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ABSTRACT
The field of Earth and planetary sciences seeks to clarify the physical processes and
properties of Solar System bodies and their surrounding space environments. Robotic space
missions launched from Earth have been pivotal for advancing this knowledge. On Earth,
planetary analog studies can also address the feasibility of Solar System investigations with
significantly less complexity and cost. Here, I explore data acquired from spacecraft and
planetary analog studies that examine wave phenomena from seismic and light sources.
Specifically, I use these data to establish the properties of hydrated planetary bodies.
The first part of this dissertation demonstrates how seismic events from Earth’s
cryosphere provide an analog for the signals anticipated from a future mission to an icy moon
(Appendices A-B). In particular, I examine data from terrestrial analogs of Jupiter’s satellite
Europa, which bears a frozen crust, subsurface ocean, and represents a potentially habitable
environment in the outer Solar System. I process high-frequency and broadband seismograms
from the Greenland ice sheet to explore techniques that will maximize the scientific yield of a
Europa Lander seismometer, an instrument concept currently under study by the National
Aeronautics and Space Administration (NASA). In the last section (Appendix C), I investigate
color images of asteroid Bennu acquired by NASA’s Origins, Spectral Interpretation, Resource
Identification, Security, Regolith Explorer (OSIRIS-REx). Bennu is a hydrated and carbonbearing primitive asteroid and may be similar to the objects that delivered water to the early
Earth.
In each of these studies, I apply a standard toolbox of digital signal processing methods,
which have broad utility when analyzing data returned by different instruments designed to sense
distinct geophysical processes.
9

INTRODUCTION
Over the past sixty years, humankind has launched >200 robotic missions beyond Earth’s
orbit to explore the Solar System and study its formation, evolution, and habitability. These
scientific investigations rely on high-precision instruments that sense and respond to the energy
absorbed, emitted, transmitted, or reflected by planetary bodies. The signals measured by these
instruments are digitized and sent back to Earth for further study. The terrestrial landscape is a
proving ground for developing state-of-the-art geophysical and remote-sensing techniques,
which may have utility elsewhere in the Solar System. Accordingly, using Earth as an analog for
other planetary bodies is a longstanding technique—especially in extreme environments that
provide high fidelity ‘stand-ins’ for the conditions on other worlds. Here, I present three studies
that use spacecraft and terrestrial analog data to explore questions in geophysics and planetary
science.
In the first part of this dissertation (Appendices A-B), I use seismic data acquired from
Earth’s cryosphere to assess the operational and scientific challenges that will face the Europa
Lander Geophysical Sounding System (GSS), a broadband seismometer on the proposed Europa
Lander Mission concept (Hand et al., 2017; Kovach and Chyba, 2001). Upcoming space
missions like Europa Lander and Dragonfly going to Titan (Turtle et al., 2019) will deploy
seismometers mounted on spacecraft rather than coupling these instruments directly to the
ground (as is done in terrestrial seismology). In the first study (Appendix A), I examine the
challenges of performing lander-mounted seismology using high-frequency data from a seismic
instrument deployed on a mock spacecraft. This data was collected during an analog Europalander experiment at a subglacial lake in Northwest Greenland (Palmer et al., 2013; Marusiak et
al., 2021).
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In the second study (Appendix B), I investigate the ability of single-station seismic
techniques to constrain the physical structure of ice sheets. Although this study examines the
properties of the Greenland ice sheet, it also demonstrates the utility of single-station techniques
for a seismic experiment on an icy satellite. To conduct the second study, I take advantage of 20
years of publicly available broadband data from the Greenland Ice Sheet Monitoring Network
(GLISN; Dahl-Jensen et al., 2010).
In the final appendix (Appendix C), I shift emphasis and examine multispectral images of
(101955) Bennu to understand the processes at work on the surface of a primitive near-Earth
asteroid. Appendix C is based on spacecraft data acquired in 2019 from the OSIRIS-REx
asteroid sample return mission (Lauretta et al., 2017).
The following chapters of this dissertation provide a comprehensive overview of the
appended studies. First, I place these investigations into a unified academic context to highlight
how this body of work moves the field of Earth and planetary science forward. Next, I
summarize the significant findings in each study, which have important implications across
different subdisciplines (planetary geophysics, glaciology, and surface processes). Finally, I
outline the common digital signal processing methods applied throughout this work.

11

ACADEMIC CONTEXT
The three ingredients needed for life as we know it are liquid water, essential chemicals,
and a source of energy (Siegel et al., 1979; Marion et al., 2003; McKay and Smith, 2005; Hsu et
al., 2015). Ocean worlds—including Earth—possess these ingredients and can potentially
develop life and sustain biological activity over geological timescales. As a result, Ocean Worlds
are priority targets for future spacecraft missions designed to study planetary habitability
(Sherwood et al., 2018).
During the Solar System's formation, the inner region of the protoplanetary disk nearest
to the Sun experienced the highest temperatures, precluding the condensation of water and other
volatiles (Lewis, 1974). At colder temperatures further from the Sun, water condensed in the disk
and formed icy planetesimals. The heliocentric distance where water began to condense is known
as the snow line and falls within the present-day main asteroid belt, between 2.7 –3.1
astronomical units (AU) from the Sun (Gradie and Tedesco, 1982; Martin and Livio, 2013)
(Figure 1). Consequently, Earth did not form with its oceans, and the water that supplied them
was likely delivered from objects coalesced in the outer Solar System (Pepin, 1991). The
corollary is that many putative Ocean Worlds remain beyond the snow line (Figure 1). These
include some Jovian and Saturnian satellites whose tidally locked orbits generate enough heat to
form liquid water in their subsurface.
In particular, the icy outer Solar System moons of Europa, Titan, and Enceladus are
thought to have global subsurface oceans in contact with mineral-rich silicate interiors. The
possibility of life forming in these subsurface oceans relies in part on the transfer of oxidants
from the ice surface to the sheltered ocean below. Constraining the mechanisms and location of
material exchange between the ice surface, the ice shell, and the subsurface ocean, however, is
12

not possible without knowledge of ice thickness, liquid water depths, and the presence of
intermediate bodies of water. Thus, recently proposed landed missions to outer Solar System
Ocean Worlds, such as the Europa Lander and the Dragonfly mission to Titan, have included
seismic payloads (Hand et al., 2017; Turtle et al., 2019). Seismometers are uniquely suited to
determine the thickness of a frozen crust, subsurface ocean, and any intermediate bodies of
water.
In terrestrial seismology on Earth, the Apollo seismic experiments (Nakamura et al.,
1982) and the InSight Mars SEIS (Seismic Experiment for Interior Structure) investigation
(Panning et al., 2015), seismic sensors are coupled directly to the ground—usually through burial
but occasionally through a surface deployment. However, when investigating the planetary
interiors of the outer Solar System, the technological challenges of surface operations multiply.
This is especially true for the Jovian system, where radiation conditions limit the operational
lifetimes of any exposed spacecraft electronics to a matter of hours (Paranicas et al., 2007).
Although early proposals for outer Solar System landers envisioned seismometers mounted to
spacecraft feet, more recent mission concepts have suggested that all instrumentation will need to
be housed within a radiation-shielded and thermally insulated ‘vault’ inside the spacecraft body
(e.g., Hand et al., 2017; Turtle et al., 2019). This type of deployment may interfere with the
ability of seismometers to recover ground motion accurately.
Additionally, modern terrestrial studies often use large networks of seismic stations to
accurately locate events and image interior planetary structure (e.g., Portner et al., 2020).
However, missions sent to the outer Solar System are infrequent and strictly resource-limited
(e.g., low mass, power, and downlink capabilities); it is unrealistic to assume that more than a
single seismic station will be deployed via spacecraft on an icy satellite. Thus single-station
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seismic analysis techniques will be the primary analysis tool for establishing planetary structure
in the outer Solar System. To evaluate scientific return in light of these constraints, we must
assess the limitations of conducting seismology with remote spacecraft on an icy moon. The first
part of this dissertation addresses these challenges using the Greenland ice sheet as an analog for
Europa.
Terrestrial analogs can provide many insights despite the apparent differences between
Earth and the outer Solar System Ocean Worlds. A remote field site has the advantage of
limiting cultural noise that may impact laboratory-based studies of seismicity. Additionally,
regions of Earth’s cryosphere, like Greenland and Antarctica, contain ice sheets a few kilometers
thick (as compared with a few to tens of kilometers on icy satellites). Ice sheets can also host ice
shelves and subglacial lakes where coexisting ice, water, and silicate rock provide seismic
impedance contrasts analogous to an icy satellite. In this work, we use several field sites in the
Greenland ice sheet (Figure 2).
Appendix A presents results from a spacecraft seismology experiment at an Ocean
Worlds analog site in northwest Greenland. We focus on the efficacy of seismometers mounted
on a spacecraft to recover ground motion. Our results indicate that seismometers deployed on a
well-designed lander can recover ground motion over some frequency bands important for
seismology. Signal recovery depends on the seismometer’s location and mounting, as well as the
mechanical response of the spacecraft.
Appendix B examines broadband data from four seismic stations located on the
Greenland ice sheet. At each, we study the ice sheet’s structure with P-wave receiver functions
using passive teleseismic events. The P-wave receiver function (RF) technique is an established
tool for characterizing the response of a planet’s structure beneath a single three-axis seismic
14

station (receiver). RFs can estimate ice sheet thickness, bulk compressional velocity, bulk shear
velocity, near-surface shear velocity, and subglacial shear velocity and density. These quantities
are necessary for constraining the Greenland ice sheet’s physical state and underlying material;
we find they may also help track its evolution in response to global climate. More broadly, this
study also demonstrates the ability of single-station techniques to constrain the structure of
planetary-scale ice layers analogous to the crust of an icy moon.
Combined, Appendices A-B signify that the Europa Lander GSS will conduct a robust
characterization of Europa’s structure from a single lander-mounted seismometer—and the data
returned by the GSS could transform our understanding of Europa as a habitable world. This is
because the transfer of surface material to the subsurface ocean depends upon the depth of the ice
shell (Chyba, 2000). For example, a thick, stagnant crust would likely halt the development of
indigenous ocean life (Gaidos et al., 1999; McKinnon, 1999). Additionally, knowledge of the
interface between ice and water layers might reveal a ‘slush’ layer, suggesting the presence of
diapirs (O’Brien et al., 2002; Goodman et al., 2004) that indicate hydrothermal vents on the
ocean floor (Collins et al., 2000; Thomson and Delaney, 2001).
The final appendix explores images of Bennu, the remnant of an Ocean World that
existed in the early Solar System. Bennu is a rubble-pile asteroid (DellaGiustina and Emery et
al., 2019; Barnouin et al., 2019), accumulated from fragments of a larger parent body that was
shattered by a catastrophic impact in the asteroid belt ~1 Ga ago (Bottke et al., 2015). Bennu’s
composition is dominated by hydrated clay-bearing minerals and magnetite (Hamilton et al.,
2019), indicating that water was present on and altered the composition of its parent body.
Organic compounds and carbonates have also been discovered across the asteroid’s surface,
supporting the hypothesis that Bennu’s parent was carbon-rich and that large-scale fluid flow
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took place in its subsurface (Simon et al., 2021; Kaplan et al., 2021). These findings suggest that
Bennu may be representative of the primitive bodies that delivered water and organic molecules
to the early Earth (Saal et al., 2013).
Appendix C evaluates relationships between the geomorphology and optical colors on
Bennu using MapCam multispectral images (0.44 to 0.89 microns) from OSIRIS-REx (Rizk et
al., 2018). The color and reflectance of asteroids can be used to infer their compositions and
geologic histories. Variations in these spectrophotometric properties are driven by differences in
lithology and/or exposure to processes collectively known as space weathering (bombardment by
meteoroids and solar wind ions). On anhydrous bodies, such as the Moon and S-type asteroids,
space weathering darkens and reddens spectral slopes (where “redder” indicates a more positive
spectral slope) in the visible wavelengths (Brunetto et al., 2015). However, on primitive
asteroids, the spectral changes that result from space weathering are not well understood.
The color and brightness of boulders indicate that Bennu may have inherited distinct
lithologies formed at different depths on its larger progenitor asteroid, as well as debris from
impactors. The color variations within boulders and among craters suggest that space weathering
leads to brightening and spectral bluing on Bennu (the opposite of what is observed on
anhydrous objects). The corollary is that the underlying cause of the brightening and bluing
appears related to Bennu’s primitive composition. In tandem with other recent work (e.g.,
Tatsumi et al., 2021), this finding indicates that blue asteroids are hydrated and provides an
additional spectral indicator to trace water distribution in the main asteroid belt.
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SUMMARY OF WORK
This section presents a summary of significant findings from the individual studies
appended to the dissertation. I also highlight the standard signal processing techniques applied
across these studies.
Significant Findings
In Appendix A, the viability of the spacecraft-mounted Europa Lander GSS is evaluated
using data from a field campaign in Greenland. We examined the efficacy of seismometers
mounted on different areas of a mock spacecraft to recover ground motion by comparing sensors
deployed on different areas of the lander to a ground reference sensor buried directly below the
mock spacecraft. Our results indicate that seismometers mounted on the lander’s feet or deck
can recover ground motion between approximately 0.01 and 100 Hz. We conclude that
seismometers deployed on a suitable lander can recover ground motion over frequency bands
important for seismology so long as the mechanical response of the spacecraft can be corrected.
Better coherence with the ground reference sensor was achieved by the sensors mounted on the
lander feet relative to those on the deck, but the deck sensors demonstrated coherence values
close to unity and their signals were correctable. The lander design and sensor placement details
are crucial for preserving the amplitude, frequency, and polarization of a seismic waveform. Our
findings suggest that a cooperative engineering effort between the spacecraft structural design
and the seismic experiment is required to enhance the science return of a lander-mounted seismic
station. This effort will be necessary to characterize a spacecraft’s response and inform where the
lander structure is optimal for seismic sensor deployment.
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While Appendix A addresses the technical feasibility of the Europa Lander seismometer,
Appendix B focuses on the scientific return that this type of investigation can achieve. Here, we
use the single-station RF technique to examine the structure and subglacial properties of the
Greenland Ice Sheet as an analog to Europa. Though the impetus of this work is to demonstrate
the ability of a single station to establish the structure of an icy crust, the results make
meaningful contributions to our glaciological understanding of Greenland.
Perhaps the most exciting observation in Appendix B is that passive broadband
seismology appears to track the evolution of the Greenland Ice Sheet in response to climate
change. We focused on the ability of receiver function amplitudes to estimate the near-surface
shear velocity and subglacial shear velocity and density. These quantities help constrain the
underlying material and physical state of the ice sheet. In particular, subglacial structure controls
basal water hydrology, while the near-surface both governs and responds to changes in surface
meltwater. The subglacial shear-wave velocity and densities that we observe are consistent with
hard bedrock at one station, with the possibility of some basal sediment or debris at the others.
This indicates that thick sediment layers are not ubiquitous beneath the Greenland Ice Sheet, as
some authors have previously assumed (e.g., Aschwanden et al., 2016). We also observe spatial
and temporal increases in the near-surface shear velocity, revealing a transformation in the firn
layer. This finding supports recent evidence that the firn layer of the Greenland Ice Sheet is
densifying at high elevation, and its ability to retain meltwater runoff is diminishing.
Collectively, our work indicates that long-term broadband seismic measurements can
help track and characterize the evolution of the Greenland Ice Sheet. It also demonstrates the
ability of RFs to establish the structure of surface ice as well as the density and shear velocity of
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the layer immediately below the ice. On Europa, a similar approach may allow us to infer the
density of the subsurface ocean, thereby constraining its temperature and salinity.
In Appendix C, we examine asteroid Bennu, a rubble-pile accumulated from the debris of
an ancient Ocean World (Bottke et al., 2015; Kaplan et al., 2020). We present multispectral
images of Bennu in four narrow wavelength bands (Rizk et al., 2018): b′ (0.44–0.50 μm), v
(0.52–0.58 μm), w (0.67–0.73 μm), and x (0.82–0.89 μm).
We find that Bennu’s surface has variable colors overlain on a moderately blue global
terrain. There are two primary boulder types distinguishable by their reflectance and texture,
which we categorize as “dark” and “bright.” Dark boulders often display morphologies
suggestive of impact breccias, implying a near-surface origin on Bennu’s parent body. Bright
boulders are sometimes observed to host carbonate veins, suggesting that they have an interior
origin. These different boulders indicate that Bennu’s composition samples different depths of its
parent body. Likewise, the color of craters on Bennu indicates that space weathering of its
surface materials does not simply progress from red to blue (or vice versa). Instead, freshly
exposed, redder surfaces initially brighten in the near-ultraviolet (become bluer at shorter
wavelengths), then brighten in the visible to near-infrared, leading to Bennu’s moderately blue
average color. The size-frequency distribution of craters indicates that the timescale of these
color changes is ~105 years. This is the first time this style of space weather has been observed
on an asteroid, and it appears linked to Bennu’s hydrated composition. Thus we attribute the
reflectance and color variation on Bennu to a combination of primordial heterogeneity and
varying exposure ages.
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Summary of Methods
While each study has a different scientific focus, we applied a common set of digital
signal processing techniques across all three. The studies in Appendices A-B deal with 1D time
series data. Appendix A requires transforming between the time and frequency domains using
fast Fourier transforms to: 1) filter data across different bands; 2) establish the coherence
between lander and ground sensors as a function of frequency; and 3) perform deconvolution to
establish a transfer function that corrects seismic data for the response of a spacecraft.
Specifically, in this last step, we use Tikhonov regularization (Petrov et al., 2002), a frequencydomain spectral division technique, to deconvolve the ground reference from a lander-mounted
seismometer to develop a transfer function.
Similar techniques were applied in Appendix B, except here we use a time-domain
method to deconvolve the vertical from the radial components of a seismogram to isolate the
receiver response (Ligorría and Ammon, 1999). This technique produces smoother RFs than
deconvolution methods that involve spectral division. The data presented in Appendix B also
required more digital filtering. We bandpass filtered the three-component seismic traces from
0.1-5 Hz to bound the frequencies of interest for constraining the thickness of the Greenland ice
sheet. After the RFs were computed, we also applied a Gaussian filter (i.e., convolved with a
Gaussian) to remove spurious noise; we chose a Gaussian width of 7.5, corresponding to a cutoff
frequency of ~3.6 Hz. The results are low-noise RFs that make clear the timing and amplitude of
seismic phase arrivals, which allow us to estimate the structure of the Greenland ice sheet.
In Appendix C the methodology shifts from seismology to image processing. Here we
use digitally processed images to establish the color variation on asteroid Bennu. These data are
spatially discretized in 2D, as opposed to the 1D time series in Appendices A-B. Individual color
20

images in four wavelength bands were used to compute band-ratio images. Filtering techniques
were applied to the band-ratio images to minimize acute spatial noise introduced by small-scale
shadows from Bennu’s extremely rough surface. First, we thresholded images to remove
shadows that contain no meaningful spectrophotometric information. Next, we normalized
images against Bennu’s median global values to emphasize variation from the average. We then
applied a 7×7 pixel median filter to reduce severe speckle noise that arises from subpixel
misalignment between the bands over rapidly changing terrain. For some band-ratio
combinations, we also convolved the final result with a Gaussian to reveal lower-frequency
spatial trends across Bennu’s surface.
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FIGURES

