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Abstract: We manually mapped particles ranging in longest axis from 0.3 cm to 95 m on (101955)
Bennu for the Origins, Spectral Interpretation, Resource Identification, and Security–Regolith Explorer
(OSIRIS-REx) asteroid sample return mission. This enabled the mission to identify candidate sample
collection sites and shed light on the processes that have shaped the surface of this rubble-pile asteroid.
Building on a global survey of particles, we used higher-resolution data from regional observations
to calculate particle size-frequency distributions (PSFDs) and assess the viability of four candidate
sites for sample collection (presence of unobstructed particles ≤ 2 cm). The four candidate sites have
common characteristics: each is situated within a crater with a relative abundance of sampleable
material. Their PSFDs, however, indicate that each site has experienced different geologic processing.
The PSFD power-law slopes range from−3.0± 0.2 to−2.3± 0.1 across the four sites, based on images
with a 0.01-m pixel scale. These values are consistent with, or shallower than, the global survey
measurements. At one site, Osprey, the particle packing density appears to reach geometric saturation.

Remote Sens. 2021, 13, 1315. https://doi.org/10.3390/rs13071315 https://www.mdpi.com/journal/remotesensing

https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-1633-2096
https://orcid.org/0000-0002-5643-1956
https://orcid.org/0000-0002-0906-1761
https://orcid.org/0000-0002-3144-1277
https://orcid.org/0000-0002-1803-5098
https://orcid.org/0000-0002-3961-8997
https://orcid.org/0000-0002-9993-8861
https://orcid.org/0000-0003-0926-7513
https://orcid.org/0000-0002-4573-3553
https://orcid.org/0000-0002-0884-1993
https://orcid.org/0000-0002-5867-9410
https://orcid.org/0000-0002-0823-9804
https://orcid.org/0000-0002-2597-5950
https://doi.org/10.3390/rs13071315
https://doi.org/10.3390/rs13071315
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13071315
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/2072-4292/13/7/1315?type=check_update&version=2


Remote Sens. 2021, 13, 1315 2 of 25

We evaluate the uncertainty in these measurements and discuss their implications for other remotely
sensed and mapped particles, and their importance to OSIRIS-REx sampling operations.

Keywords: particle size-frequency distributions; power laws; rubble-pile asteroids; fragmentation

1. Introduction

Particles formed from geologic processes, from dust to boulders, typically have a
scale-invariant and fractal frequency versus size relationship due to the natural process of
fragmentation [1]. This relationship can be modeled with a fractal (power-law), Weibull,
exponential, or log-normal distribution, with varying success depending on the dataset.

In planetary science, the methods for calculating particle size-frequency distributions
(PSFDs) are similar to those for calculating crater size-frequency distributions, which have
long been used to estimate the ages of many planetary surfaces (e.g., [2,3]). The goal
of determining PSFDs is often to assess candidate landing or sampling sites (e.g., [4–7])
and to understand the geophysical processes responsible for shaping a planetary surface
(e.g., [8–13]). For example, on the Moon, PSFDs have been used to understand rock break-
down and regolith evolution rates (e.g., [14,15]). PSFDs are also often used to understand
impact processes, including the formation of secondary craters (e.g., [16–18]). Much of this
work is done through remote sensing by mapping and measuring particles that appear in
images (apart from the Apollo samples returned to Earth, which were sieved; e.g., [19]).
Particles are measured either by their longest axis, their two longest axes, all three axes, or
a full polygonal outline of the visible extent.

NASA’s OSIRIS-REx sample return mission [20] conducted particle size measurements
on asteroid (101955) Bennu. These measurements were needed to assess the feasibility
of sample collection by the OSIRIS-REx Touch-And-Go Sample Acquisition Mechanism
(TAGSAM; [21,22]). These measurements also enabled us to draw conclusions about the
geophysical processes on Bennu and make comparisons with other planetary bodies. The
importance of PSFDs became more crucial after arrival at Bennu revealed a surface dense
with boulders and less sampleable material than anticipated [23].

