see Data and Resources for link).

Weather data. The proximity of the array to U.S. Highway
50 (“The Loneliest Road in America”) had the advantage that
meteorological data could be sourced from a nearby NVDOT
weather station. This station (“US50 Bean Flats Rest Area”)
was only 275 m from the array centerpoint. The closest reading
to the capsule’s overflight and the arrival of the sonic boom was
made at 14:44:00 UTC, with measurements shown in Table 1.

While the lack of wind during this period represents only a
single measurement at the surface, it may be indicative of a
quiescent planetary boundary layer at the time in question.
This may have led to less turbulent dissipation of the wavefront
(one of the sources of rounding in the N wave).

Traffic data
We also made use of the traffic camera installed at the Bean
Flats Rest area to record traffic movements, with the aim of
being able to identify contamination in the ORX signal if
needed.

Data for around five minutes before and after the overflight
are given in Table 2. Because the traffic camera feeds are not
archived, multiple volunteers were asked to record vehicles
passing the array in real time, thereby eliminating some of ran-
dom the error associated with streaming lag (we find a system-
atic error of around 40 s delay in video data as compared to
when a vehicle becomes apparent in the seismic data). The data
provided is a synthesis of that from all volunteers, with the
lower, mean, and upper bounds on vehicle passage times given.
The streaming lag has not been corrected for in Table 2.

In two cases, the vehicle may have been towing a trailer,
but this could not be determined due to poor video resolution.
To corroborate readings between different volunteers who
recorded slightly different vehicle arrival times due to

TABLE 1
Meteorological Data Recorded by the Nevada
Department of Transport Weather Station at U.S. 50
Bean Flats Rest Area at 14:46:00 UTC

Variable Value

Air temperature +4.5°C

Surface temperature +8.2°C

Dewpoint −3.3°C

Relative humidity 56%

Wind direction 302°

Wind speed 0.0 m/s

Gust direction 291°

Gust speed 0.22 m/s

Precipitation None

Data are shared as provided; surface temperature has been averaged over two
sensors.
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streaming lag, car color was also recorded; but this is not noted
in Table 2 as it is not relevant to seismic observations.

As per Table 2, no moving vehicles were noted at 14:46
UTC, when the ORX signal was detected. A truck which passed
the camera at 14:47 UTC was identified in the seismic dataset
as being a source of noise beginning at 14:45:50 UTC, and
extending out to 14:49 UTC. Given this long duration, and
its slow speed observed in the video data, we suspect it was
idling in the layby prior to driving away.

Summary
Seismic signatures associated with the EDL of the OSIRIS-REx
spacecraft were recorded by an 11-instrument seismic array
located almost immediately under the point of peak heating
over northern Nevada.

A classic rounded N wave, characteristic of a decayed sonic
boom, is observed propagating across the array. The entire N
wave (compression and rarefaction) lasts ∼0.15 s, with the com-
pressional wave extending to higher frequencies (up to at least
∼450 Hz at some stations) than the rarefaction (∼40 Hz). The
measured duration of theN wave is in very good agreement with
theoretical predictions.

The wavefront’s moveout across the array is predominantly
in the downrange direction (at an azimuth of 253°, close to the
prelanding prediction of 249°. The wave is also propagating
almost vertically downward (around 4° from the vertical).
Following theN wave, a set of seismic postcursors are recorded,
likely some combination of air-coupled seismic waves, addi-
tional (slower) airwaves, and long-period ground deformation
induced by the initial wavefront.

Data from this array are able to exclude the spacecraft
being well south of its nominal trajectory. Analysis of
the apparent slowness of the N wave across the array also
indicates an equivalent point-source origin which is almost
exactly overhead in both the uprange–downrange and
crossrange planes.

Further work would likely enable a more thorough inver-
sion of the capsule’s trajectory, accounting for the extended

nature of the source and the effects of refraction arising from
atmospheric stratification. This would enable this dataset to be
used as a more reliable test case for trajectory determinations of
natural meteoroids using their seismic signatures.

Data and Resources
Deployment locations and ancillary data (weather and traffic data) are
available via this Zenodo repository: doi: 10.5281/zenodo.12210877.
Seismic data are available from the FDSN under network code 2X
(Fernando et al., 2023) at doi: 10.7914/8ZEK-PE59.
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