Figure 1: The position of the snow line in the present-day Solar System. The planetary bodies
discussed in this dissertation are shown in context with their nearby major planets. Ocean Worlds
and other hydrated objects exist on either side of the snow line, which falls in the main asteroid
belt. Note: Planet sizes are not shown to scale, and the heliocentric position of the icy satellites
has been exaggerated for visibility.
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Figure 2: Map of Greenland showing the seismic station sites (triangles) used in Appendices AB. The Seismometer to Investigate Ice and Ocean Structure (SIIOS) site (blue) shows the
location of the subglacial lake used an a Europan Analog in Appendix A. DY2K, ICESG,
NEEM, and SUMG (black) show the locations the four GLISN stations used in Appendix B.
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Abstract
Recently proposed landed spacecraft missions to outer solar system ocean worlds include
seismic instrument payloads. Seismometers are uniquely suited to determine the depth to a
subsurface ocean and any intermediate bodies of water. Here we present results from a spacecraft
seismology experiment at an ocean worlds analog site in northwest Greenland. In particular, we
focus on the efficacy of seismometers mounted on a spacecraft to recover ground motion. Our
results indicate that seismometers deployed on a suitably designed lander can recover ground
motion between approximately 0.01 and ~100 Hz. The accuracy of the recovery depends on the
placement of the seismometer and the ability to correct for the mechanical response of the
spacecraft.
Introduction
The icy outer Solar System moons Europa, Titan, and Enceladus are thought to have
global subsurface oceans in contact with mineral-rich silicate interiors, likely providing the three
ingredients needed for life as we know it: liquid water, essential chemicals, and a source of
energy (Siegel et al., 1979; Marion et al., 2003; McKay and Smith, 2005; Hsu et al., 2015). The
possibility of life forming in these subsurface oceans relies in part on transfer of oxidants from
the ice surface to the sheltered ocean below. Constraining the mechanisms and location of
material exchange between the ice surface, the ice shell, and the subsurface ocean, however, is
not possible without knowledge of ice thickness, liquid water depths, and the presence of
intermediate bodies of water. In future lander-based experiments, seismic measurements will be
a key geophysical tool for obtaining this critical knowledge.
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Consequently, recently proposed landed missions to outer Solar System ocean worlds,
such as the Europa Lander and the Dragonfly mission to Titan, have included seismic payloads
(Hand et al., 2017; Turtle et al., 2019). Seismometers are uniquely suited to determine the depth
to a subsurface ocean and any intermediate bodies of water. In terrestrial seismology, the Apollo
seismic experiments (Nakamura et al., 1982), and the InSight Mars SEIS (Seismic Experiment
for Interior Structure) investigation (Panning et al., 2015), seismic sensors are coupled directly to
the ground—usually through burial but occasionally through a surface deployment. However,
when investigating the planetary interiors of the cold outer Solar System, the technological
challenges of surface operations multiply. This is especially true for the Jovian system, in which
the radiation conditions limit operational lifetimes of any exposed spacecraft electronics to a
matter of hours (Paranicas et al, 2007).
Early proposals for outer Solar System landers envisioned seismometers mounted to
spacecraft feet, but more recent mission concepts have suggested that all instrumentation will
need to be housed within a radiation-shielded and thermally insulated ‘vault’ inside the
spacecraft body (e.g., Hand et al., 2017; Turtle et al., 2019). The Viking Mars missions hosted
seismometers on a lander spacecraft, which resulted in a high degree of environmental noise on
the instruments, mostly from wind exciting the spacecraft’s resonances, but also from the motion
of sampler arms and diurnal thermal effects (Lorenz et al., 2017). As a result, the Viking seismic
data have been primarily used for meteorological studies (Nakamura and Anderson, 1979;
Lorenz et al., 2017), and no undisputed seismic events were identified during this deployment.
The Viking experiments illustrate the risks associated with a lander-mounted seismometer.
However, ground-coupled seismometer deployment, as performed for InSight and routinely used
in terrestrial seismology, is less viable than a spacecraft-hosted instrument for an ocean worlds
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mission. Recent work (e.g., Marusiak et al., 2018; Panning and Kedar, 2019) has therefore turned
to assessing the consequences of a seismic instrument being indirectly coupled to the planetary
surface from which it needs to recover the ground motion.
A laboratory experiment of spacecraft seismology (Panning and Kedar 2019)
demonstrated that good (near 1) coherence could be achieved between seismic signals received
by ground- and deck–mounted seismometers, from 0.04 to 0.5 Hz, using an engineering model of
the Mars Science Laboratory (MSL)¬ spacecraft. This study suggests that investigation of
planetary interiors is possible without the need for instrument deployment outside of a lander
spacecraft vault or deck. However, their study deployed a seismic sensor on the deck of a large
(900 kg) rover that was gravitationally coupled to Earth’s surface through six wheels—a very
different scenario from what is envisioned for future ocean worlds missions with lighter-mass
spacecraft deployed in low-gravity environments.
As noted by Panning and Kedar (2019), the expected seismicity and frequency range of
interest varies for different planetary bodies. The investigations on ocean worlds warrant the
ability to record specific frequencies so that both a global ice-water boundary and any local,
shallow water inclusions in the ice crust can be located. Accordingly, the design of a spacecraft,
and the mounting of any seismic sensor to it, should be conducted to preserve the relevant
frequencies of interest. A lander-mounted seismometer can be coupled to the planetary surface
through three major interfaces that can reflect, amplify, or attenuate seismicity: 1) Surface to
lander feet. This interface creates an impedance mismatch that may reflect some seismic energy.
2) Lander feet to deck or vault. The lander legs, joints, and attachments combine with the
mounting of the deck to the lander to present a transmission path, which may attenuate or
amplify the signal as a function of incoming seismic wave frequency. 3) Deck to sensor mount.
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Flexure of the deck can amplify seismicity and noise, while improper coupling between the
instrument and deck attenuates signals.
Deploying sensors such that they preserve seismic signals at the frequencies of interest
and accurately represent ground motion will be critical for spacecraft-based seismology. To that
end, we conducted a planetary mission analog field experiment to study the effect of lander
design and seismometer placement on the accuracy of acquired seismic signals. We emplaced
seismometers in different configurations on a mock lander spacecraft to assess which strategy
performed best as compared to more traditional seismic deployments.
Field Site
Despite the differences between Earth and the outer Solar System ocean worlds,
terrestrial analog field sites exist. A remote field site has the advantage of limiting cultural noise
that may impact laboratory-based studies of seismicity. Regions of Earth’s cryosphere are
hundreds of meters to kilometers thick (compared to tens of kilometers on icy satellites). The
cryosphere also hosts many areas of coexisting ice, water, and silicate bedrock, thereby
providing comparable seismic impedance contrasts. Such impedance contrasts are expected to
give rise to distinctive seismic phases, such as Crary waves, which are capable of discriminating
the thickness of an ice layer (Kovach and Chyba, 2001).
Our lander field experiment was deployed at one such site—a subglacial lake below the
Greenland ice sheet—from 1 to 15 June 2018 (Fig. 1). The site was chosen because it offered the
opportunity to constrain the depth to the subglacial lake using active and passive seismic sources,
as well as ice-penetrating radar as an external check on the seismic measurements. The lake was
discovered in 2012 (Palmer et al., 2013) using an airborne radio echo sounder and has a lateral
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extent of about 2.5 km. It is situated at 78° latitude, –68.5° longitude, ~1350 m above sea level in
a 980 km2 drainage basin that is ~11 km from the nearest ice divide (Palmer et al., 2013). The
depth of the lake was reported as 809 ± 6 m in 2012; in situ ice-penetrating radar and active
seismic geophone-line measurements collected coincident our experiment yielded depths closer
to 830 m. At this depth, the corresponding Crary wave that is diagnostic of ice-thickness will
have a characteristic frequency of 2.5 Hz (Kovach and Chyba, 2001).
Data and Methods
Instrumentation
We installed spaceflight-candidate Silicon Audio (SiAudio) 3-axis optical seismometers,
which have a technology readiness level of 5 and are being developed for planetary mission
applications. SiAudio’s seismic accelerometers have lower self-noise and a substantially higher
clip level (where the sensor becomes overloaded) than other scientific-grade seismic sensors.
This allows a single sensor to capture high- and low-noise signals simultaneously across a wide
bandwidth of frequencies (0.005 to 400 Hz), without spurious resonances. This distinction is
important as prior planetary seismic experiments, including SEIS on InSight (Mimoun et al.,
2012) and the Apollo seismic surveys (Goins et al., 1981), needed to deploy multiple types of
sensors to record signals across a wide range of frequency bands. Owing to its high clip level, the
SiAudio sensor demonstrates a large dynamic range at 183 dB. Its ultra-low distortion (≤0.03%)
provides a large range of operation without compromising a linear response to signals. The
SiAudio sensor will be 360° tilt-insensitive in the low gravity field of an outer Solar System
ocean world and can be calibrated to work in any landed orientation—important given that the
remote robotic deployment of a seismic experiment on irregular terrain may not guarantee a
preferred sensor orientation.
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To take advantage of the wide bandwidth of the SiAudio sensors, we recorded continuous
data at 1000 samples per second on each axis, resulting in a Nyquist frequency of 500 Hz. All
data were acquired using Trimble REF TEK 130S-01 Broadband Seismic Recorders and stored
on a co-located central server system.
Experimental Setup
We designed a small mock spacecraft lander for our field experiment (Fig. 2). The weight
of the lander (~25 kg) under Earth’s gravitational acceleration (9.8 m/s2) generated a normal
force comparable to that produced by the proposed Europa Lander spacecraft (250 kg) in the
lower gravity field of an icy satellite such as Europa and Titan (~1.3 m/s2) or the Moon
(~1.6 m/s2) . This ensured that the gravitational coupling between the lander and the ground was
analogous to that of a landed spacecraft at one of our planetary targets of interest. Before our
field campaign, we also performed finite element analysis to identify the most critical
mechanical interfaces between our lander and the ground.
The lander experiment was deployed inside a buried enclosure (1 m depth) intended to
keep the experiment isothermal and minimize noise caused by wind and precipitation. A
reference seismometer, sensor A, was buried approximately 30 cm below the lander, providing a
ground-coupled baseline against which we could compare seismicity recorded by the on-lander
sensors (Fig. 2). Four flight-candidate SiAudio seismometers were mounted to the lander: two on
different lander feet (sensors B, E) and two on the deck, including one in the center (sensor C)
and one at a stiff corner joint (sensor D). Four nearby SiAudio sensors (including sensor F) were
arranged in a small aperture array (1.8-m spacing) surrounding the lander experiment. The
primary purpose of the seismic arrays was to quantify the benefit of deploying a small aperture
array over a single station; however, the array instruments also provided additional reference
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measurements. Four other SiAudio sensors (including sensor G) were more remotely deployed
~1 km away from the lander experiment in each cardinal direction in a more traditional seismic
array intended to help constrain the location of local seismic events. All sensors were oriented
with the horizontal components aligned in the true North and East cardinal directions.
Results
The four regional seismic events observed during our field study are described in Table 1
and shown in Figure 1a. For each of these events, we examined data from the buried reference
sensor and the four on-lander seismometers (two on the deck, two on the feet). For context and
comparison, we also examined data from a nearby seismometer that was buried ~1.3 m from the
reference sensor at approximately the same depth (sensor F), and from a remotely deployed
seismometer buried ~1 km from the reference sensor (sensor G).
Power Spectral Densities
To illustrate the frequency content of each regional seismic event, Figure 3 shows the
power spectral density (PSD) of the in-ground reference sensor for the events listed in Table 1.
The PSDs were calculated over a 17-minute window that began with the first arrival of each
event using a short-time fast Fourier transform. Although mitigation measures were taken to
reduce the effect of wind noise by enclosing the experiment, events 2 and 3 experienced a high
degree of wind-induced noise >20 Hz. The 17-minute time series of event 4 also captured an
impulsive, local event that resulted in additional coherent spectral power at higher frequencies in
the vertical direction.
PSDs were also calculated to show the impact of the lander structure as a function of
frequency. Figure 4 shows the PSDs for the on-lander sensors for event 1 as an example; similar
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effects are noticed in each event when not masked by wind noise. As above, the PSDs were
calculated over a 17-minute window that begins with the first arrival of each event. Sensors C
and D show the resonances of the lander deck, which contaminate signals recorded by the deckmounted sensors from ~40 to 100 Hz. The first resonant frequency peaks strongly around 70 Hz
and results in an increase of up to 40 dB in spectral power in the vertical direction relative to the
in-ground reference sensor. The resonance appears to vary slightly between the central and
corner-mounted sensors, with the corner deck showing a second resonance near 90 Hz, which
results in a 18 dB increase in spectral power. Smaller resonances also appear on lander feet,
resulting in a 10 dB increase, but are not as pronounced as those on the lander deck.
On-lander and in-ground reference differences
Using the four regional events, we compared the performance of the lander-mounted and
reference in-ground seismometers. First, we performed a visual inspection of each event from
0.01 to 5 Hz (e.g., Fig. 5a), a band below the resonance modes identified for the on-lander
sensors shown in the PSDs and where Crary waves might be present. Strong agreement between
the lander and reference signals allowed us to conclude that the lander structure did not affect
ground motion signals at the most important frequencies (Fig. 5a). We then examined higher
frequency bands to assess how the lander structure impacted those data (e.g., Fig. 5b-c). Event 1
shows that the most significant impact of the lander structure is on the amplitude of the
seismograms at higher frequencies (> 10 Hz, e.g., Fig 5c). At high frequencies the deck-mounted
sensors have noticeable amplitude distortion, whereas the foot-mounted sensors show little
deviation from the reference sensor in the 10 to100 Hz band. This aligns with the expectation
that seismometers deployed in contact with the surface will be better suited to accurately recover
ground motion. However, at low frequencies (< 10 Hz) the phase and polarization of all on-
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lander sensors also track closely with the in-ground reference, for each axis of both instrument
configurations (Fig. 6). This implies that, for lower frequency bands, a lander-mounted
seismometer may also sufficiently recover ground motion without additional calibration,
depending on how and where the sensors are mounted. For example, the on-deck signal from
sensor B has a median amplitude difference from the reference of approximately 1% on each
axis in the band from 0.01-10 Hz. Lander mounting is most likely to impact high-frequency
seismic analysis where amplitude values are a key input, such as event magnitude calculations or
S/P-wave amplitude ratios.
To increase the accuracy of data returned from a lander-mounted seismometer, we can
calibrate the difference between the signals received by instruments mounted on the lander
versus the in-ground reference sensor. Each seismometer, in combination with the properties of
the lander, has a specific response to ground motion that is frequency-dependent. The response
of the SiAudio seismometers is well characterized, and their responses (the frequency-dependent
conversion between ground motion and instrument output) are the same, though the sensors used
here did have different gains that were corrected for. As a result, we can isolate the transfer
function of the lander structure by comparing the performance of the SiAudio sensors on the
lander versus those in the ground. The lander transfer function can then be used to correct a
signal recoded by an on-lander sensor to what would have been received by the in-ground
reference sensor, enabling us to infer actual ground motion (assuming that ground motion is
captured by the reference).
A caveat is that a transfer function can only be derived as proposed if the seismicity
recorded by an on-lander sensor reliably predicts the seismicity experienced by the in-ground
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sensor. Thus, we first calculated the coherence, Cxy(f), as a function of frequency between the
lander-mounted and in-ground reference sensors:

Here Pxy(f) is the cross-spectral density between x and y, and Pxx(f) and Pyy(f) are the
respective autospectral densities. Coherence estimates the extent to which a signal x(t) may be
predicted from y(t), in a least-squares sense. For a single input x(t) and single output y(t), the
coherence equals 1, if the two signals are linearly related. Determining the frequencies of good
coherence between the in-ground reference and on-lander sensors shows where a reliable transfer
function of the lander structure may be obtained.
Figure 7 shows the coherence of each lander-mounted sensor (per component) with the
in-ground reference sensors for event 1; most sensors demonstrate good coherence at frequencies
< 10 Hz. The nearby seismometer (sensor F) and a remote seismometer (sensor G), both buried,
are also shown to provide a comparison with traditionally deployed instruments. The results for
each event are summarized in Table 2, which gives the maximum coherence and the root-meansquare (RMS) deviation of the measured coherence versus the ideal coherence of 1, from 0.01 to
100 Hz. In all cases, the lander-mounted seismometers (sensors C-E) performed comparably to
the nearby seismometer (sensor F), both in terms of the peak and RMS deviation of the
coherence with the reference sensor. They also show considerably better performance than the
remotely deployed (sensor G). The two seismometers that demonstrate the highest coherence
with the reference are those mounted to the lander feet; however, the seismometers mounted to
the lander deck demonstrate good coherence and perform nearly equivalently to the nearby
seismometer.
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The ability of the foot-mounted lander sensors to predict the output of the reference
sensor with more precision than sensors buried ~1 m and ~1 km away is likely the result of site
effects; the on-lander sensors were closest to the in-ground reference, despite being mechanically
decoupled from the surface. On the lander deck, the sensor mounted to the stiff corner joint
usually performed better, in terms of coherence, then the sensor located at the center of the deck,
likely owing to the greater susceptibility of the central sensor to the effects of drumhead
resonance modes, which result in maximum displacements at the center of the deck.
Response of Lander Structure
We assumed that the response of the lander spacecraft varies across the structure and that
each independent axis of each sensor has a unique transfer function. That is, a sensor mounted on
the lander foot relates differently to the reference sensor than one mounted on the central lander
deck; this is well demonstrated by the varying peak coherence and frequency of each sensor,
even for the same event (e.g., Table 2). To develop transfer functions per axis for each lander
sensor, we applied a deconvolution technique outlined in Panning and Kedar (2019). In principle,
if the coherence is near 1, a transfer function can be obtained by deconvolving the reference
signal y(t) from the signal recorded by the on-lander instrument x(t) in the time domain, which
amounts to division in the frequency domain:

Spectral division, however, is unstable for values of X(f) near zero. Hence, we used
Tikhonov regularization (Petrov, 2002) to solve for the transfer function, per axis of each landermounted sensor. Here λ is a regularization parameter, estimated from the mean-square values
from each time series.
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The frequency content, and thus the coherence between the reference and lander sensors,
varies with each event and results in transfer functions that are only suitable over a limited
frequency band. Fortunately, the four regional events detected during our 15-day deployment
collectively demonstrate good coherence from approximately 0.01 to 100 Hz. To maximize the
frequencies over which we can recover ground motion from the on-lander sensors, we combined
the results from the four regional events to construct composite transfer functions, which are
valid across a wider range of frequencies than any transfer function derived from a single event
(0.01 to 100 Hz). Composite transfer functions were created by ranking the event-specific
transfer functions according to their coherence at a given frequency. This scheme allowed us to
determine where the domain of a single-event transfer function provided the best correction for a
given frequency (Fig. 8).
Using this approach to correct for the mechanical response of the lander, we can recover
ground motion by multiplying the transfer function by the signal produced by the landermounted sensor in the frequency domain. Figure 9 shows the lander-corrected seismogram for
deck-mounted sensor C across the 10 to 100 Hz frequency band, as compared to the in-ground
reference sensor. The corrected on-deck signal has a median amplitude difference from the
reference of approximately 30% on each axis from 10–100 Hz, which amounts to a factor of six
improvement from the uncorrected trace.
Discussion and Conclusion
Our results indicate that seismometers mounted on the feet or the deck of our mock
landed spacecraft can recover ground motion between approximately 0.01 and 100 Hz (e.g., up
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to the first resonant frequency of the lander). Prior work shows similar findings for deckmounted seismometers but across a more narrow frequency band (0.04 to 0.5 Hz), owing to the
larger spacecraft structures examined in those studies. This indicates that small, lightweight
spacecraft structures with higher resonances are better suited for performing lander-based
seismology at higher frequencies.
In our study, a slight advantage in coherence was achieved by the sensors mounted on the
lander feet relative to those on the deck, but the latter sensors demonstrated coherence values
close to unity. The on-foot sensors also showed less amplitude distortion in filtered time-series
data (e.g., Figures 5-6) and thus did not require additional correction by a transfer function from
0.01 and 10 Hz. In terms of coherence, all lander-mounted sensors showed performance
comparable to a nearby buried sensor. We note that horizontal and vertical components
demonstrated differing coherence values across the lander; that is, high vertical coherence at a
particular location did not guarantee high horizontal coherence or vice versa. Based on this
result, we suggest that mounting each axis on different parts of the lander structure may better
recover ground motion than collocating the three axes in a single place on a spacecraft.
For on-deck sensors, we can recover amplitude corrections that more accurately capture
ground motion at high frequencies by first solving for the transfer function that describes the
seismic response of the spacecraft. We combined the four regional events and weighted them by
their coherence to develop composite transfer functions valid over a broader range of
frequencies. This enabled us to use separate seismic sources with differing frequency content to
create a transfer function.
Our work implies that the instrumentation and concept of operations needed to perform
seismology on a landed mission to an ocean world can be simplified by deploying seismometers
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on the lander spacecraft if the spacecraft's response is characterized across frequencies of
interest. This operational strategy eliminates the risk and complexity introduced by needing
additional mechanisms to deploy, directly couple, and re-level seismic instrumentation on a
planetary surface. This strategy will be more successful on airless bodies where wind-induced
noise is absent and thus cannot excite resonances of the lander structure. Likewise, seismic
measurements of unknown sources will have higher fidelity when not acquired during lander
operations, including the movement of other payloads (e.g., active drilling, camera panning).
However, some operational spacecraft motions may also provide known sources of noise that
could serve as calibration signals. We recommend a concept of operations that allows for
operationally quiescent periods for data acquisition and well-known timing of active operational
signals when deploying seismometers on a lander spacecraft.
The details of the lander design are essential for preserving the amplitude, frequency, and
polarization of the seismic waveforms. Our findings suggest that a cooperative engineering effort
between the lander structural design and the seismic experiment is required to enhance the
science return. This effort will be necessary to characterize a spacecraft's response and inform
where on a lander structure is optimal for seismic sensor deployment.
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Tables
Event
No.
1
2
3
4