A global PSFD of Bennu’s surface was calculated by DellaGiustina and Emery et al. [24]
using images acquired during the spacecraft’s approach to the asteroid. Regional-scale
(local) PSFDs were used to estimate the amount of sampleable material at four candidate
sample sites on Bennu and to refine the coordinates for spacecraft targeting during the
Touch-And-Go sampling maneuver [24,25]. The global and local analyses for sample-site
selection relied on two assumptions: that the PSFD calculated from meter-sized particles
could be extrapolated to constrain the PSFD of centimeter-sized particles, and that remotely
sensed measurements could accurately reproduce ground truth measurements.

Here, we present local PSFDs from high-resolution images, in context with the global
results, with particle sizes ranging in longest axis from 0.3 cm to 95 m. Our results provide
insight into the differing geologic processes at work on Bennu’s surface. These data were
also key in the selection of Nightingale crater as the OSIRIS-REx primary site. Lastly, we
comment on improvements that could be made in the future by similar missions.

2. Materials and Methods
2.1. Background

The OSIRIS-REx TAGSAM [21] was designed to ingest particles smaller than 2 cm in
the longest dimension, defined here as sampleable regolith. Larger particles would reduce
the efficiency of collection (particles > 5 cm in longest dimension) or block the sampling
mechanism completely (particles > 21 cm in longest dimension, [21]). With the mission’s
requirement of returning at least 60 g of regolith from Bennu to Earth, it was imperative
to map particles on the surface to identify regions of interest (ROIs). We define particles
as features of positive relief with a well-defined perimeter, characterized by an elongated
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shadow at large phase angles (consistent with the definition in [24]; Figure 1). Much like
asteroid (162173) Ryugu [26], the target of the JAXA Hayabusa2 mission, particles on
Bennu have varied geomorphic characteristics and many are partially buried, which makes
identifying particle perimeters difficult. Furthermore, mapping performed on lower-spatial-
resolution data will miss particles that can only be identified in higher-spatial-resolution
images (see Figure 1).

Figure 1. Close-up examples of images of Bennu’s surface with and without mapped particles.
This example falls within the Nightingale region. Illumination conditions and pixel resolution are
included for context. We define incidence as the angle between the light vector and the surface
normal (Sun-Bennu-surface normal), emission as the angle between the observation vector and the
surface normal (OCAMS-Bennu-surface normal), and phase as the angle between the light vector
and observation vector (Sun-Bennu-OCAMS).

2.2. Mapped Image Datasets

Particle mapping was performed on images that were radiometrically calibrated [27]
and registered to shape models of the asteroid and to each other [28], but not map-projected.
A summary of the image datasets used is provided in Table 1. In most cases, multiple
images were required to map all of the particles in a given scene, and the lowest emission-
angle images were prioritized to minimize foreshortening and other projection effects.
Particles were mapped on individual images first, then the particle measurement data were
combined and cartographically projected onto an image mosaic for visualization.

DellaGiustina and Emery et al. [24] mapped particles at a global scale (~0.42 m/px)
on images taken by the OSIRIS-REx Camera Suite (OCAMS) PolyCam panchromatic
imager [29] during the Approach phase of the mission [20,30] (Figure 2a). This image
dataset allowed the OSIRIS-REx team to identify ROIs on Bennu’s surface that warranted
more study before being classified as candidate sample sites. As the team obtained higher-
resolution imagery throughout the subsequent mission phases, the size and location of the
ROIs used for particle mapping varied (Figure 2b). These variations were partly driven
by mission schedule—as image resolution increased, there were more particles to count.
Refinements were also made to optimize sample collection and avoid unsafe terrain and
large hazardous particles (boulders).
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Table 1. Summary of the image datasets used for particle mapping. Image datasets are grouped by global or sample site location. The number of unique image/user pairs (when greater
than 1) denotes when images were mapped by more than one user. In cases where this value does not match the total number of images mapped, a modified DBSCAN clustering algorithm
was used to combine and reduce the dataset.