Date/Time
UTC
4 June 2018
22:49:26
5 June 2018
18:09:00
10 June 2018
16:11:07
11 June 2018
12:36:32

Region
Western
Greenland
Svalbard
Region
North of
Svalbard
Jan Mayen
Region

Magnitude
(Mb)

Latitude

Longitude

Depth
(km)

4.5

64.96°

-51.75°

10

4.9

76.62°

7.31°

10

4.4

83.89°

-1.54°

10

4.4

70.85°

-4.74

16.35

Table 1: Summary of the four regional earthquake events observed during the experiment.
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Maximum
coherence
Vertical North

Event

East

Frequency of
maximum coherence (Hz)
Vertical North
East

RMS deviation
of coherence
Vertical North
East

Sensor

4 June 2018
B
C
D
E
F
G

0.9992
0.9990
0.9987
0.9989
0.9975
0.9759

0.9990
0.9990
0.9979
0.9989
0.9883
0.8752

0.9990
0.9974
0.9969
0.9988
0.9966
0.8405

1.0986
1.0986
1.0986
1.0986
1.0986
0.0610

1.4648
1.4038
1.4038
1.4648
1.4038
0.3052

2.7466
1.9531
1.8311
2.7466
6.3477
0.3052

0.3805
0.4493
0.7174
0.5189
0.6114
1.0002

0.4165
0.4474
0.4945
0.4569
0.5724
1.0041

0.3337
0.4624
0.4707
0.3659
0.5137
0.9991

B
C
D
E
F
G

0.9982
0.9940
0.9954
0.9979
0.9942
0.8726

0.9909
0.7996
0.9790
0.9984
0.9960
0.7472

0.9982
0.9974
0.9963
0.9964
0.9541
0.8599

1.0376
46.7530
1.0376
1.0376
1.2207
0.2441

67.8710
67.8710
44.6780
1.4038
1.4038
0.3662

46.7530
46.5700
46.5700
2.1973
42.0530
0.2441

0.2038
0.4199
0.6755
0.3222
0.3965
1.0001

0.0876
0.3432
0.3723
0.1925
0.3661
1.0010

0.1939
0.3139
0.3608
0.3100
0.5101
0.9996

B
C
D
E
F
G

0.9960
0.9471
0.9946
0.9967
0.9926
0.8619

0.9526
0.9518
0.9230
0.9924
0.9904
0.8815

0.9952
0.9957
0.9947
0.9938
0.9745
0.8252

1.0376
57.5560
1.0376
1.0376
1.0376
0.3052

54.7490 0.7324
54.6880 47.3020
54.6880 49.8660
0.9766 0.7324
0.9766 1.4038
0.2441 0.3662

0.1296
0.3301
0.5480
0.2089
0.4251
1.0061

0.1906
0.3363
0.3431
0.3412
0.3818
1.0044

0.1943
0.2635
0.3499
0.2867
0.4872
1.0039

B
C
D
E
F
G

0.9967
0.9131
0.9457
0.9581
0.6114
0.8818

0.9928
0.9891
0.9897
0.9928
0.7704
0.7646

0.9941
0.9940
0.9922
0.9927
0.6521
0.8874

79.7120
83.9230
95.7640
78.9790
96.3750
0.3052

0.6714 0.7324
67.2610 0.7324
67.2610 0.8545
2.8687 0.7935
67.0780 66.7110
0.3662 0.2441

0.0763
0.1859
0.5225
0.0870
0.2965
1.0044

0.1901
0.4396
0.2945
0.1486
0.5050
1.0021

0.3886
0.7909
0.9258
0.3784
0.4701
1.0048

Sensor

5 June 2018

Sensor

10 June 2018

Sensor

11 June 2018

Table 2: Statistics from the coherence of the sensors, per axis, across the four events observed from 0.01 to 100 Hz. Underline
indicates the best values for a given event and their corresponding frequencies.
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Figures

Figure 1: Experimental site. (A) The location of the field site in northwestern Greenland in
regional context, shown together with four regional earthquake events observed during the
experiment. (B) A close-up of the peninsula where the experiment was deployed. The inset
shows the outline of the of lake as determined by ice-penetrating radar (red hatch marks) and
where the experiment was deployed in relationship to the lake (“Camp Europa”, red dot).
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Figure 2: Instrument configuration. (A) A plan-view diagram of the configuration of the
SiAudio seismometers (light gray circles) used in this study. (B) An image of the on-lander
sensors deployed during the experimental installation. The red labels on individual sensors
correspond to the same sensors depicted in panel (A).

50

Figure 3: The power spectral density (PSD) of the in-ground reference (sensor A) for the four
events (Table 1). PSDs were calculated over a 17-minute window that began with the first arrival
of each event, using a short-time fast Fourier transform. Notable characteristics of each event, as
highlighted by the PSD, are annotated in red. The dashed lines represent the New High Noise
model (NHNM, above) and New Low Noise Model (NLNM, below), for reference.
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Figure 4: The PSD of the on-lander sensors (B to E) for event 1. Notable characteristics of each
sensor location on the lander, as highlighted by the PSD, are annotated in red. The dashed lines
represent the New High Noise model (NHNM, above) and New Low Noise Model (NLNM,
below), for reference.
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b
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c

Figure 5: Comparison of three-component seismograms from the in-ground reference (sensor A,
blue line) and two on-lander sensors (E and C) for three separate bandpasses: (A) 0.01-5 Hz, (B)
1-10Hz, and (C) 1-100 Hz. Each time series shows the 4 June 2018 event for a 17-minute
window that began with the first arrival of the event. Red tick marks correspond to the same time
depicted in Fig. 6. The left column shows the time series of sensor E (orange line), highlighting
the good agreement between the foot-mounted and in-ground reference sensor; their signals are
so similar that the seismogram of the former nearly obscures that of the latter, up to 10 Hz. The
right column shows the time series of the deck-mounted sensor C (orange line), where significant
distortion in amplitude is observed >10 Hz.
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a

b
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c

Figure 6: 10-second close-up of the seismograms from the in-ground reference (sensor A, blue
line) and two on-lander sensors (E and C) shown in Fig. 5 for the same three bandpasses: (A)
0.01-5 Hz, (B) 1-10Hz, and (C) 1-100 Hz. Here we show a small event that appears 625 seconds
after the first arrival for event 1. Red tick marks correspond to the same time depicted in Fig. 5.
The left columns show the time series of the foot-mounted sensor C (orange line). The agreement
between the foot-mounted and in-ground reference sensor is close in terms of amplitude, phase,
and polarizations across frequency bands. Right columns show the time series of the deckmounted sensor E (orange line). Although the amplitude of this sensor is affected by the lander
structure at high frequencies (> 10 Hz), the phase and polarization are largely consistent with the
reference sensor.
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Figure 7: Coherence between each axis of the in-ground reference and the on-lander sensors (C
to E) for the 4 June 2018 event over a 17-minute window that began with the first arrival. The
coherence of two buried sensors, F and G, further from the lander experiment are also shown for
comparison. In general, the on-lander sensors appear highly coherent (close to 1) up to 10 Hz for
this event.
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b

Figure 8: As an example, we show how the on-lander transfer function is constructed for the
vertical axis of sensors C and E. (A) The left column shows the coherence between the vertical
axis of the in-ground reference (sensor A) and the vertical axes of the on-lander deck-mounted
(sensor C) and foot-mounted (sensor E) seismometers for all four events. Here the green curve
follows the coherence closest to 1 among the four events, up to 100 Hz, thereby indicating which
event contributes to the composite transfer function at given frequency. (B) The right column
shows the real part of the transfer functions for the vertical axis of the on-lander sensors,
constructed using the ranking scheme shown on the left. Note the larger correction in both phase
and amplitude required for the on-deck sensor C.
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a

b

Figure 9: Comparison of seismograms from the in-ground reference (sensor A, blue line) and
the on-lander (deck-mounted) sensor C (A) before (gray) and (B) after (orange) a correction is
applied from the transfer function. Again, we show the 4 June 2018 event for a 1.5 second
window corresponding to the data shown in Fig. 6, from a frequency band of 10 to 100 Hz.
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Abstract
The structure of the Greenland Ice Sheet defines how it will respond to a warming
climate. Here, we examine the ice sheet’s properties with P-wave receiver functions using
passive events at four broadband seismic stations. We focused on the ability of receiver-function
amplitudes to estimate the near-surface shear velocity and subglacial shear velocity and density.
These quantities help constrain the underlying material and physical state of the ice sheet. In
particular, subglacial structure controls basal water hydrology, while the near-surface both
governs and responds to changes in surface meltwater. The subglacial structure we observe is
consistent with hard bedrock at one station, with the possibility of some basal sediment or debris
at the others. This indicates that layers of thick sediment are not ubiquitous beneath the
Greenland Ice Sheet. We also observe spatial and temporal increases in the near-surface shear
velocity, revealing a transformation in the firn layer. This finding supports recent evidence that
the firn layer of the Greenland Ice Sheet is densifying at high elevation, and its ability to retain
meltwater runoff is diminishing. Collectively, our work indicates that long-term broadband
seismic measurements can help track and characterize the evolution of the Greenland Ice Sheet.
Introduction
Since 1992 the contribution of the Greenland Ice Sheet (GrIS) to eustatic sea-level rise
has increased by more than sixfold due to enhanced surface melt and flowspeed changes (IPCC,
2021). The near-surface properties of the ice sheet influence and respond to supraglacial
meltwater and runoff, whereas sliding ice flow and basal water drainage are linked to subglacial
structure.
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Warming air temperatures (Hanna et al., 2016) and a decreasing surface albedo (Box et
al., 2012) are responsible for accelerating the ice sheet’s surface melt, which is expected to
dominate the GrIS mass loss signal in the coming decades (IPCC, 2021). Meltwater can mobilize
through the GrIS along different pathways, depending on the characteristics of the surface. Rapid
runoff occurs in snow-free areas of impermeable ice (Nienow et al., 2017). Likewise, slow
meltwater percolation will take place in areas covered by porous snow and firn, where water has
the potential to refreeze (Nienow et al., 2017). Firn is accumulation from past winter seasons that
has not yet be compacted into ice. The ability of firn to capture refrozen meltwater in its pore
space, thereby delaying runoff, has been cited as a mechanism that can buffer sea level rise for
decades despite a warming climate (Harper et al., 2012). However, recently observed nearsurface ice layers and firn densification in response to extreme melt seasons indicate that this
storage capacity is diminishing (Machguth et al., 2016; MacFerrin et al., 2019; Culberg et al.,
2021)
Water can also exist beneath the ice sheet, where it originates from the surface, and as
basal melt sourced locally from geothermal or frictional heating. The drainage mechanisms of
subglacial water depends on whether ice is underlain by a “soft” bed of thick and continuous
sediment or “hard” bedrock (Nienow et al., 2017). In soft beds, water drainage can occur
inefficiently through the porous till with low hydraulic conductivity (e.g., 10−5 m/s), driven by
Darcy flow (Fountain and Walder, 1998; Harper et al., 2017). The flow can become efficient if
water incises channels into a weak underlying sediment layer (Walder and Fowler, 1994).
Dynamical models of the GrIS have also assumed sliding ice flow by till deformation of soft
beds (Bougamont et al., 2014; Aschwanden et al., 2016). In the hard bed scenario, heat generated
by water flow can form channels in the overhead ice and facilitate efficient drainage. Basal
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sliding can also occur when subglacial water pressure exceeds the ice overburden pressure and
decouples the ice from bedrock. Additionally, GrIS surface speeds respond to meltwater
variations in ways that appear consistent with the physics of a hard bed (Sundal et al., 2011;
Bartholomew et al., 2012; Cowton et al., 2013; Doyle et al., 2015). Determining the structure of
the subglacial bed is key to understanding how the GrIS will react to increasing meltwater and
ice flow.
Here we present a study of the GrIS’s seismic structure to understand its bulk, nearsurface and subglacial properties. We analyzed passive teleseismic events from four long-term
broadband stations deployed in the ice sheet interior using receiver functions. Using a priori
values of ice sheet thickness, receiver functions allowed us to establish the bulk ice sheet
compressional (P-wave) and shear (S-wave) velocities and near-surface shear velocity. From
these values, we subsequently estimated the shear velocity and density directly below the ice-bed
interface. For the two longest-lived stations, we also examined the extent to which receiver
functions of the GrIS have varied with time. Based on these results, we explore how structure
both governs and evolves with the ice sheet’s response to a warming climate.
Data
We examined publicly available broadband seismic data from the Greenland Ice Sheet
Monitoring Network (GLISN; Dahl-Jensen et al., 2010). While most GLSN stations are on
coastal land, four are deployed on the GrIS (SUMG, NEEM, ICESG, and DY2G), allowing us to
examine the seismic structure of the ice beneath each (see Fig. 1). These four stations are located
on or near ice divides, where slow-moving ice enables stable, long-term seismic monitoring.
Prior glaciological studies have independently measured the thickness of the GrIS at each station
using radio-echo sounding (Bamber et al., 2001b) and direct drilling (Dahl-Jensen et al.,1998).
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Table 1 provides a station summary of these values. While ice thickness values returned by direct
drilling at SUMG and DY2K are reported at 10 cm to 1 m precision, these measurements are 3040 years old and do not reflect recent surface drawdown (e.g., Dahl-Jensen et al.,1998). Ice
thicknesses interpolated from airborne radio-echo sounding are less precise, with gridded data
having an average standard deviation of 50 m when compared to the nearest flight line.
However, standard deviations are smaller (~25 m) in the relatively flat and slow-moving regions
of ice divides (Bamber et al., 2001b). Since these radio-echo sounding-measurements were
published, surface mass balance studies suggest surface changes no larger than ~5 m at the
GLISN sites since 2000 (Simonsen et al., 2021). Here, we adopt ice thickness from Bamber et al.
(2001b) and assume these values are accurate to ~30 m.
For each station we selected teleseismic events, with epicentral ranges from 30–90° and
magnitudes from 6.0 to 8.5. The events were windowed from –20 seconds to 100 seconds after
the direct P wave arrival, detrended, and bandpass filtered with corner frequencies between 0.1
Hz and 5 Hz. Most seismograms were acquired at a sampling rate of 0.05 seconds but some were
collected at higher rates (i.e., 0.025 seconds); all data were resampled to a uniform 0.05 seconds
(corresponding to a Nyquist frequency of 10 Hz). We performed quality control by manually
examining the vertical component seismogram from each event and removed noisy and null
traces from the data set.
Methods
Receiver Functions
The P-wave receiver function (RF) is an established single-station technique to
characterizing the response of Earth’s structure beneath a seismic station (receiver). RFs isolate
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planetary structure by removing the effects of the source, ray path and instrument response from
a seismogram (Yuan et al., 2000). Specifically, RFs are sensitive to the P-to-S converted phases
(and their multiples) generated by teleseismic P waves interacting with a velocity discontinuity
below the receiver (Fig. 2a). These seismic phases can be isolated by rotating horizontal
waveforms of a three-axis seismogram from the North-South (N) and East-West (E) to Z, Radial
(R), Tangential (T) coordinate systems. Next, the vertical component is deconvolved from the
corresponding radial and tangential components (Ammon, 1991; Langston, 1977; Owens et al.,
1984). The function resulting from this deconvolution indicates the arrival time and amplitude of
the direct P (P) and P-to-S converted (Ps) waveforms, and their reverberated multiples (PpPs and
PpSs) (see Fig. 2b).
Because RFs are sensitive to changes in seismic velocity and can resolve the Mohrovic
discontinuity (Moho) they are a popular technique for examining Earth’s crust and upper mantle.
To a lesser extent, RFs have been used to investigate the velocity contrast observed at the bottom
of the polar ice sheets, where basal ice interfaces with underlying sediment and bedrock. For
example, studies have used RFs to infer the presence subglacial sediment and liquid layers
beneath Antarctica and Greenland (e.g., Anandakrishnan and Winberry, 2004; Wittlinger and
Farra, 2015; Walter et al., 2014) and also establish the seismic structure of the ice sheets (e.g.,
Wittlinger and Farra, 2012; 2015). A key difference in using RFs to examine the ice sheet
structure is that higher frequencies are needed to resolve a more shallow discontinuity (occurring
at a depth of 2-5 km) than that of the Moho (occurring at a depth of 30 to 60 km).
Before calculating RFs, we rotated events from the ZNE to ZRT coordinate system. We
computed RFs using iterative deconvolution in the time domain (e.g., Ligorria and Ammon,
1999). In this technique, we initially model the RF as its largest spike, by cross-correlating the
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vertical component with the radial component of the seismogram. The amplitude of the spike is
computed according to Kikuchi and Kanamori (1982). The initial RF is subsequently convolved
with the vertical component of the seismogram and then subtracted from the radial component.
The process is iterated to estimate the amplitude of the other RF phases. As additional spikes are
included in the modeled RF, the residual decreases between the radial/vertical components and
the RF deconvolution. In our work, the process was repeated until the misfit was below a
tolerance of 1×10−3. We applied a Gaussian filter defined by G(w) = exp [–w2/4a2] with a filter
width of a = 7.5, corresponding to a cutoff frequency of ~3.6 Hz, to remove noise. To obtain
absolute amplitude values we normalized all RFs by the area of the averaging function
(corresponding to ~4.24 for a Gaussian filter width of 7.5) before using those values in later
inversion techniques.
After RFs were computed, we manually examined each using the visualization tools in
funclab (Eagar and Fouch, 2012; Porritt and Miller, 2018). As an additional measure of quality
control, we discarded RFs that met any of the following criteria:
1. The direct P-wave arrival (Pp) did not have a large positive amplitude (relative to Ps)
occurring at t = 0 on the radial RF;
2. The amplitude of the transverse RF exceeded that of the radial RF;
3. Extensive ringing was visible on the radial RF, such that no clear seismic phases (e.g. Pp,
Ps, etc.) could be distinguished.
The final set of events selected after quality control is summarized in Table 2. The
distribution of events as a function of ray parameter and back azimuth are shown in Fig. 3.
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Constraining Seismic Properties
Stacking P-wave RFs from events of varying distance and direction can suppress lateral
heterogeneity, revealing the bulk structure below a receiver. For example, h-k stacking of RFs is
a common way to concurrently estimate α1/β1 and thickness, h, of the layer immediately beneath
a station when neither are known a priori (Zhu and Kanamori, 2000). Fortunately, the ice sheet
thickness (h) has been independently measured at the GLSN stations we examined (See Table 1),
enabling us to directly solve for α1 and β1 (rather than iteratively estimating h and the α1/β1, as is
done in h-k stacking).
To estimate α1 and β1, we used the Pp, Ps, and PpPs arrival times and event ray parameter
(p) to determine the mean values for t1 and t2 at each station. These values and the assumed
a priori ice thickness (h) enabled us to simultaneously solve for α1 and β1 per the expressions
below (Zandt et al., 1995):

Where a = h [ (β1–2 – p 2 )1/2 ] and b = h [ (α1–2 – p 2)1/2 ].
The absolute amplitude of the direct P-wave arrival (APp) in a radial RF is a function of
the near-surface shear velocity (β0) and the event ray parameter (p), per the following
relationship (Ammon, 1991):
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We can use Equation (3) to invert for the near-surface velocity β0, if APp and p are known.
In this work, we applied a nonlinear-least-squares trust-region algorithm to solve for β0 using the
MATLAB lsqnonlin function.
The relative radial RF amplitudes of converted and multiple phases (Ps, PpPs, and PpSs)
are sensitive to velocity and density contrasts across the interface at depth h (e.g. Juliá, 2007).
Here, seismic contrasts are defined as the ratio of change across the discontinuity (e.g.,
Δρ = ρ2 – ρ1) over the average value across the interface (e.g., ρ = (ρ1 + ρ2) / 2). Specifically,
Juliá, (2007) showed that the following relationships can be used to constrain the seismic
contrasts Δβ/β and Δρ/ρ:

As per Juliá, (2007) the above Equations 4-5 can be simplified; for realistic values of α/β
the following relationships exist: (1 − 2β/α) ≪ 4β/α and (1 + 2β/α) ≈ 4β/α (Niu & James 2002).
Thus, the relative amplitude of the converted wave Ps primarily depends on the contrast of the Swave velocity across the discontinuity (i.e., Δβ/β), whereas the relative amplitudes of the
multiples (PpPs, PpSs) are sensitive to the both shear wave velocity and density contrasts over
the interface (i.e., both Δβ/β and Δρ/ρ). These contrasts can be iteratively solved for using gridsearch methods (Juliá, 2007) or used to directly calculate β2 and ρ2 when the properties of a first
layer (i.e., β1 and ρ1) are known.
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Calculation of Uncertainties
The arrival time and amplitude of key seismic phases (Pp, Ps, PpPs, and PpSs) can help
us to establish the seismic structure at each station (i.e., α1, β1, β2, and ρ2). In this work, we used
the mean time and amplitude values calculated from N radial RFs, where N is the number of
events at a given station. The standard error of these mean values was estimated with 95%
confidence using a bootstrap. We outline this bootstrapping procedure below:
1. For each station, we randomly sampled the N individual inputs with replacement to
establish a bootstrapped sample that also contained N events.
2. We repeated Step #1 100 times to construct resampled simulated datasets (called
simulated samples) for each station.
3. We computed the mean RF of each simulated sample, producing a sampling distribution
of 100 (or 1000) mean RFs.
4. We determined the peak amplitude and arrival time for the key seismic phases (Pp, Ps,
PpPs, and PpSs) for each RF in the sampling distribution
5. We calculate the standard deviation of the time and amplitude values specified in Step #4
to determine the standard error of each.
Near-surface shear wave velocities, β0, were calculated using a nonlinear-least-squares
inversion. We computed uncertainties for β0 with 95% confidence using the confit function in
MATLAB. Using confit, the uncertainty is given by β0 ± C √S. In this expression C depends on
the confidence level and is computed using the inverse of the cumulative Student’s t-distribution,
and S is a vector of the diagonal elements from the estimated covariance matrix of the coefficient
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estimates, S = (XTX)–1s2. X is the Jacobian of the fitted values with respect to the coefficients. XT
is the transpose of X, and s2 is the mean squared error of the modeled versus real data.
We estimated β2 and ρ2 according to Eq. 4 and 6; these expressions combine values with
individual uncertainties that are computed separately. We used standard error propagation
methods (e.g., Ridder, 2021) to estimate the resulting uncertainties of β2 and ρ2.
Forward Modeling of Synthetic Seismograms
Throughout this work we forward model synthetic seismograms to compare against and
validate our results. The synthetics shown here were computed for two-dimensional flat-layer
models with the wave propagation code raysum (Frederiksen and Bostock, 2000) and for
simplicity assume no attenuation or anisotropy.
Results and Discussion
Properties of the GrIS and subglacial materials
Fig. 4 shows the stacked radial RFs using the full number (N) of events at each station.
To illustrate data quality, we display radial and transverse RFs stacked by 10° back azimuth bins
in Fig. 5, and the moveout of phases in the radial RF in Fig. 6 . We calculated the mean timing
and amplitude of the direct P-wave (Pp), P-S conversion (Ps), and multiples (PpPs, and PpSs)
from each station’s radial RFs. These time and amplitude values allow us to constrain the
properties of the ice (α1, β1, β0) and subglacial rocky layers (β2, ρ2) because the thickness (h) and
density (ρ1) of the GrIS are established. Our results are summarized in Table 3.
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We calculated the bulk ice P- and S-wave velocities, α1 and β1, by simultaneously solving
Eqs. 1-2 (Table 3) using mean tPp, tPs, and tPpPs values from the radial RF stacks (Fig. 4) and the
a priori ice sheet thicknesses in Table 1.
To obtain the near-surface S-wave velocities β0 we averaged the amplitude of the direct P
wave arrival (APp) from individual radial RFs into 10 slowness bins (from 0.045–0.075 s/km),
which enhanced their signal-to-noise ratio (Fig. 7). Using the binned values for APp and p we
inverted Eq. (3) to solve for β0 (see Table 3). We show the binned absolute amplitudes of key
phases (Pp, Ps, PpPs, and PpSs) as a function of ray parameter (p) in Fig. 7 as well as our best-fit
solution for Eq. 3 with coefficient β0.
Next, we approximated the shear wave velocity below the discontinuity, β2, using Eq. 4,
the relative amplitude of the converted S wave (APs/APp), and the values derived above for α1, β1,
β0. With the approximate value of β2 (Table 3) we computed the density contrast Δρ/ρ using Eq.
6 and subsequently estimated ρ2 (Table 3). To do so, we assume that ρ1 = 917 kg/m3, which is the
density of glacier ice (e.g., ice devoid of air; Shumskiy, 1960).
We note that the amplitude of the PpPs multiple is larger or similar in magnitude to that
of the direct P-wave arrival at each station (Fig. 4). According to Eq. 3-6 realistic velocity
structures can generate amplitudes of multiples that are larger than those of the direct arrival Pp
and conversion Ps, though this is not typically observed in RFs of Earth’s crust. Instead, the
amplitudes of multiples from the Moho are often smaller due to the effect of geometric spreading
(energy loss owing to greater distance traveled) and attenuation (energy loss due to shear heating
at grain boundaries), especially for large ray parameters (Paul et al, 2018). Anisotropy and
scattering attenuation may also reduce amplitudes. Some RF studies of the crustal Moho (e.g.,
Paul et al, 2018) have compensated for geometric spreading by applying a correction (Cerveny,
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2005) to boost the amplitude of the Ps, PpPs, and PpSs phases. We expect these losses to be
negligible for the small thickness of the GrIS (≤ 3 km) as compared to Earth’s crust (30–60 km).
In practice, however, this may mean that values we report based on RF amplitudes of multiples
could represent lower limits.
The values obtained for α1 and β1 represent the bulk ice velocities between the surface
and discontinuity at each station (see Table 3). Laboratory measurements of single ice Ih crystals
report seismic velocities from αice = 3.96–4.12 km/s and βice = 1.85–1.96 km/s (Gagnon et al.,
1988), depending on the orientation of the crystal. Surveys of ice in Earth’s cryosphere present a
slightly wider range of values: αice = 2.93–4.2 km/s and βice = 1.49–1.94 (see Kovach and Chyba,
2001, Table 1; Wittlinger and Farra, 2012, Table 1). Recent studies of Greenland and Antarctica
using RF based-techniques yield bulk ice sheet velocities of αice = 3.98 ± 0.07 km/s and
βice = 1.83 ± 0.05 km/s (Wittlinger and Farra, 2015), and specific values of αice = 4.204 ± 0.05
km/s and βice = 1.92 ± 0.04 km/s at SUMG (Wittlinger and Farra, 2012). Overall, the GrIS
seismic velocities α1 and β1 we present are consistent with previously reported values.
Differences compared to prior studies (e.g., Wittlinger and Farra, 2012; 2015) may be attributed
to the longer temporal baseline and greater number of RFs examined in this work. Our results
support the existing finding that P-wave velocities are larger for the GrIS than those of
Antarctica (e.g., Wittlinger and Farra, 2012) indicating each ice sheet has a distinct seismic
structure.
Next we examined the seismic structure of the materials below the ice sheet
discontinuity, as inferred from β2 and ρ2. The subglacial shear velocities we observe (β2 = 2.54–
2.95 km/s) agree with the lower range of velocities for granite (βrock = 2.5–3.3 km/s) and gneiss
(βrock = 2.7–3.2 km/s) (Bourbié et al., 1992). This is consistent with the geological setting of the
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GrIS, which has a basement of Archean and Paleo-Proterozoic cratons—formations with similar
characteristics to the Canadian Shield that are composed of high-grade metamorphic and plutonic
rock (Gowan et al., 2019). Several studies also suggest that the GrIS is underlain by sediment
basins a few to ≥80 m thick (Dow et al., 2013; Walter et al., 2014; Kulessa et al., 2017), however
these sediments have mainly been detected near the ice sheet margin (Dow et al., 2013; Walter et
al., 2014; Kulessa et al., 2017). Notably, the β2 values we estimate are much higher than those of
subglacial sediment and till (βsediment = 0.3–0.7 km/s) (e.g., Carr et al., 1998; Ismail et al., 2014)
and do not support the presence of these materials beneath the stations we examined.
Additionally, we do not observe a delayed PpPs multiple indicative of thick (> 100 m) layers of
subglacial sediment, such as those identified in West Antarctic Ice Sheet (Anandakrishnan and
Winberry, 2004).
The range of densities we observe (ρ2 = 1972–2684 kg/m3) is slightly lower than that of
solid metamorphic and plutonic rock (ρrock ~ 2500–2700 kg/m3) (Bourbié et al., 1992). These
lower densities could indicate the presence of some subglacial debris or sediment, except at
NEEM, where both β2 and ρ2 are consistent with a hard bed. If sediment layers exist beneath the
other stations, the methods presented here cannot discriminate their depths. However, we can
establish that they are not thick enough to substantially lower the subglacial shear velocities
beyond their expected values. Since the subglacial densities we calculated may be lower limits,
we conclude that there is no evidence of large sediment basins beneath the GLISN stations.
Nevertheless, we cannot rule out the presence of a small amount subglacial sediment or debris,
except at NEEM. This is compatible with recent work (e.g., Jezek et al., 2013; Harper et al.,
2017) indicating that thick layers of subglacial sediment are not ubiquitous beneath the GrIS,
especially under the slower flowing regions. The importance of sediment beds to subglacial
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drainage and dynamical flow of the GrIS remains unclear, and thus caution should be exercised
when making whole ice sheet assumptions about subglacial structure.
As expected, we find that the GrIS near-surface shear velocities, β0, are lower than the
bulk shear velocities of ice, β1 (Table 3). This is because β0 is more sensitive to the low-velocity
snow and firn layers blanketing the top 10–80 m of the GrIS (βsnow ~0.25–1 km/s; βfirn = 1–1.3
km/s) (Sayers, 2021; Killingbeck e al., 2020; Tsoflias et al., 2008; King et al., 2007). We also
observe that the near-surface shear velocity decreases with increasing surface elevation (see
Tables 1 and 3), though overlapping uncertainties make this interpretation tenuous. If correct,
this is likely because firn is known to be thicker at higher elevations of the ice sheet (Anderson et
al., 2014). Firn densification rates are slower at colder air temperatures and higher accumulation
rates, so the cold high-elevation interiors of the ice sheet have thicker firn layers (Herron and
Langway 1978), β0 is smallest at SUMG (which is located at the ice sheet summit), which has
experienced more accumulation and lower air temperatures than the other stations (Simonsen et
al, 2020). Conversely, β0 is the largest at DY2K, the lowest elevation station with the highest air
temperatures (Noël et al., 2019). A plausible explanation is that β0 is lower in accumulation areas
with larger and more persistent firn and snow packs, which in turn lowers the overall nearsurface shear velocity. Nearer to the ablation zone, a thinner firn column results in higher β0
values. This may indicate that passive seismic measurements can help track the spatial evolution
GrIS firn depth.
Monitoring Evolution of the Firn Pack
In addition to constraining the firn thickness and subglacial conditions at each station, we
examined the two longest-lived stations (SUMG, NEEM) for structural changes in the ice sheet
that may have developed during the past two decades. To do so, we binned RFs into two separate
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timeframes; events from the first five years of operation (2000-2005 and 2007-2012 for SUMG
and NEEM, respectively) and events from the most recent five years of operation (2016-2021).
We show the mean stacked radial RFs from SUMG and NEEM from each time period in
Fig. 8a. There are observable differences in the RF amplitudes at both stations between the
different periods, but there is little change in the arrival times of the Ps, PpPs, and PpSs phases.
In particular, RFs from the most recent period have larger magnitude amplitudes; these
differences exceed the uncertainties assigned to amplitude values and are statistically significant.
As described in Section 3, amplitudes of RF arrivals and multiples are controlled by the
incidence angle of the impinging P-wave for a given event, the seismic velocities between the
discontinuity and surface, and the nature of the velocity transition at the bed. To assess whether
the temporal change we observe indicates changing structure we must account for the influence
of events with different incidence angles during each period. We generated a complete set of
synthetic RFs using the ray parameter, back azimuth, and distance distributions of the real RFs
used in this work. Synthetics were computed using the true event geometries for the first and
most recent five years of operation at NEEM and SUMG. Our synthetic structural models
assumed simple two-dimensional ice and bedrock layers and adopted the estimated velocity and
density values of ice at both stations (Table 3).
Fig. 8b shows the synthetics generated using the distribution of event geometries for each
period, per station. While some change may be attributed to the different geometries of events
during each period, at SUMG these effects account for ~5% of the direct P-wave variation and
<3% in the relative amplitudes. At NEEM, the impact of event geometry between the two
periods is < < 2% >. Changes across the earlier and later periods at NEEM and SUMG cannot
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be explained by the differing event geometries alone, implying the seismic structure of the GrIS
is evolving in time.
To investigate temporal evolution, we calculated the percent difference (Δ) of radial RF
parameters (tPs, APp, APs/APp, and APpSs/APp) between each period (Table 4). These parameters
map to structural properties of the GrIS: tPs is sensitive to changes in α1, β1 and h; APp is a
function of β0; the density and shear velocity contrasts control APs/APp, and APpSs/APp. Between
the two periods, the RF amplitudes all show change that exceeds our uncertainties, with ΔAPp
yielding the largest difference, increasing with time at both NEEM and SUMG (Table 4). Thus
we focus our study of temporal change on APp to establish what it may indicate regarding the
evolving GrIS structure.
Since APp is a function of the near-surface shear velocity, we solved from β0 during the
early and most recent periods at NEEM and SUMG using the same procedure outlined in Section
4.1. As was done for the complete data set at each station, we binned APp from individual RFs
into 10 slowness intervals to enhance the amplitude signal-to-noise. For each period, we show
the binned absolute amplitudes of interest as a function of ray parameter and the best-fit value of
β0 in Fig. 9. β0 increases with time at both stations: at NEEM from 1.19 ± 0.15 km/s to 1.66 ±
0.07 km/s, and at SUMG from 1.48 ± 0.19 km/s to 1.66 ± 0.11 km/s. The change at NEEM is
bigger and less ambiguous than at SUMG. At SUMG, β0 increases but the uncertainties for both
timeframes overlap, indicating that if any change occurred at SUMG it is subtle.
Similar to the spatial variation we observe in β0 (Section 4.1), we interpret the temporal
variation in the near-surface to indicate evolution of the firn. We note that β0 should sample
depths below the firn layer and thus is sensitive to snow, firn, and any refrozen meltwater that
has percolated through the firn. Increasing near-surface shear velocities likely indicate that the
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firn layer is becoming thinner: densifying faster, perhaps due to increased frequency of ice
lenses. Recent in situ measurements of firn cores demonstrate that surface runoff has diminished
the meltwater retention of the GrIS percolation zone over the past decade. Specifically,
Machguth et al., (2016) found that the exceptional melt seasons of 2010 and 2012 significantly
altered firn structure. At high elevations (>1900 m) they observed that firn has experienced
substantial densification as melt events drive ice lens formation. Simultaneously, at lower
elevations, the formation of impermeable near-surface ice slabs are enhancing runoff by
preventing meltwater from accessing porous firn (MacFerrin et al., 2019). A more recent study
(Culberg et al., 2021) indicates that these ice slabs persist for several (> 5) years and extend
further into the ice sheet than previously noted.
To aid our interpretation of the changing near-surface GrIS structure we compare our
results with the mass balance measurements in the vicinity of NEEM and SUMG, from their
respective installation years through 2020. Annual mass balance models were taken from
Simonsen et al., (2021), which synthesizes nearly thirty years of multi-satellite Ku-band
altimetry of the GrIS at 5×5 km spacing.
NEEM experienced net ablation between 2007–2020 nearly every year, experiencing ~ 5
m of surface drawdown (Simonsen et al., 2021). The unambiguous change in β0 at NEEM
between 2007–2012 and 2016–2021 is likely due to a densifying near-surface firn layer and the
formation of ice lenses. Even though SUMG experienced net accumulation between 2000–2020,
it lost mass from 2017–2020 (Simonsen et al., 2021). Net accumulation from 2000–2020 is not
compatible with the idea that there is less firn available to depress β0. Thus, if the subtle change
in β0 between 2000–2005 and 2016–2021 is real, it may indicate that meltwater during 2016–
2020 has densified the near-surface, increasing β0. However, because of the overlapping
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uncertainties in β0 between the timeframes examined, this interpretation is less robust than our
findings at NEEM. Our results indicate that long-term measurements of β0 may help monitor the
snow and firn structure of the GrIS. Future field studies should be undertaken to link β0 to firn
density, similar to work that has been correlated P-wave velocities to firn density using active
seismic techniques (e.g. Riverman et al., 2019a).
Conclusions
We present a structural study of the GrIS, using passive seismic events from four
broadband stations to constrain its bulk (α1, β1), near-surface (β0), and subglacial (ρ2, β2) seismic
properties.
Our bulk GrIS velocities (α1 = 3.9–4.17 km/s and β1 = 1.81–1.93 km/s) are in line with
previous studies (Wittlinger and Farra, 2012; 2015) and assume ice sheet thickness values
obtained from other glaciological methods (Bamber et al., 2001b). Our results agree with
previous findings that show the GrIS has higher seismic velocities than those found in
Antarctica, likely because GrIS has thinner firn than the Antarctic Ice Sheets.
We find subglacial shear velocities (β2 = 2.54 – 2.95 km/s) that are compatible with highgrade metamorphic and plutonic rocks (βrock = 2.5–3.3 km/s), but smaller than expected densities
for crystalline rock (ρ2 = 1972–2684 kg/m3 versus ρrock ~ 2500–2700 kg/m3). The exception is
NEEM, which has properties consistent with a hard bed (see Table 3). These findings are
consistent with basal ice drilling efforts at NEEM, which found <10m of debris-rich ice
overlying bedrock (Goossens et al., 2016). Low density values at the other stations could indicate
the presence of some basal sediment or debris beneath the GrIS. However, this interpretation is
complicated by the fact that our density calculations may yield lower-limit values. Additionally,

78

we do not see delayed PpPs multiples in our RF analysis, which have been attributed to thick
layers (>80–100 m) of subglacial till at other ice sheet locations (Anandakrishnan and Winberry,
2004; Walter et al., 2014) Although field studies have identified localized areas of subglacial
sediment beneath the GrIS (Dow et al., 2013; Walter et al., 2014; Kulessa et al., 2017;
Christianson et al., 2014; Riverman et al., 2019b), our results counter the assumption that thick
layers of basal till are pervasive. This discrepancy might be the result of sampling location bias;
the long-duration seismic records presented here are near slow flowing ice divides in the GrIS
interior. Most active-source seismic work from across the ice sheet has occurred in locations of
rapid ice flow which could be facilitated by sliding over subglacial sediments. Regardless, the
technique presented here represents a clear procedure for determining subglacial structure from
passive seismic events using RFs.
We also observe near-surface shear velocities that vary in both space and time across the
ice sheet, though overlapping uncertainties in β0 values make our interpretations here tenuous.
The near-surface shear velocity increase at lower elevations across all stations, and with time for
the two longest-lived stations, NEEM and SUMG. The detected temporal increase is more
certain for NEEM than SUMG, which is unsurprising as SUMG is at the highest elevation point
of the GrIS and experiences more accumulation and less melt. Since the near-surface shear
velocity (β0) samples a shallower depth than the bulk shear velocity (β1), we interpret these
variations as enhanced densification of the firn column of the GrIS. In particular, extreme melt
seasons in 2010 and 2012 resulted in strong ice lens formation and densified firn at high
elevations (Machguth et al., 2016), which should increase the overall near-surface shear velocity.
Densified firn will have less pore space available to recapture meltwater, and so may enhance ice
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mass losses via runoff. Continuous monitoring of β0 over the coming decade may help track
changes in the firn layer as it transforms in response to climate change.
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Tables

Station
DY2K
ICESG
NEEM
SUMG

Latitude (°)
66.474
69.0922
77.445
72.5763

Longitude (°)
–46.2639
–39.6474
–51.065
–38.4539

Elevation (m)
2110a
2930a
2460a
3200a

Duration
2011-2021
2011-2021
2007-2021
2000-2021

Sensor
CMG-3T/CMG-3Tb
CMG-3T
CMG-3T/CMG-3Tb
STS-2/T120

Ice thickness (m)
2037b, 1793c
2936c
2508c
3029b, 3013c

Table 1: Information about the four GLISN stations used in this work.
a

Indicates elevation data from Bamber et al., 2001a.

b

Indicates ice thickness data from direct drilling presented in Dahl-Jensen et al.,(1998).

c

Indicates ice thickness data from ice penetrating radar presented in Bamber et al., (2001b).
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Station
DY2K

Number of Mean back
Mean ray
Mean
Mean radial Mean transverse
RFs
azimuth (°) parameter (km/s) distance (°)
RF fit
RF fit
149
220
0.058
65.18
84.15
76.58

ICESG

267

227

0.058

65.06

84.85

74.88

NEEM

392

232

0.060

62.32

89.56

77.19

SUMG

630

207

0.059

64.52

85.36

74.01

Table 2: Statistics of the events and receiver functions used in this work for each station
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Station

h (m)*

DY2K
ICESG

ρ1 (kg/m3)* ρ2 (kg/m3)

α1 (km/s)

β1 (km/s)

β0 (km/s)

β2 (km/s)

Δβ/β

Δρ/ρ

1793
2936

4.10 ± 0.10
4.07 ± 0.07

1.93 ± 0.02
1.88 ± 0.01

1.71 ± 0.13
1.68 ± 0.10

2.54 ±0.07
2.74 ± 0.06

0.27 ±0.04
0.37 ±0.03

0.73 ±0.04
0.80 ±0.03

917
917

1972 ± 83
2128 ± 68

NEEM

2508

3.90 ± 0.08

1.81 ± 0.02

1.69 ± 0.07

2.95 ± 0.07

0.48 ±0.03

0.98 ±0.03

917

2684 ± 115

SUMG

3013

4.17 ± 0.06

1.87 ± 0.01

1.60 ± 0.09

2.63 ± 0.05

0.34 ±0.02

0.81 ±0.02

917

2154 ± 64

Table 3: Results for the bulk compressional and shear wave ice velocities (α1, β1), the near-surface shear-wave velocity (β0), and
subglacial density and shear wave velocity (ρ2, β2). The seismic contrasts across the ice-bed interface are also shown.
*Denotes assumed values used to calculate these results.
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APp
tPs (s) APs /APp APpSs /APp
Duration
NEEM (2007-2012) 0.6115 0.7525
0.6357
-0.5833
NEEM (2016-2021) 0.7922
0.75
0.6937
-0.5038
% change
29.6
-0.3
9.1
-13.6
SUMG (2000-2005) 0.7359 0.902
0.49
-0.4589
SUMG (2016-2021) 0.878 0.8911
0.5093
-0.4912
% change
19.3
-1.2
3.9
7.0
Table 4: For NEEM and SUMG we show the percent difference of radial RF parameters (tPs, APp, APs/APp, and APpSs/APp) between the
first five years of operation and the most recent five years of operation.
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Figures

Figure 1: Map of Greenland showing the four GLISN stations (black stars) used in this work.
For context, we show the Greenland ice sheet thickness values used in this work, from Bamber et
al. (2001b).

93

Figure 2: (A) Ideal half-space where the teleseismic P-wave (Pp) is converted to an S-wave (Ps) at the interface depth h, due to the
velocity discontinuity from (α1, β1) to (α2, β2). The multiples of Pp and Ps generated at h are also shown. (B) An idealized radial
receiver function corresponding to the half-space in (A), which illustrates the expected timing and relative amplitude of each seismic
phase on the receiver function.
.
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Figure 4: The median (red) and mean (blue) stacked radial RFs shown against the full RF data
set of N events (gray), for each station. The total number of RFs in each stack is given in the
legend, per stations. RFs were calculated with a Gaussian of 7.5.
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Figure 5: Radial (left)
and transverse (right)
RFs calculated with a
Gaussian of 7.5 and
stacked by 10° back
azimuth bins. Here red
indicates positive
polarity and blue
denotes negative
polarity. Radial and
transverse RFs are
plotted on the same
amplitude scale and
normalized to unit
amplitude before
stacking by back
azimuth.
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Figure 6: Radial RF moveouts calculated with a Gaussian of 7.5 and stacked by 0.005 km/s ray
parameter bins. Radial RFs are scaled to a unit amplitude before stacking. For each station the
theoretical travel-time curves as a function of ray parameter for Ps, PpPs, and PpSs were
calculated using velocity models reported in Table 3.
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Figure 7: For each station, we show the binned values for APp (blue circles) and other amplitudes
of phases (APs, APpPs, and APpSs; black markers) as a function of ray parameter (p). The solid blue
line shows the predicted values for APp based on the best-fit β0 value in Equation 3.
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Figure 8: (A) Stacked RFs for NEEM and SUMG using events occurring at separate timeframes:
the first five years of operation (blue) and the most recent five years of operation (black). Error
bars represent the standard error for the arrival time and amplitude values of the Pp, Ps, PpPs,
and PpSS phases (B) Synthetic stacks that were created using the identical azimuthal and
distance geometry distributions to the real data, for each time period.
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Figure 9: For the first five years of operation and the most recent five years of operation at
NEEM and SUMG we show the binned values for APp (blue circles) and other amplitudes
ofphases (APs, APpPs, and APpSs; black markers) as a function of ray parameter (p). The solid blue
line shows the predicted values for APp based on the best-fit β0 value in Equation 3, per station
and time period.
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APPENDIX C: VARIATIONS IN COLOR AND REFLECTANCE ON THE SURFACE
OF ASTEROID (101955) BENNU
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Abstract
Visible-wavelength color and reflectance provide information about the geologic history
of planetary surfaces. We present multispectral images (0.44 to 0.89 microns) of near-Earth
asteroid (101955) Bennu. The surface has variable colors overlain on a moderately blue global
terrain. Two primary boulder types are distinguishable by their reflectance and texture. Space
weathering of Bennu surface materials does not simply progress from red to blue (or vice versa).
Instead, freshly exposed, redder surfaces initially brighten in the near-ultraviolet (become bluer
at shorter wavelengths), then brighten in the visible to near-infrared, leading to Bennu’s
moderately blue average color. Craters indicate that the timescale of these color changes is ~105
years. We attribute the reflectance and color variation to a combination of primordial
heterogeneity and varying exposure ages.
Introduction
The near-Earth asteroid (101955) Bennu is the target of the Origins, Spectral
Interpretation, Resource Identification, and Security–Regolith Explorer (OSIRIS-REx) samplereturn spacecraft (1). Prior to launch, telescopic observations of Bennu had identified it as a lowalbedo object—potentially indicating a carbon-rich composition—with a featureless, gently blue
spectrum (blue signifies a negative spectral slope with respect to the solar spectrum, whereas red
signifies a positive slope). This resulted in its classification as a blue (B-type) asteroid (2), a
subclass of the broader carbonaceous (C-complex) group of small bodies. Bennu is a rubble-pile
asteroid ( 3–6), accumulated from fragments of a larger parent body that was shattered by a
catastrophic impact in the inner main asteroid belt ~1 Ga ago (3). Bennu eventually migrated
from the main belt into its current orbit in near-Earth space (3).
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OSIRIS-REx measurements acquired during the initial phases of the mission showed that
Bennu is dominated by hydrated clay-bearing minerals (phyllosilicates) and magnetite (7),
indicating that water was present on and altered the composition of Bennu’s parent body
(aqueous alteration). Organic compounds and carbonates have been discovered across the
asteroid’s surface, supporting the hypothesis that B-type asteroids are carbon-rich (8, 9). Carbonbearing species are optically opaque (as is magnetite) so could be responsible for Bennu’s low
global normal albedo of 0.044 (4,10). These findings suggest that Bennu’s composition may be
representative of the primitive bodies that delivered water and organic molecules to the early
Earth (11).
Although the initial composition of an asteroid influences its global colors, physical
properties such as particle size, surface roughness, and porosity can also influence these spectral
characteristics, as can duration of exposure to the space environment. The surface colors of
airless bodies are expected to be heavily altered by space weathering processes (12, 13),
including bombardment by solar wind particles and meteoroids. On anhydrous planetary
surfaces, such as the Moon and stony (S-type) asteroids, space weathering darkens and reddens
spectral slopes in the visible and near-infrared (e.g., 12, 14). However, on primitive
carbonaceous asteroids such as Bennu, and their meteorite analogs, space weathering effects are
not well understood. Measured colors of primitive asteroids do not show consistent spectral
relationships with surface exposure age (13, 15, 16,17), nor do laboratory experiments of
simulated space weathering on analogous meteorite and phyllosilicate samples: Some studies
indicate that space weathering leads to bluing (13, 18-22), but others find that it leads to
reddening (16, 20, 23, 24). This is likely because the initial composition and the physical
structure of the materials play a role in the spectral changes observed (16, 20). To determine how
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space weathering affects low-albedo carbonaceous asteroids, we searched for a correlation
between Bennu’s colors and the age of its surface features determined from morphology. The
spatial distribution and geologic setting of varying colors on Bennu may also aid our
understanding of the composition and evolution of the asteroid’s surface.
Color observations of Bennu
OSIRIS-REx obtained color observations of Bennu during two hyperbolic flybys on 14
March and 26 September 2019, as part of the Baseball Diamond phase of the mission’s Detailed
Survey (23). The OSIRIS-REx Camera Suite (OCAMS) (26) was used to acquire color images
using the multispectral MapCam imager, which has four bands in the visible (VIS; 0.40–0.70
μm) and near-infrared (NIR; 0.70–2.5 μm) wavelengths. The MapCam bands—b′ (0.44–0.50
μm), v (0.52–0.58 μm), w (0.67–0.73 μm), and x (0.82–0.89 μm)—are similar to those used by
telescopic asteroid surveys (27) to infer asteroid composition and classify their spectra (28).
Most asteroid observations have been limited to unresolved disk-integrated (globally averaged)
spectra. We use spatially resolved MapCam color images (pixel scale ~25 cm) to investigate
reflectance and color across Bennu’s surface. To establish relationships between color and
surface morphology, we pair these color observations with higher resolution OCAMS PolyCam
panchromatic images (2 to 5 cm pixel–1) of the same locations.
We radiometrically calibrated the MapCam and PolyCam images to units of reflectance
(also known as radiance factor or I/F) (29). MapCam images were corrected to normal viewing
conditions (0° solar incidence, 0° solar phase, and 0° observer emission angles) using a Robotic
Lunar Observatory photometric function to assess albedo differences across the surface (30, 31).
We subsequently map-projected and mosaicked the MapCam images using cartographic
techniques developed for irregular planetary bodies (23,31,32). Band ratios and principal
107

component analysis (PCA) were used to identify variations in multispectral images and
distinguish regions with distinct spectral properties (29). To establish statistically meaningful
relationships between color, reflectance, and morphological features, we mapped ~1600 boulders
and ~700 craters, then extracted their median spectra using established methods (31, 4, 33). We
assessed spectral variations that were bounded by irregular morphological features using
centimeter-scale 3D digital terrain models produced with data from the OSIRIS-REx Laser
Altimeter (OLA) (34-36). We also compared our findings with near-infrared hyperspectral data
acquired at lower spatial resolution using the OSIRIS-REx Visible and InfraRed Spectrometer
(OVIRS) (37).
Bennu’s global photometric spectrum is moderately blue (spectral slope of –0.1701 μm–1)
in MapCam data (0.44 to 0.89 μm), but spectral slopes vary from blue (negative, –0.25 μm–1) to
red (positive, 0.05 μm–1) at spatial scales of as small as 2 m (Fig. 1). Bennu’s surface exhibits
widespread heterogeneity in reflectance (Figs. 1 and 2). PCA shows that the first principal
component (PC1) corresponds to albedo, whereas the second principal component (PC2)
corresponds to changes in the overall spectral slope (from b′ to x), and PC3 indicates variation in
the near-ultraviolet (from b′ to v) (figs. S1 to S3).
Bennu’s globally blue surface is dominated by a coarse layer of decimeter- to meter-scale
rocks with some centimeter-scale particles (regolith), which we refer to as average terrain. The
spectral variability is associated with distinct geologic features, including boulders, craters, and
areas of mass wasting (rock movement down geopotential slopes), which we use to distinguish
color units on the asteroid (Table 1 and fig. S4, A and B). These units provide a framework for
classifying commonly observed features on the surface.

108

Boulders on Bennu
Boulders are the primary source of heterogeneity on Bennu. Some individual boulders
have VIS-NIR absorption features at 0.55 μm (as previously observed (5)), 0.7 μm (Fig. 2D), and
near 1 μm (as previously observed (38)). There are also outliers among the boulder population
that do not correspond with a specific color unit.
Boulders have a wide range of normal reflectance values (0.032 to at least 0.26 (38)) that
are multi-modally distributed with two prominent peaks (Fig. 2A). The reflectance of boulders is
not normally distributed and is most consistent with four Gaussians (31), or perhaps two or more
non-Gaussian components. We refer to boulders as bright or dark based on whether they are
brighter or darker than the median reflectance of 0.049, which lies between the two prominent
peaks of the reflectance distribution.
Bright boulders have smooth surfaces, typically angular shapes, and have blue spectral
slopes in the mid-VIS to NIR (MapCam v to x bands). However, unlike the average terrain,
~80% of the bright boulders are dark in the near-ultraviolet (near-UV; b′/v < 1; Fig. 2, fig. S4 A
and B). The bright boulders (Fig. 3, A and B) appear to have similar sizes (are well-sorted) with
diameters <10 m.
Dark boulders (reflectance ≤0.049) span a range of visible spectral slopes but are
generally redder than the bright boulders in the mid-VIS to NIR wavelengths (Figs. 1 and 2, A
and B). The dark boulders are less angular than bright boulders and commonly have rougher,
more undulating surface textures (Fig. 3, C and D). They encompass a wide range of sizes (from
decimeters to ~95 m) and include all the large (⪆20 m) boulders on the asteroid. Although the
average terrain lies between the bright and dark populations, dark boulders and smaller dark
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particles (presumably formed by boulder breakdown) appear to be the dominant material; this is
illustrated by the close correspondence between Bennu’s average reflectance (0.0439 ± 0.002)
and the reflectance peak of the dark boulder population (0.0450 ± 0.002) (Fig. 2A, gray dashed
line).
Color variation is also evident within individual boulders (Figs. 1 and 3). Sometimes this
occurs between faces of an individual rock, usually large dark boulders (Fig. 3, C to H). These
examples of intra-boulder color variation are associated with apparent exfoliation and fracturing
of the rock (39) (Fig. 3, G and H) and in textures akin to weathering rinds—exterior crusts that
appear discolored compared to faces that are potentially more recently exposed (Fig. 3, C and G).
We also observe boulders that appear to be breccias, that is, composed of rock fragments
cemented together as a result of large impacts on Bennu’s parent body (33, 38). In these
boulders, spectrophotometrically distinguishable fragments (clasts) are embedded in a host
matrix that has similar texture, reflectance, and color to the dark boulders (Fig. 3, E and F).
A small population of boulders with very high reflectance (up to 0.26 (38)) shows
evidence of an absorption feature at 1 μm (downturn in the x band). OVIRS data indicates that
these boulders contain pyroxene (38). Pyroxene-bearing material appears in distinct clasts
embedded within larger host rocks whose color and reflectance are similar to those of the dark
boulders (Fig. 3I (38)); it also appears in smaller (meter-scale), isolated boulders that do not look
brecciated. Pyroxene was probably inherited from Bennu’s parent body, where it was implanted
by an impactor that may have originated from a fragment of (4) Vesta (38), the differentiated
(not primitive) inner main-belt asteroid visited by the Dawn mission (40). Although their
reflectance overlaps with that of the bright boulders, and their texture is like that of the breccias,
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we separate pyroxene-bearing boulders into their own category (Table 1) based on their distinct
spectral shape in the VIS to NIR (v to x; Fig. 2, B and C).
Some boulders have an absorption feature at 0.7 μm (absorption depth of 2 to 10%).
Similar absorption features have been observed in spectra of primitive asteroids and
carbonaceous meteorites, where it was attributed to iron in some clay-bearing phyllosilicates
(41). Boulders with the deepest absorptions at this wavelength span a wide range of reflectance
(0.0364 to 0.0811); however, most (~60%) dark boulders tend to have a shallow (~1%) 0.7-μm
absorption. Although this is at the limit of the 1% relative precision of OCAMS data (29), it is
spatially coherent with individual boulders, giving us confidence that the feature is real (fig. S5).
Color and Surface Processes
Some areas of the surface are brighter in the near-UV (i.e., an upturn in the near-UV b′
band; b′/v > 1.01, or 1% greater than average), which we refer to as blue units. One of the bluest
contiguous surfaces on Bennu is the eastern side of the boulder shown in Fig. 3G. Digital terrain
models show this rock face is recessed relative to the western face of the boulder (Fig. 3H), and
color data indicate that the recessed face has a steeper blue spectral slope. Conversely, the
western face of the boulder is brighter and has a more neutral spectral slope, similar to the global
average (fig. S4C). The bluer, recessed eastern face may be a fresher surface, more recently
exposed to the space environment by thermal fracturing or exfoliation—ongoing surface
processes on Bennu (39, 42). Similar patterns are observed on other boulders that appear to have
been recently exfoliated (as indicated by layers with different relief). We also observe bluerthan-average near-UV slopes on the high-elevation rims (10 to 20 m higher than surrounding
terrains) of equatorial craters that show recent indications of mass wasting (Fig. 4, A and B) (43).
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The correspondence between blue units and potentially less weathered surfaces suggests
that enhanced near-UV reflectance is related to younger exposure ages on Bennu. The blue units
are correlated with the relative band depth at 0.55 μm (fig. S6), indicating that the upturn
observed in the near-UV index may be the result of an absorption feature at 0.55 μm. This
absorption feature on Bennu has previously been attributed to magnetite (5), which is also
detected in thermal emissivity spectra from OTES (7). However, this absorption feature could
also result from graphitized carbon (44), and both magnetite and graphite are associated with
space weathering (discussed further below).
The color of the largest craters (>100 m) on Bennu is indistinguishable from that of the
average terrain. However, many small (≤25 m) craters are redder than the Bennu’s average by
≥0.5σ in the near-UV to NIR, where σ is the full-width at half maximum of the global
distribution of b′ to x spectral slopes (Fig. 4, C and D; Fig. 5, A and B). We refer to these as
small reddish craters. By contrast, we identified no craters bluer than ≤ 0.5σ from Bennu’s global
average b′ to x spectral slope (Fig. 5A).
The size-frequency distribution of reddish craters implies that they are one of the
youngest components of the global crater population (Fig. 5C). If so, we expect that reddish
craters are among to the youngest surface features on Bennu (unlike the blue units described
above). The absolute spectral slopes of the reddish craters appear to correspond with crater size
(Fig. 5, A and B), and these craters are also darker than the global average (Fig. 5, D). In
PolyCam images, the reddish craters display a texture distinct from the bulk of Bennu’s surface:
unresolved at the pixel scale (i.e., <5 cm), indicating fine-particulate material (fig. S7). The
largest examples of reddish craters exist at mid to high latitudes (poleward of ± 20°), including
the crater selected as the primary OSIRIS-REx sample collection site, Nightingale (56°N, 42°E).
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Evidence of freshly exposed material on Bennu
Reddish craters and blue units on Bennu both correspond to apparently young exposure ages
(Figs. 3, G and H, and 4, C and D). To resolve this apparent contradiction, we consider crater
production rates and size-scaling laws, stratigraphic relationships, and potential contributors to
spectral slopes other than exposure age.
The size-frequency distribution of the reddish craters has a power-law index of –2.1 ± 0.4
(31). The power-law index of the reddest subset of these craters (b′ to x spectral slopes ≥1σ from
the global median value of –0.0698 μm–1) is –2.3 ± 0.6 (31). These values are close to that of the
expected production of craters in the present-day main asteroid belt and near-Earth space over
the last 100,000 years (predicted power-law index between –2.6 and –2.7; Fig. 5C) (47-48). The
global crater population has a different power-law index of –1.1 ± 0.1 (31). At small diameters,
the distributions of the reddish craters do not deviate from that of the expected crater production
(Fig. 5C), unlike the global population of craters on Bennu (33) and nearly all other closely
studied small bodies (49). A mismatch at small diameters between observed crater populations
and the expected crater production has been attributed to erasure processes (49), which
efficiently erode and diminish small craters. The correspondence between the expected
production of the red craters on Bennu and their actual distribution supports a young age: Unlike
the global crater distribution, they have not yet experienced substantial erasure.
We estimate the time required to produce the craters on Bennu using a crater production
rate and a scaling law for crater size from impactor size (31). Assuming that the red craters have
formed since Bennu’s arrival in the inner Solar System, we adopt the established crater
production rate from the near-Earth object population (47, 48). Crater scaling relationships,
however, are less certain owing to unknown material properties and the structure of rubble-pile
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asteroids. The Small Carry-on Impactor (SCI) experiment performed on asteroid Ryugu by the
Hayabusa2 mission (50) showed that small impactors (~30 cm) can produce craters consistent
with scaling laws that depend on gravity; craters formed in this gravity regime can be many
times larger than the sizes expected from scaling laws governed by target material strength. The
sizes of the reddish craters on Bennu are less than or similar to the diameter of the SCI crater
(~18 m) (50). If gravity dominates the cratering process for small craters on Bennu (e.g., 51), the
reddest subset of these craters are less than 105 years old (Fig. 5C). This is consistent with the
expected timescales of space weathering on near-Earth asteroids (~105 years) based on returned
samples of asteroid Itokawa (52) and laboratory experiments on primitive meteorites (20). Thus,
it is plausible that the reddish craters are the most recent areas of surface exposure and represent
the least weathered material on Bennu.
Although recent surface exposure may explain the reddish craters on Bennu, in
carbonaceous meteorites, redder spectral slopes in the VIS-NIR can also arise from fine particle
sizes (<100 μm) (53). The smooth and unresolved appearance of the reddish craters on Bennu
suggests that they possess finer-scale regolith (fines) than elsewhere on the surface (fig. S7).
However, small craters on boulders also appear redder than the global average photometric
spectrum, indicating that particle size is not the only factor (fig. S8). When the electrostatic
forces acting on particles exceed that of gravity and cohesion—as is often the case for micronsized grains on asteroids—lofting occurs and preferentially removes fines (54). Simulations of
electrostatic lofting show that detachment and escape of sub-millimeter particles is feasible on
Bennu and likely occurs shortly after the formation of such fines (54). Although particle sizes
<100 μm could contribute to reddening on Bennu, we anticipate that the loss of fines takes place
on shorter timescales than the age of the reddish craters. However, if micron-scale particles are
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closely associated with freshly exposed materials, they could also produce the observed
reddening.
Longer infrared wavelengths also indicate younger exposure ages for reddish craters. The
shape of the 2.7 μm hydration feature, which is ubiquitous on Bennu (7), is sharper and shifts to
shorter wavelengths within reddish craters, including the Nightingale sample site (fig. S9A). This
is consistent with laboratory space weathering experiments performed on carbonaceous
meteorites (20), which show that the minimum of the hydration feature at ~2.7 μm moves toward
longer wavelengths with prolonged exposure to space weathering processes. Thus, sharper band
features with shorter minimum wavelengths within craters may signify more recent exposure.
The blue equatorial crater at 1.06°N, 152.75°E (Fig. 4, A and B) appears to have a sharper
absorption feature but a band minimum similar to the global average (fig. S9B), indicating that it
may have an intermediate exposure age. Unlike spectral slope, the shape of this spectral
signature is not expected to be influenced by particle size (20).
The exposure age is less clear for the bluer-than-average, apparently broken boulder face
in Fig. 3, G and H. We can set some constraints from the blue units associated with equatorial
craters. Since its time in near-Earth space, Bennu’s rotation rate has accelerated in response to
surface scattering of sunlight and the emission of its own thermal radiation (10, 55),
consequences of the Yarkovsky–O'Keefe–Radzievskii–Paddack (YORP) effect. The locations of
two of the bluest craters (1.06°S, 152.75°E and 3.05°S, 128.79°E) correspond to an isolated
equatorial region that experienced increased surface accelerations as Bennu’s spin period
decreased from 5 hours to the present-day 4.3 hours (fig. S10) (10, 55), suggesting that this area
has experienced surface mass movement at some point in the past 200,000 years (43). Thus, we
infer that that the exposure age of blue units is ~200,000 years.
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Blue unit craters have also been overprinted by small reddish craters (Fig. 4D); we
therefore presume that they are composed of the same underlying material, and that the blue unit
craters are older than the reddish craters. This color trend of bluing with exposure time is
consistent with some spectral studies of space weathering of carbonaceous meteorites (e.g.,1822), but not previous surface-resolved observations of asteroids.
We suggest that nonlinear space weathering occurs on Bennu’s surface. In this scenario,
freshly exposed material is initially redder than the bulk of Bennu in the near-UV to NIR
wavelengths (b′ to x) (first stage). During early space weathering, these surfaces brighten more
rapidly in the near-UV (b′) than in the mid-VIS to NIR (v to x), thereby increasing the b′/v band
ratio (middle stage). This near-UV bluing may result from the deepening of an absorption near
0.55 μm, implying that magnetite or graphite abundance increases during the early stages of
space weathering. Eventually, however, these color differences neutralize as the surface is
brightened across the wavelengths observed by MapCam, and the downturn at 0.55 μm (v band)
diminishes, leading to the gently blue spectral slope that characterizes Bennu’s global
photometric spectrum and the oldest craters (final stage).
This space weathering progression is illustrated by craters that have been categorized on
the basis of their spectral slope (Fig. 6). The first and middle stages are illustrated by the small
reddish craters overprinted on blue equatorial craters (Fig. 4D). The middle and final stages may
also be illustrated by the boulder in Fig. 3G, whose higher-relief, presumably older western face
is brighter and has a more neutral spectral slope than the more recently exposed, bluer face. The
final stage is illustrated by Bennu’s average terrain.
The orientation of intra-boulder color variation provides further evidence of space
weathering on Bennu. We examined 220 boulders with sizes ⪆ 5 m in the equatorial region
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(20°S to 20°N), where MapCam images have the most consistent viewing conditions, and
calculated the azimuthal angle that maximizes blue-to-red color variation across each boulder
(31). Fig. S11 shows the latitude of boulders with large color variation (b′ to x slope difference of
>0.05 μm–1 between the two regions) as a function of the azimuthal angle of the blue-to-red
direction (31). Bluer faces are preferentially oriented toward the equator (fig. S12). This may
relate to solar exposure (e.g., heating or irradiation) and/or meteoroid bombardment, all
processes that would preferentially affect equatorial latitudes (42, 56). We only observe this
intra-color variation on dark boulders, perhaps owing to their larger sizes compared to other
boulder types, or a different initial composition.
Mechanisms for space weathering on Bennu
Dark, optically opaque minerals (hereafter, opaques), such as nanophase iron, graphitized
carbon, sulfides, and magnetite, are commonly produced by space weathering of primitive
materials (19, 19, 23, 44, 57). Laboratory studies have shown that phyllosilicates intimately
mixed with certain carbon species (including graphite) and magnetite can lead to bluer and
darker spectral slopes in the visible wavelengths (44) (fig. S4C and D). The link between bluing
opaque minerals and space weathering implies that blue spectral slopes are the result of a mature,
weathered regolith on primitive B-type asteroids, although they cannot fully explain the
brightening in the near-UV to NIR observed on Bennu.
As discussed above, studies of primitive asteroids and meteorites have contradictorily
predicted both bluing and reddening with increased space weathering (e.g., 13-24). Ion and
meteoroid bombardment lead to darkening and reddening of anhydrous silicate planetary
surfaces; this has previously been attributed to the accumulation of nanophase and larger metallic
iron particles, which form in response to the space environment (58). However, contrary to the
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bluing and darkening predicted from the production of graphitized carbon and magnetite, the
formation of nanophase iron in low-albedo asteroids such as Bennu may have a reddening and
brightening effect, owing to the higher reflectance of nanophase iron than that of the primitive
materials found in carbonaceous meteorites (59).
Space weathering trends observed on Bennu corroborate earlier studies (13, 44) that
found that primitive asteroids, though dark relative to the asteroid population, are brighter in the
UV than their primitive meteorite counterparts—that is, they are spectrally bluer at shorter
wavelengths. Ion bombardment of primitive low-albedo meteorites in the laboratory leads to
spectral bluing and brightening (20). These spectral changes are attributed to the process of
carbonization, whereby hydrogen is lost and crystalline carbon structures, such as graphite, are
formed (57). Irradiation experiments on complex hydrocarbons have shown that carbonization
can induce metal-like optical properties in carbonaceous material, which leads to bluing and
brightening (17, 57). We propose that space weathering–induced carbonization or magnetite
formation may have influenced the surface colors on Bennu, especially in dark materials that
become bluer (from the v to x bands) and brighter (across all bands) with increased exposure age.
Evidence for parent body heterogeneity
Although space weathering may influence the spectral slopes on Bennu, the disparate
boulder populations that we identify—which differ in terms of their reflectance, texture, and
size—suggest that some of Bennu’s heterogeneity was inherited from its parent body. Dark
boulders show a monotonic relationship of decreasing reflectance with increasing (redder)
spectral slope, which is distinguishable from that of their bright counterparts (Fig. 2B) (31).
Because space weathering is likely controlled by initial texture and composition, the difference
in spectral slope trends between dark and bright boulders could result from the maturation of
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geologically distinct materials. Likewise, the less varied spectrophotometric properties of the
bright boulders suggest that they are less susceptible to modification from space weathering or
change on a different timescale (Fig. 2).
Heterogeneity in boulder reflectance on Bennu may be the result of distinct rock types
that fragment differently, leading to an observed difference in their size-frequency distributions
(4). Different compositions of the dark versus bright boulders may account for the correlation
between reflectance and thermal properties for boulders on Bennu (60). The dark boulders have
lower thermal inertia, which is attributed to higher porosity (60), consistent with their rougher
and more crumbly (friable) appearance (Fig. 3, C and D). Conversely, the apparently smoother,
more consolidated and angular bright boulders (Fig. 3, A and B) tend to have higher thermal
inertias, attributed to lower porosity (60). Distinct texture and porosity can follow from differing
mineralogy, levels of compaction, or heating and aqueous alteration histories.
The average blue spectrum of Bennu is consistent with serpentine or magnetite and
serpentine, with some carbon (fig. S4, C and D). This composition is similar to that of Bennu’s
presumed meteorite analogs, the CM and CI groups of carbonaceous chondrites, which are
dominated by Fe- and Mg-bearing phyllosilicates, respectively. In the most intensely aqueously
altered CI chondrites, the Fe is contained in oxides, sulfides, carbonates, and other minor species
(61, 62, 63).
The tendency of dark boulders to be slightly redder and brighter in the near-UV (Fig. 2, A
to C) may indicate that they have a higher overall abundance of organic molecules, compared to
their bright counterparts. This composition manifests as lower reflectance and redder slopes in
more freshly exposed surfaces, which develop into steeper blue slopes during the early stages of
space weathering. This, along with the weak 0.7-μm absorption sometimes present in dark
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boulders (Fig. 2D), is indicative of a higher proportion of Fe-bearing phyllosilicates than other
boulders and implies that they represent a population of material from Bennu’s parent body that
has experienced less aqueous alteration. A correlation between lower reflectance and a 0.7-μm
absorption band is consistent with moderately altered CM carbonaceous chondrites, which are
among the darkest primitive meteorites with a nearly ubiquitous a 0.7-μm absorption feature
(64).
Some bright boulders contain veins of brighter material, which may be composed of
carbonates (9). This implies a level of aqueous alteration that should also lead to the formation of
magnetite (65). The lack of a near-UV upturn in carbonate-bearing boulders could signify that
other phases influence their spectral characteristics. For example, bright boulders may be
dominated by a hydrated mineral that is more absorbing at the longer wavelengths (so the
reflectance is bluer).
We expect vein-bearing boulders to contain less organic material if their reduced carbon
was oxidized by fluids to form the observed carbonates (66). Thus, if both a low albedo and
near-UV bluing are caused by the carbonization of organics via space weathering, we expect
those spectrophotometric effects to be weaker in the vein-bearing rocks—as is observed (Fig. 2A
and 2C). Although graphitized carbon could explain the bluing observed in the more recently
exposed faces of dark boulders, a UV upturn is also consistent with increasing abundances of
magnetite, which has a blue spectral slope shortward of 0.5 μm (65).
The presence of potential carbonate veins (9) in bright boulders signifies a greater degree
of aqueous alteration than in their dark counterparts, suggesting they had an origin within the
interior of Bennu’s parent body. In dark boulders, we do not find a clear spectral signature
indicative of their provenance; however, their textures may provide clues. Brecciated boulders
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typically have a host-matrix similar in texture to the dark boulders, including examples with
clasts of exogenic pyroxene; this implies that these rocks formed near the surface of Bennu’s
parent body (38). Boulders on Bennu thus may have originated from different zones within the
parent body. The multi-modal distribution of the boulder populations implies that different
processes (or extents of processes), such as aqueous alteration and heating, led to their distinct
spectrophotometric properties.
Comparison with Ryugu
Asteroid (162173) Ryugu, visited by the Hayabusa2 spacecraft, is also a low-albedo,
carbonaceous near-Earth asteroid. Although both asteroids are thought to have come from
primitive asteroid families in the inner main belt (67), Ryugu, unlike Bennu, appears to have
experienced partial dehydration (68). The multi-band cameras onboard the two spacecraft use
similar photometric filters in the visible wavelengths, so allow a direct comparison of the spectra
from each (26, 31, 68). Fig. S13 shows the areal distribution of the reflectance and near-UV to
NIR spectral slope of each asteroid. The variation in reflectance on Bennu is 1.7 times that on
Ryugu, and Bennu exhibits a bluer overall color. Though the standard deviations of the spectral
slope distributions are similar (σ = 0.039 μm–1 and 0.034 μm–1 for Ryugu and Bennu,
respectively), the distribution of color differs spatially. Ryugu shows large-scale latitudinal color
differences: The latitudinal difference is ~1/2 the standard deviation of the global color variation
(>99% confidence with mean difference of 0.52" between the redder mid-latitudinal and the
bluer equatorial regions (27)), which has been attributed to regolith migration from the equator to
mid-latitudes during the spin-down of Ryugu (68). A latitudinal color trend is also observed on
Bennu, but the difference is small compared with its overall color variation (>99% confidence
with mean difference of 0.21σ (31)). Bennu’s slightly bluer equatorial region may indicate the
121

presence of more mature material, which is consistent with its increasing rotation rate and the
associated global patterns of mass movement across the asteroid (43).
Unlike Ryugu, color variation on Bennu appears to be dominated by heterogeneity at the
meter scale, likely driven by boulders. This suggests that the extent of recent large-scale mass
wasting on Bennu may not have been as widespread as the effect of regolith mixing. Episodes of
particle ejection have been observed from Bennu’s surface (42), redistributing its surface
material over shorter timescales than those expected for mass wasting (69). Large-scale
latitudinal spatial patterns may have been obliterated by particle ejection events, which overturns
~104 g of surface material per orbit (437 days) (69). Of the material lofted, most of the mass (70
to 85%) falls back onto Bennu’s surface (69).
Young craters on Bennu tend to be redder than the average surface, whereas their young
(small) counterparts on Ryugu are bluer than average (70). Because Bennu’s global photometric
spectrum is bluer overall than Ryugu’s, the absolute spectral slopes of the craters on the two
asteroids are similar (fig. S14). Hayabusa2 NIR observations showed that the freshly exposed
interior of the artificial SCI crater on Ryugu does not exhibit a deep hydration band at 2.7 µm
(70), suggesting that Ryugu’s dehydration is not a recent event and likely took place on the
parent body (71). Although the colors of young craters on Ryugu and Bennu are similar, their
hydration properties differ, suggesting that spectral changes in response to space weathering
(e.g., bluing versus reddening) can be influenced by initial composition.
Conclusions
Bennu’s surface is highly diverse, encompassing primitive material potentially from
different depths in its parent body (Fig. 7). A smaller proportion consists of exogenic material
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from another asteroid family delivered in a pre-disruption impact to the parent body (38).
Although Bennu’s low average reflectance (0.044) (4,10) is dominated by the abundant dark
boulders and particles formed by their breakdown, the limited latitudinal pattern in the observed
heterogeneity indicates a well-mixed combination of disparate materials at spatial scales of 1 to
10 m.
Inter-boulder variations in reflectance and texture appear to be primordial in origin, but
variations in spectral slopes among craters and between individual rock faces appear to be linked
to exposure age (Fig. 7). The young age of small reddish craters and the solar orientation of
intra-boulder color patterns indicate that redder spectra are the least recently exposed surfaces.
The underlying composition of dark materials on Bennu, which potentially contain a higher
proportion of organic material available for carbonization, likely leads to initial near-UV bluing
of any freshly exposed redder materials. Initial bluing could also occur with the production of
magnetite in response to space weathering. With age, surface materials brighten and become
more neutrally sloped, consistent with Bennu’s gently blue average spectral slope. This final
stage of space weathering may result from accumulations of nanophase and larger metallic iron
particles, which potentially have a brightening and reddening effect in low-reflectance and
carbonaceous materials (59). It could also arise from the development of metal-like optical
properties in Bennu surface materials due to progressively stronger carbonization effects, which
eventually leads to brightening (57).
Our observations suggest that the OSIRIS-REx sample will contain materials with
diverse origins and evolution even from a single location on the asteroid. Both the primary and
back-up sample sites, Nightingale (56° N, 42° E) and Osprey (11.5° N, 87.5° E), are situated
within small reddish craters. The redder colors and shorter 2.7 μm band minimum positions of
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materials in these craters imply that they are pristine and have experienced less modification
from space weathering than the average Bennu surface, and that they potentially have a higher
proportion of micron-scale grains.
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Tables
Color Unit
Bright boulders

Dark boulders

Fe-bearing
phyllosilicate
boulders
Pyroxenebearing boulders
Blue units
Reddish craters
Breccias
Average terrain

Distinguishing Properties
Normal reflectance from 0.049 to 0.074. Bluish spectral slopes slightly
steeper than the global average in the mid-VIS to NIR wavelengths (0.52 to
0.96 μm) but often spectrally flat or show a downturn in the near-UV
wavelengths (0.44 to 0.50 μm; MapCam b′ band). Diameters <10 m.
Normal reflectance from 0.034 to 0.049, overlapping with the average
reflectance of Bennu (0.044). Slopes tend to be redder in the mid-VIS to NIR
wavelengths (0.52 to 0.96 μm) and often show an upturn in the near-UV
wavelengths consistent with the global average. Diameters range from
decimeters to 95 m.
Absorption feature at 0.70 μm (determined from a relative band depth >1%
in the MapCam w band). Wide range of reflectance, most often overlapping
with the dark boulders.
Absorption feature beyond 0.89 μm (determined from a downturn in the
MapCam x band relative to the w band) due to pyroxene (36). Reflectance
up to 0.26 (36). Can occur as discrete boulders or pyroxene-bearing clasts in
a dark boulder–like matrix.
Boulders and craters showing an upturn in the near-UV wavelengths that
exceeds that of the global average photometric spectrum, possibly resulting
from an absorption at 0.55 μm.
Small (<25 m diameter) craters that are ≥0.5σ redder than Bennu’s global
average (median) and contain material that is not resolved at ~2 cm pixel–1.
Medium (~5 m) to large (>10 m) boulders with embedded clasts (tens of
centimeters) whose spectrophotometric properties are distinct from the host
matrix, which resembles the dark boulders.
Areas absent of large boulders (⪆20 m) that have a photometric spectrum
similar to the global average (median).

Table 1: Adopted color units on Bennu and their distinguishing properties.
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Figure 1: Color composite, reflectance, and band ratio maps of Bennu. (A) False-color RedGreen-Blue color model (RGB) composite overlaid on a 0.55-μm (v band) normal reflectance
map of Bennu. Color channels are: red, x/v (0.85/0.70 μm, mid-VIS to NIR spectral slope);
green, w-band strength (depth at 0.70 μm, composition, fig. S5); and blue, b′/v (0.47/0.55 μm,
near-UV slope). (B) Normal reflectance. (C) The x/v band ratio, a proxy for the mid-VIS to NIR
spectral slope, where warmer values correspond to redder spectral slopes; values >1 are redder
than the global average, and values <1 are less red than the global average. (D) The b′/v band
ratio, a proxy for the near-UV slope, where higher values correspond to bluer spectral slopes;
values >1 are bluer than the global average, and values <1 are less blue than the global average.
All maps range from 65°N to 65°S latitude, 0–360°E longitude.
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Figure 2: Variation of boulder color and reflectance on Bennu. (A) Reflectance distribution of
boulders (>5 m) on Bennu. The distribution is multi-modal with more than one Gaussian
component (31). Shading and colors indicate different classifications of boulders, as indicated in
the legend. (B) Normal reflectance versus absolute spectral slope of the same boulder populations;
some individual boulders are indicated in the legend. Dark boulders tend to be redder, and their
reflectance monotonically decreases with increasing (redder) spectral slopes, whereas bright
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boulders are bluer and more scattered (31). (C) The near-UV index (b′/v band ratio) versus the b′
to x spectral slope. Dark boulders tend to have a steeper near-UV slope relative to the global
average (>1), whereas bright boulders are more often spectrally flat or show a downturn in the
near-UV (from the b′ to v bands). (D) The relative band depth at 0.7 μm (w band) versus the b′ to
x spectral slope. Some boulders show an absorption feature at 0.7 μm (relative w band depth >0),
indicative of Fe-bearing phyllosilicates. The boulders named Roc (23.6°S, 25.3°E; Fig. 3C) and
BenBen (46.8°S, 127.5°E) are two of the largest on Bennu; both are dark. The blue rock (39.80°S,
263.02°E) is shown in Fig. 3E.
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Figure 3: Examples of boulder color and morphology. All RGB color composite images are
shown on the same color scale as Fig. 1A. Bright boulders near 17.76°S, 74.74°E in (A) MapCam
(25 cm pixel–1) and (B) PolyCam (5.25 cm pixel–1) images, indicated by white arrows. The higherresolution panchromatic PolyCam image (B) shows the angular morphology of bright boulders.
Dark boulders near (C) 23.6°S, 25.3°E; and (D) 3.92°N, 178.98°E, some of which display intraboulder color variation. This includes Roc (C), which is the largest boulder observed on Benn at
~100 m in the longest observable dimension. (E) A dark boulder with resolvable clasts that appear
distinct from the host matrix (4.62°S, 248.95°E). (F) Digital terrain model of the same boulder.
The three arrows highlight the same clast in both panels. (G) A rock at 39.80°S, 263.02°E. The
darker and bluer portion corresponds to a lower-relief fractured face in the digital terrain model
(H) (I) A boulder that appears to contain clasts and be brecciated; the bright clasts with a greenish
color signature are indicative of pyroxene in this false color scale (J) a higher-resolution PolyCam
image (5.25 cm pixel–1) of the same boulder. A wider context image is shown in fig. S15.
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Figure 4: Examples of crater color. (A) The b′/v band ratio map of equatorial craters at 3.05°S,
128.79°E (black dashed line) and 1.06°S, 152.75°E (red dashed line), which have a higher nearUV index and are considered blue units. (B) An elevation map of the same equatorial craters in
(A). These blue units correspond with areas that show recent indications of mass movement away
143

from regionally high elevations, such as from crater rims. Black arrows correspond locations of
previously mapped mass movement (43). (C and D) RGB color composites images of small craters
(indicated by white arrows), shown on the same color scale as Fig. 1A. As indicated by their color,
these craters are consistently redder than Bennu’s average terrain, with positive to slightly blue b′
to x spectral slopes. The blue crater indicated by the dashed black line in (A), (B), and (D) has
been overprinted by several smaller reddish craters.
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Figure 5: Color, reflectance, and size distribution of Bennu’s craters. (A) The b′ to x spectral
slope distribution of craters on Bennu, which are not normally distributed. (B) Crater diameter as
a function of the crater’s median b′ to x spectral slope. Craters have more negative spectral slopes
at higher size and frequency; this suggests that redder (more positively sloped) craters are younger.
(C) The crater size frequency distribution on Bennu for craters classified on the basis of their b′ to
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x spectral slopes. The black line shows the expected crater production for 100,000 years in nearEarth space (cumulative power-law index of –2.7), assuming cratering in the gravity regime (51).
The size-frequency distribution of the reddish craters (purple circles) is more consistent with the
black line at small diameters than that of the global crater population (gray circles). The reddest
subset of these craters (red circles) fall below the black line, and appear to have formed more
recently than 100,000 years ago. (D) The normal reflectance of craters on Bennu as a function of
b′ to x spectral slope. Like dark boulders, the reflectance of craters monotonically decreases with
increasing (redder) spectral slopes (31). Supporting information for the relationship between
spectral slope and crater size and frequency is shown in fig. S16.
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Figure 6: The evolution of crater
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spectra shown in (A), normalized at 0.55 μm. The progression from the mid-VIS to NIR (v to x
bands) dominates the evolution of crater spectra, which mature toward more negative slopes. In
the near-UV, spectra with intermediate b′ to x slopes steepen (31). This may result from more rapid
brightening in the near-UV relative to longer wavelengths, a deepening of absorption feature at
0.55 μm (v band), or both. As a result, crater spectra show a non-unidirectional change near the b′
band as they age.

147

Figure 7: Proposed model of color and reflectance diversity. We propose that distinct rock
types formed at different depths on Bennu's parent body. After the parent body was
catastrophically disrupted by a giant impactor, Bennu accumulated from its debris (4–6) and
inherited these distinct materials, leading to the observed heterogeneity among boulders on
Bennu. Since Bennu's formation and subsequent transit to near-Earth space, it has been altered
by exposure to the space environment, which ultimately results in its moderately blue global
color. Small near-Earth impactors also continually refresh the surface, creating craters of
comparatively fresh, reddish material, which weather towards bluer colors on a timescale of ~105
years.
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Supplemental Information
Image acquisition and calibration
PolyCam images were acquired under varying imaging conditions in the Detailed Survey
mission phase (1,25), and MapCam images were collected on 14 March 2019 (Baseball Diamond
Flyby 2) and 26 September 2019 (Baseball Diamond Flyby 2b). OCAMS images were
radiometrically calibrated, corrected for charge smear, and converted into units of reflectance
(I/F or radiance factor) using previously described techniques (29). Calibrated OCAMS data
have a 5% absolute radiometric uncertainty and a 1% relative uncertainty (29). PolyCam images
were used only for geologic context so were not photometrically corrected. MapCam images
were photometrically corrected to solar phase (α), incidence (i), and emission (e) angles of 0°.
Correcting (i, e, α) to 0°,0°,0° converts the reflectance data into a measure of normal reflectance
(73). Photometric correction used a Lommel-Seeliger disk function and the Robotic Lunar
Observatory (ROLO) phase function (30). The ROLO model is preferred for correction to 0°
phase because it accounts for Bennu’s small opposition surge (30), which is slightly stronger in
the b′ band (versus the other photometric filters). The accuracy of the correction is dominated by
the accuracy of the global 3D tessellated digital terrain model (DTM) used to calculate the
photometric angles and the registration of the images to that shape model. We used an OLAbased shape model (v20) with a 20 cm facet size for photometric correction (36).
Image mosaicking and photogrammetric control
Image mosaicking was performed using a version of ISIS3 (74) modified to support
processing with tessellated 3D shape models. Precise co-alignment between different filter
images is imperative for spectral analysis. It is assumed that color images are acquired in sets
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where each filter is taken in some consecutive order and as close in time as possible. To achieve
color registration of MapCam images, the photogrammetric control process is performed in two
stages.
The first stage is focused on spatial registration between overlapping images and accurate
alignment with a DTM; we used the 80 cm mean facet size v28 shape model of Bennu by
updating the existing model (6) using stereophotoclinometric techniques. The initial image
control network was created with a single MapCam filter and exposure time; we used the v band
(0.55 μm) at the longest exposure time (18.29 ms). Long exposures have the highest single-tonoise ratio for images of Bennu’s dark surface materials but can saturate very bright features. We
discarded saturated pixels in our analysis. The photogrammetric control process involved global
registration of all v band filter images, and used OCAMS image mosaicking procedures
described elsewhere (25, 32). The adjusted camera pointing for each individual v band image
after bundle adjustment resulted in an improvement in the registration between overlapping
images and the registration between images and the modeled terrain of Bennu. The improvement
was evaluated by creating a basemap with the corrected v band images and comparing it with a
shaded relief of the DTM.
The second stage involved creating individual color sets by pairing each corrected v band
image with a corresponding remaining filter acquired close in time. The photogrammetric control
procedure involves adjusting the camera pointing of the remaining filters within a color set
directly to the corresponding newly adjusted v band image. This process ensures that the camera
pointing of each remaining filter image matches that of the v band. The end results are maps in
each MapCam band (b′, v, w, x) and span 0–360° longitude and ±65° latitude.

150

To create color cubes, we performed subpixel image-to-ground and image-to-image
registrations. The b′/v ratio (0.47 μm/0.55 μm) represents the near-UV index. The x/v ratio (0.86
μm/0.55 μm) represents the mid-VIS to NIR slope. We also calculated the relative band depth of
the v (0.55 μm) and w (0.7 μm) bands using an equation for relative band depth (2). Band ratio
maps were normalized against Bennu’s median global values, and therefore emphasize variation
from the average. We applied a 7 × 7 boxcar lowpass filter combination to reduce speckle noise
in the band ratio cubes. Stray light was also reduced using a cube-to-cube normalization
procedure for the w (0.7 μm) relative band map.
Principal component analysis of color mosaics
We performed a principle component analysis (PCA) on the color data to identify the
maximum variance of spectra from Bennu. We used MATLAB’s built-in PCA functionality (75),
which returns the principle component (PC) scores for each pixel, mapped into the first, second,
and third components. Subsequently, we identified spectral features by selecting portions of the
histogram of each PC and calculating the average spectrum of the pixels that fell within the high
and low ranges of the PC, as determined by examining geologic features (figs. S1 to S3).
Before performing PCA, we applied a Gaussian filter (2 pixel kernel width) to the
individual color bands to mitigate singe-pixel noise. We removed shadows from the maps such
that spectral variations within those shadows did not influence the PCA. To remove shadows, we
set all pixels with an albedo less than 0.03 to null. Any pixel removed from a single band was
removed from all bands. The first principal component (PC1) shows a wide range in albedo,
whereas the second (PC2) discriminates changes in the overall spectral slope (from b′ to x), and
PC3 indicates variation in the near-ultraviolet (from b′ to v) (figs. S1 to S3). PC4 is the noise
floor and reveals the areas where scattered light and incomplete smear correction impact the data
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at a scale of about 0.5%. The eigenvalues and statistics obtained from the PCA performed on the
four MapCam bands is given in table S1.
Mapping and classifying geologic features on Bennu
Boulders were mapped with polygons in ARCMAP on Bennu’s MapCam color mosaics.
The dataset includes 1590 boulders and we consider it a complete, representative population
down to 13.55 ± 2.35 m in diameter, although many boulders as small as 1.5 m were also
included in this analysis. Separate boulder populations have previously been identified based on
albedo, but did not have sufficiently well-constrained photometry to assess their distributions (4).
We determined that the histogram of the MapCam v band normal reflectance observed
for each boulder (Fig. 2A) has a multi-modal distribution by testing whether the data were
normally distributed using the Anderson-Darling test, and subsequently using the MCLUST
routine in R (76) to determine the number of Gaussian components present in the distribution.
These tests indicate 99% confidence that the boulder reflectance data presented are not drawn
from a population having a single normal distribution. The MCLUST routine identified a 4component Gaussian mixture as the best fitting model of the data, although any multi-modal
distribution is a better fit than a unimodal one. The mean v band reflectance and standard
deviations of the 4-component model are 0.0412 ± 0.003, 0.0447 ± 0.002, 0.0551 ± 0.004, and
0.075 ± 0.020, and the number of boulders falling into each component are 341, 621, 619, and
10. These values indicate that the dark boulders may comprise two separate populations, or that
our thresholding procedures to remove shadows are influencing the spectrophotometric statistics
of the lowest-reflectance surfaces.
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We distinguished between the low- and high-reflectance boulder populations by
thresholding at a v band reflectance value of 0.049, which is the median between the two visible
peaks of the boulder reflectance distribution. Based on the presence of composition indicators,
we classified boulders into Fe-bearing phyllosilicate or pyroxene-bearing boulders on the basis
of their w-band strength wbs = w / (0.5v + 0.5x), using the median wbs value ±3 times the median
absolute deviation (MAD) for thresholding. The MAD is a standard statistical method of
measuring dispersion and identifying outliers. Fe-bearing phyllosilicate boulders had low wbs
values (less than median(*+,) − 3MAD(*+,)), signifying an absorption at 0.7 μm. Pyroxenebearing boulders had high wbs values (greater than median(*+,) + 3678(*+,)), signifying
an absorption longward of 0.85 μm and a negative b′ to v reflectance slope. We manually
inspected boulders that were close to the classification boundaries to confirm their classification.
The four distributions identified by MCLUST have similar mean v-band reflectance values to those
from the boulder categories identified in this manual classification. The agreement between the
different techniques applied improves our confidence that multiple populations of boulder types
are present on Bennu.
For the calculations of the b′ to x spectral slope for boulders and craters, we adapted an
equation (77) for the MapCam bands:
9:! = 1 + =(>" − 0.55BC)

eq. S1

where 9" is the reflectance in each band (b′, v, w, x) normalized to the v band, >" is the effective
wavelength (in microns) of each band (0.473, 0.550, 0.698, 0.847), and = is the slope of the fitted
line, constrained to a value of unity at 0.55 μm.
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We determined the relationship between reflectance and the b′ to x spectral slope by first
conducting an Anderson-Darling normality test for both variables, which indicated ≫99%
confidence that neither variable is normally distributed. We therefore conducted a nonparametric correlation test, Kendall’s Tau. For Kendall’s Tau, as with other correlation metrics, –
1 ≤ E ≤ 1, and E = 0 when variables are independent. We found significant evidence (p ≪ 0.01)
to reject the null hypothesis and conclude that dark boulder reflectance and spectral slope have a
moderate, monotonically decreasing relationship (E = –0.43). We conducted the same tests for
the bright boulders, among which boulder reflectance and spectral slope have a weaker
monotonically decreasing relationship (p ≪ 0.01, E = –0.29).
Crater identification within ± 60° latitude was performed using panchromatic PolyCam
image data (not MapCam color images) acquired during the Approach and Detailed Survey
phases of the OSIRIS-REx mission (1,25). The Approach images provide global coverage at
approximately ~30 cm pixel–1 and are suitable for identifying and measuring craters with
diameters larger than ~30 m (33). The Detailed Survey images provide complete coverage of the
surface in latitudes ±60° at low emission angles and with an average of ~5 cm pixel–1 (32), and
permit identification and measurement of craters to diameters <1 m. Images were displayed over
Bennu’s shape model using the SMALL BODY MAPPING TOOL (SMBT (78)), which provides
continuously adjustable zoom levels, brightness/contrast control, and manipulation of viewing
direction of the shape model. Such manipulation allowed us to set different image parameters to
search for features of all scales and brightness levels within the images. Craters were identified
by morphology characteristics, primarily via circular depressions, sometimes with particle-size
contrasts between the crater interior and exterior. Craters were marked using SMBT’s circle or
ellipse tool, which records the location and geometry of the circle or ellipse in the coordinate
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system of the shape model. We subsequently confirmed that >90% of the craters identified in
PolyCam images have morphological expression in the OLA data (36).
The crater database of sizes and locations was then correlated with the color data set to
identify color trends of the craters. Craters were manually registered with Bennu’s global color
mosaics in ARCMAP. We also debiased the color statistics of overlapping craters, by only using
the surface area (pixels) belonging to each crater to calculate statistics. We assume smaller
craters were created more recently, thus large craters with overlapping small craters were clipped
to remove the shared pixels that belonged to smaller craters. The dataset includes 706 craters; we
consider it to be a complete population down to 3.10 ± 0.4 m in diameter, following (4). The
power law index of the crater size frequency distributions was determined using the methods
described in (4) for boulder distributions.
Analysis of the crater colors, size-frequency distribution, and production function
The absolute spectral slope from the b′ to x bands was calculated for the global list of
craters. The values for each were then compared directly to the global Bennu average surface b′
to x slope (–0.1701 with standard deviation 0.1003). Craters were extracted from the list based
on their measured color relative to the global color. The subset of craters that were 1σ redder
than average had b′ to x slopes greater than –0.0701 (a total of 79 craters met this criterion, and
only three were more than 2σ redder). The 255 craters that were 0.5σ redder than average were
also extracted.
We determined the relationship between crater reflectance and the b′ to x spectral slope
by first conducting an Anderson-Darling normality test for both variables, indicating ≫99%
confidence that neither variable is normally distributed. Kendall’s Tau test indicated significant
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evidence (p ≪ 0.01) to reject the null hypothesis and conclude that crater reflectance and spectral
slope have a moderate, monotonically decreasing relationship (E = –0.54).
The differences in the b′/v band ratio of craters categorized by their overall b′ to x spectral
slope (Fig. 6) were statistically assessed using a one-way analysis of variance (ANOVA). To
perform this test, we assumed that the b′ to x spectral slope is dominated by the change from v to
x and is thus independent from the b′/v band ratio; the spectral changes in Figure 5 support this
assumption. The results, summarized in table S2, demonstrate that the F value, F, is larger than
the F statistic, Fcrit, and so we can reject the null hypothesis. Additionally, the mean and median
of each category indicate steeper b′/v band ratios for intermediate b′ to x spectral slopes; that is,
craters with the most positive and negative b′ to x spectral slopes are less blue in the near-UV.
The crater production function is a combination of the expected flux of impactors for a
near-Earth object, their typical impact speeds, and the crater scaling expected for impacts into a
small rubble-pile asteroid. The flux of impactors in the size range of 1 to 10 m has been
measured via bolide detonations in Earth’s atmosphere (47). The power-law size distributions of
these impactors match that for larger bodies (48) and are combined to produce an expected flux
of impactors per year per square kilometer of a near-Earth asteroid.
We used the gravity-regime crater scaling relationship (50,51), incorporating the surface
gravity of Bennu (0.0000615 m s–2 (6)) and a typical target grain size of 30 cm. Impactor density
was assumed to be 2300 kg m–3, target bulk density was assumed to be that measured for Bennu
of 1190 kg m–3 (6), target grain density was assumed to be 2300 kg m–3, solid target disruption
energy was assumed to be 1000 J/kg, and an impact speed of 18.5 km s–1 was used to represent
the mean impact speeds between near-Earth asteroids (79).
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Calculating spectral slopes across individual dark boulders
We examined nadir MapCam images taken during the re-fly of Baseball Diamond Flyby
2 (26 September 2019) and identified 220 large boulders between ±20° in latitude (boulders
outside of this latitude range were imaged with emission angles >20°). The rim of each boulder
was manually traced in MapCam images. Based on the manually traced boulder outline, we
calculated the azimuthal angle that maximizes the blue-to-red color variation within each
boulder. We calculated the difference in the average b′ to x spectral slope between the two
regions within the outline of each boulder, which is divided by a line segment with a variable
angle crossing the centroid of a boulder. Pixels with incidence/emission angles > 60° and I/F <
0.01 were discarded from the calculation. The optimal angle was identified via a grid-search
between 0° to 360° range with 30° intervals in each boulder image. The determined angles were
converted to azimuthal angles shown in fig. S11 by georeferencing the images to an
equirectangular projection.
Fig. S12 shows intra-boulder variation. Whether such color variation could be a product
of the illumination conditions (e.g., inclusion of sub-pixel scale shadows) was evaluated by
calculating the root mean square (RMS) error of the radiance factor using multiple images taken
with slightly different viewing angles during the flyby sequence. The distribution of the RMS
deviation showed limited correlation with the observed intra-boulder color variation; thus, the
observed variation should at least partly reflect the surface property of boulders.
Spectrophotometric trends and comparison between Bennu and Ryugu
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The I/F distribution (fig. S13) was calculated by using the global observation images:
PolyCam images of Bennu taking during the OSIRIS-REx mission’s Approach and Preliminary
Survey phase (20181113T041412S224_pol_iofL2pan to 20181113T083212S153_pol_iofL2pan)
and ONC-T (Optical Navigation Camera) v band images of Ryugu taken during the Hayabusa2
mission’s Box-A Operation (hyb2_onc_20180712_064513_tvf_l2d to
hyb2_onc_20180712_134452_tvf_l2d). These images were chosen due to their similarity in
resolution (~2 m pixel–1) and phase angle (18–19°), minimizing observational biases between the
OCAMS and ONC data sets. To account for the different shapes of the two asteroids, the I/F
values were photometrically corrected to an observation geometric condition (i, e, α) = (18°, 0°,
18°). Similar-resolution shape models (~3 m facets) were used for the correction
(stereophotoclinometry v20 (6) for Bennu and stereophotoclinometry v20180717 for Ryugu).
The photometric functions and parameters were taken from the fitting conducted by using
images taken under a wide range of conditions (30, 68). Pixels with incidence or emission angles
>60° and I/F < 0.01 were discarded because of the uncertainties in the photometric correction
and their low signal-to-noise.
I/F pixels were mapped to an equirectangular projection. Each mesh in the
equirectangular projection was weighted with a cosine of latitudes to account for the areal
distortion to create the areal frequency histogram. Each histogram was normalized by its total
area. The photometrically corrected images were binned in 32 × 32 pixel bins to calculate the
distribution at a pixel scale of ~64 m.
The same method was applied to the color distributions (fig. S13). We used color images
from MapCam during the OSIRIS-REx Baseball Diamond Flyby 2b for Bennu and ONC-T the
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Box-A Operation for Ryugu (68). The difference in the resolution was compensated for by
conducting an 8 × 8 pixel binning of the MapCam images.
For the comparison between Bennu and Ryugu, the b′ to x spectral slope was calculated
as:
!! /#$%/#
&"! $&#

eq. S2

The effective wavelengths are slightly different with the MapCam and ONC-T filters (># =
0.4798 μm, >$ = 0.5489 μm, and >% = 0.8573 μm for ONC-T (80)). This effect was quantified
by calculating the difference in band ratios of the 398 C-complex asteroids surveyed by Small
Main-Belt Asteroid Spectroscopic Survey, Phase II (SMASS2) (77) using the respective
wavelengths of the two cameras. The difference in the band ratios was confirmed to be ~1%
(RMS error of 1.1 % for b′/v and 0.99% for x/v) and thus would not affect our qualitative results.
A Student’s t-test was used to assess the significance of the difference between the means
of Gaussian-like equatorial and mid-latitude color distributions on Bennu (fig. S13D). The means
for Ryugu and Bennu are significantly different with p ≪ 0.01. This trend holds after the
photometric correction (30) (p ≪ 0.01). Thus, the slight bluing of Bennu’s equator relative to the
mid-latitude regions is likely not due to observational biases.
Spectral Analogs of Bennu
Although carbonaceous meteorites are expected to be a reasonable compositional analog
for Bennu, the reflectance of Bennu is lower than that of most meteorite samples. To reproduce
the spectral reflectance properties and variations seen on Bennu, we produced a series of
physical and simulated analogs consisting of two-component mixtures of an Mg-rich
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phyllosilicate, saponite, magnetite and one of two forms of carbon, graphite or lampblack (shown
in fig. S4 C and D).
Simulated analogs (fig. S4 D) used the samples and procedures outlined in (44). For
physical analogs, we produced a series of them spanning a range of carbonaceous material
abundances (0–10 wt.%). We used saponite (containing ~25 wt.% dolomite) as the primary
phyllosilicate because Bennu may have been extensively aqueously altered, and as aqueous
alteration proceeds, the abundance of saponite to serpentine in carbonaceous chondrites
increases, and the phyllosilicates become increasingly Mg-rich (e.g., 81–84). Because it is not
possible to extract enough carbonaceous material from carbonaceous chondrites to produce
sufficient quantities of simulants, we used fine-grained amorphous carbon or graphite because it
is not possible to extract enough carbonaceous material from chondrites to produce sufficient
quantities of simulants. The amorphous carbon (lampblack) and graphite are spectrally
featureless in the 0.3–5 µm region (85), and both induce a bluing (reflectance decreasing toward
longer wavelengths) in mixtures with phyllosilicates (86, 87), (fig. S4C).
The series of saponite+lampblack and saponite+graphite mixtures that we produced have
carbonaceous phase abundances that encompass (and exceed) the range of carbonaceous phase
abundances in carbonaceous chondrites of types CI1 and CM1-2 (88).
Samples used: Our mixtures included a natural (but partially processed by the supplier) saponite
(our sample #SAP105), a fine-grained synthetic lampblack (our sample #LCA101), and a
synthetic graphite (our sample #GRP102). Sample sources were:
SAP105 is sourced from Amargosa Valley, CA-NV, USA. It was provided as a fine-grained
beige powder by IMV Minerals (Lhoist North America) and is marketed under the trade name
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Imvite. LCA101: Johnson Matthey, #14237A, <0.021 µm particle size. GRP102: Johnson
Matthey, #10130A, –300 mesh, 99.5% pure.
Preparation of mixtures: To produce samples with intimately mixed phyllosilicates and
opaques, we adapted a procedure developed (89) for Bennu analogs.
The as-received endmembers were all fine-grained (<45 µm), so no additional sample
preparation was required. Mixtures were prepared by weighing out endmembers using a balance
with an accuracy of ±0.1 mg. Approximately 50 grams of each mixture were produced. Each
mixture was placed into an alumina mortar and pestle and ground together for one minute to
remove clumping. The powders were then mixed with reverse osmosis (RO) water at a
volumetric ratio of roughly 2:1 water:powder in a stainless steel cup with agitators. The resulting
slurries were further blended with a commercial-grade drink mixer for roughly 10 minutes and
then poured into aluminum trays with crenulated bottoms. The mixtures were then heated to
150°C in air and kept at that temperature for 4 days using a drying oven. The slurries were
initially ~10 cm thick, and the heating process resulted in a very large volume loss and formation
of mostly few-centimeter chunks due to desiccation cracking about 1 cm deep. The resulting
chunks had a smooth cuspate surface with a surface coating of light-colored precipitate (likely
halite), and a few vesicles (up to ~3 mm in diameter). The upper surfaces of the chunks were
scraped with a razor blade to remove the salt crust. A portion of the sample was retained as-is,
with the upper surfaces additionally sanded with 60 grit aluminum oxide sandpaper to produce a
matte surface. Other portions of the sample were ground by hand in the alumina mortar and
pestle and dry-sieved to produce <1000 and <45 µm powders, also after removing the salt crusts.
This resulted in four different types of samples for spectral analysis: flat-matte surfaces,
crenulated surfaces, <1000 µm powders, and <45 µm powders.
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Scanning electron and optical microscopy indicated that the lampblack was not fully
dispersed in the mixtures. The samples showed some areas of clumped lampblack with the larger
aggregates about 30–50 µm in diameter. Carbon and carbonaceous material mapping of CM
chondrites shows that carbon-rich domains range in size from <1 µm to a few to tens of microns
and are heterogeneously distributed (e.g., 90,91), so that incomplete disaggregation of the
lampblack more closely reproduces carbonaceous chondrite matrix textures than complete
disaggregation would.
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Supplementary Tables

b′ eigenvalues
v eigenvalues
w eigenvalues
x eigenvalues
% PC variance:

PC1
0.514
0.52
0.5
–0.463
99.3

PC2
0.76
0.077
–0.373
–0.527
0.43

PC3
–0.378
0.708
0.18
–0.569
0.17

PC4
0.124
–0.471
0.76
–0.429
0.089

Table S1. Summary statistics obtained from the PCA performed on the four MapCam bands,
including the percentage of the total variance in each PC as well as the eigenvalues, per band, for
each PC.
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a. Summary of statistics
Category

Count

Sum

Mean

Median Variance

91.2227 1.0024

1.0028 3.57×10-5

μ + 0.5σ > craters b′-x slope > μ

366 367.3244 1.0036

1.0037 4.65×10-5

μ + 1σ > craters b′ to x slope > μ + 0.5σ

174 175.0637 1.0061

1.0054 6.21×10-5

b′/v band ratios for:
μ > craters b′ to x slope

91

craters b′ to x slope > μ + 1σ

75

75.2571 1.0034

1.0025 8.32×10-5

b. ANOVA
Variation source

Sum of
squares

Degrees of
freedom

Mean

F

p-value

Fcrit

5.0612

0.0005

2.3846

square

Between Groups

0.0011

4

0.0003

Within Groups

0.0371

701

5.29×10-5

Total

0.038

705

Table S2. Summary of ANOVA for different crater b′/v band ratios, categorized by their overall
b′ to x spectral slope (Fig. 6). μ is the global average b′ to x spectral slope of Bennu, and σ
indicates the standard deviation.
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Supplementary Figures
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Figure. S1: Principal Component 1. (A) The average spectra for the high and low endmembers of the histogram of PC1. (B) PC1
mapped across the surface of Bennu. The red and blue spectra correspond with high and low values in the map of PC1, respectively.
The overall change in albedos across Bennu is captured by PC1, which tracks with the v band normal reflectance.
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Figure S2: Principal Component 2. (A and B) Same as in fig. S1, but for PC2. The overall spectral slope (from b′ to x) appears to
drive the variance of PC2 and tracks the b′/x band ratio.
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Figure S3: Principal Component 3. (A and B) Same as in fig. S1, but for PC3. Most spectral variance in PC3 corresponds to an upturn
or downturn in the b′ band and tracks the b′/v band ratio.
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Fig. S4. Reflectance of boulders, craters, and Bennu analogs. (A) Average (median) spectra in
absolute normal reflectance of each color unit identified in Table 1. Error bars represent that 2%
relative radiometric uncertainty in MapCam data and the light gray dotted lines encompass the 5%
range of absolute radiometric uncertainty. (B) Same spectra shown in (A) ratioed with the global
median spectrum of Bennu, which removes the relative and absolute uncertainties. (C) MapCam
photometric spectra (solid circles connected by solid lines) for various color units as compared
with Bennu’s global spectrum (black dashed line) and laboratory samples (solid lines; labeled
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MUD008) of the phyllosilicate saponite (~90%) mixed with lampblack carbon (10%) and prepared
in different textures. (D) The serpentine saponite combined, modeled in intimate mixtures with
both magnetite and simulated fine-grained lampblack carbon. The models demonstrate the bluing
effects of both magnetite and carbon (in this case, lampblack); the bluing effects are expected to
vary depending on grain size, abundance, and “host” serpentine. Bennu’s global spectrum (black
dashed line) has a blue spectral slope that falls between both mixtures.
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Figure S5: MapCam mosaic (25 cm pixel–1) of the relative band strength at 0.7 μm. Some larger dark boulders appear to have a
weak (~1%) absorption feature (values <1). Although this weak absorption feature is at the radiometric precision of the MapCam
instrument, its spatial coherence with individual boulders provides confidence that it is real. However, at the 1% level, minor artifacts,
such as stray light (which causes linear artifacts at image seams), are also visible. Pyroxene-bearing boulders have band strengths at
0.7 μm >1 and appear as meter-scale red patches.
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Figure S6: The b′/v band ratio (near-UV index) as a function of the relative band depth at
0.55 μm for the different boulder types identified on Bennu. These quantities are linearly
correlated for the different boulder types. The upturn in the near-UV observed in the spectra of
some boulders may be the result of an absorption feature at 0.55 μm.
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Figure S7: PolyCam image (~5 cm pixel–1) of the primary OSIRIS-REx sample site, Nightingale
(white circle), acquired on 12 April 2019. This location appears smoother and is less well
resolved than the bulk of the asteroid’s surface. The texture of Nightingale is representative of
many of the small reddish craters on Bennu. The image was taken from a distance of 2.8 km. The
field of view is 39.6 m on each side.
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Figure S8: Example of a crater on a boulder. (A) MapCam RGB false-color composite (same stretch as Fig. 3A) of a boulder with a
putative crater (white dashed line), (B) as visible in a higher-resolution PolyCam image (5.25 cm pixel–1), and (C) the local OLA
DTM. The recessed crater in this boulder is spectrally redder than its surroundings.
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Figure S9: (A) Non-normalized OVIRS spectra for Nightingale crater (solid red line), the blue
unit crater at 1.06°lat, 152.75°lon (solid blue line), and Bennu's global average (dashed black line),
corrected to standard reflectance conditions (30°, 0, 30°). The red and blue spectra are vertically
shifted for display by –0.001 and –0.0033, respectively. The wavelength range was chosen to
emphasize the minima of the 2.7-μm band associated with hydrated phyllosilicates. The gray
vertical line indicates the minimum band position for the Bennu's global average, at 2.735 μm. For
Nightingale crater, the band minimum is sharper, and its position is shifted (~15 nm) toward
shorter wavelengths, compared to the global average. The blue unit crater's average spectrum has
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the same hydration band minimum as the global average at 2.735 µm. Still, the shape of the feature
is sharper than that of the global average. The global average spectrum was obtained from all
Detailed Survey OVIRS spectra (footprint size, 20 m) from the 12:30 PM local solar time
Equatorial Station (09 May 2019). (B) Footprints of the four spectra of Nightingale averaged
together for the red spectrum in (A). Data are from the Recon A phase of the mission (12 Oct.
2019), where the OVIRS footprints span ~6 m. (C) The footprints of the 28 individual spectra from
12:30 PM local solar time Equatorial Station were used to determine the blue spectrum in (A),
which is bluer than the global average by a factor of ~3 in the range 0.55–2 µm (when normalized
at 0.55 µm). All spectra are smoothed with a 2x2 averaging filter.
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Figure S10: The change in geopotential slope across the surface of Bennu as the spin period
decreases from 5 hours to the present-day 4.3 hours over the past 200,000 years (43). The
isolated region near 0°lat, 120–150°lon coincides with the presence of the equatorial blue crater
units.
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Figure S11: Azimuthal angles of the intra-boulder color variation plotted against situated
latitudes of boulders.
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Figure S12: Intra-boulder color distribution of boulders. (A) Image of a boulder situated at 20°S, 255°E
(20190926T173725S586_map_iofL2v_V005.bvwx). (B) The b′ to x spectral slope within the boulder. The arrow shows the calculated
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direction that maximizes the blue-to-red color variation. The circle indicates the centroid of the boulder. (C) The profile of the b′ to x
slope along the arrow shown in (B). The profile is smoothed by averaging over 20 pixels. (D) The v band normalized spectra of bluer
and redder faces of the boulder. (E to H) Same as (A) to (D) for a boulder situated at 10°S, 260°E. Bluer surfaces tends to be brighter.
The spectral difference between blue and red faces shows that the intra-boulder color variation is characterized by the heterogeneity in
VIS spectral slope and the possible weakening of the 0.7-μm absorption, whereas the degree of UV upturn is relatively uniform.
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Figure S13: Comparison of the reflectance and color distribution between Bennu (red) and
Ryugu (blue). The areal distribution of (A) reflectance and (B) spectral slope observed at ~2 × 2
m2 and ~64 × 64 m2 resolution. Owing to the slightly different effective wavelengths of the blue
filters of OCAMS and ONC-T, spectral slopes are determined from b to x for Ryugu and b′ to x
for Bennu. (C) The change in the spectral slope distribution when averaged zonally at different
latitudes.
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Figure S14: Comparison of Bennu’s colors with the color of craters on Ryugu. The color of
blue craters on Ryugu from (70) (yellow squares) compared to craters (green circles) and boulders
(magenta circles) on Bennu. The x axis is the b′ to x spectral slope, and the y axis is the b′/v band
ratio (near-UV index). Bennu and Ryugu’s average global values (crosses) are shown for context,
with ellipses that indicate the variation for 68% and 95% coverage.
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Figure S15. Regional context for the boulder shown in Fig. 3I. A 50 m × 50 m subset of the
global mosaic of Bennu (32), centered on the boulder shown in Fig. 3I (bright clasts in a dark
matrix). Although there are small bright boulders in this region, there are none in the immediate
vicinity of this boulder, nor are there any on the neighboring boulders. This provides confidence
that the bright clasts in the boulder shown in Fig. 3I are embedded in, rather than perched upon,
the boulder.
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Figure S16: Supporting information for the relationship between spectral slope and crater size and frequency. (A) Crater diameter
plotted against median b′ to x spectral slope, for craters >20 m. (B) Crater diameter plotted against median b′ to x spectral slope, for
craters ≤ 20 m. (C) The b′ to x spectral slope distribution of craters on Bennu, for craters >20 m. (D) The b′ to x spectral slope distribution
of craters on Bennu, for craters ≤20 m. When we separate out the largest craters on Bennu (>20 m), the trends between spectral slope
and crater size and frequency, as highlighted in Fig. 5, still hold
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Supplementary Data Files
All Supplementary Data Files can be downloaded at:
science.sciencemag.org/content/370/6517/eabc3660/suppl/DC1
Caption for data S1. Comma separated value (CSV) list of the boulders used in this study. The
first row are column headings and subsequent rows are boulder data. A description each column
heading, in single quotes, is given parenthetically here: ‘sequential_id’ (arbitrary unique id),
‘area_m^2’ (area of the polygon used to trace boulder in units of m2); ‘center_latitude’ (polygon
central latitude in units of degrees, domain ±90º); ‘center_longitude’ (polygon central longitude in
units of degrees, domain 0–360º); and ‘classification’ (determined by the boulder classification
scheme described in this study).
Caption for data S2. CSV list of the craters used in this study. The first row are column headings
and subsequent rows are crater data. A description each column heading, listed in single quotes, is
given parenthetically here: ‘sequential_id’ (arbitrary unique id), ‘radius_km’ (radius of the circle
used to trace the crater, in units of km); ‘center_latitude’ (circle central latitude in units of degrees,
domain ±90º); ‘center_longitude’ (circle central longitude in units of degrees, domain 0–360º).
Caption for data S3. Text file list of all the OCAMS MapCam long exposure images used to
produce the maps in Fig. 1.
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