Region Mission
Phase

Image
Acquisition Date
(MM-DD-YYY)

No.
Images Mapped No. Users No. Unique Image/

User Pairs
Average Pixel

Scale (m)
Average

Phase Angle
Average

Emission Angle
Average

Incidence Angle

Global Approach 12-01-2018 7 1 7 0.42 34.47◦ 15.21◦ 36.62◦

Nightingale
BBD 03-29-2019 1 1 1 0.05 52.12◦ 12.33◦ 61.17◦

Recon A 10-26-2019 6 10 18 0.01 30.99◦ 35.19◦ 62.78◦

Recon C 03-03-2020 9 10 12 0.004 57.39◦ 20.28◦ 68.30◦

Osprey
BBD 03-21-2019 1 1 1 0.05 30.18◦ 6.40◦ 31.07◦

Recon A 10-12-2019 5 11 23 0.01 43.04◦ 34.59◦ 20.53◦

Recon C 05-26-2020 9 8 11 0.003 41.96◦ 25.35◦ 17.11◦

Sandpiper BBD 03-28-2019 1 1 1 0.05 44.97◦ 20.73◦ 62.18◦

Recon A 10-05-2019 3 13 27 0.01 34.71◦ 21.32◦ 54.61◦

Kingfisher BBD 03-21-2019 1 1 1 0.05 30.24◦ 13.69◦ 29.71◦

Recon A 10-19-2019 3 13 18 0.01 42.88◦ 40.02◦ 21.04◦
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Figure 2. Compilation of mapped particles in each mission phase. (a). Global counts re-produced from DellaGiustina
and Emery et al. [24] with the four candidate sample sites are shown. (b). Change in the region of interest (ROI) size and
location per imaging campaign is plotted on Baseball Diamond (BBD) images used for particle mapping for each of the four
candidate sample sites. (c). Particles mapped during the BBD imaging campaign for each of the four candidate sample
sites. (d). Particles mapped during the Recon A imaging campaign for each of the four candidate sample sites. (e). Particles
mapped during the Recon C imaging campaign for each of the four candidate sample sites. The panels on the far right of
(c–e) show close-ups of the counts made for Nightingale.
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The Detailed Survey phase [20,30] of the mission included the Baseball Diamond (BBD)
imaging campaign, which provided global image data at ~0.05 m/px [25,31]. We performed
detailed mapping of 16 ROIs. Analyses of these particle measurements, together with other
data products and logistical information, informed the selection of four candidate sample
sites, named Nightingale, Osprey, Sandpiper, and Kingfisher [30]. The particles mapped
during BBD for each of the candidate sites are shown in Figure 2c.

After selection of these final four candidate sites came the Reconnaissance (Recon)
phase [20,30] of the mission, which included two imaging campaigns specific to particle
mapping: Recon A and Recon C. Recon A mapping efforts (Figure 2d) demonstrated
a notable improvement over the mapping performed during BBD due to higher image
resolution with a pixel scale of 0.01 m/px, which allowed mappers to more easily discern
particle edges than in BBD images, thus assisting the team in the final selection of the
primary and backup sample sites: Nightingale and Osprey. Recon C mapping was only
performed for Nightingale and Osprey, and the collected particle measurements helped the
team confirm the presence of sampleable regolith at both sites as the pixel scale (~0.004 m)
allowed for the identification of particles that could be ingested by TAGSAM (Figure 2e).

2.3. Particle Mapping Team and GIS Environment

For each mission phase, particles were manually identified by their longest axis dimen-
sion with polylines using ArcMap, part of the Environmental Systems Research Institute’s
(ESRI) [32] geospatial information system (GIS) software. The GIS environment enabled us
to explore the geospatial connection between the mapped particles and the geometry layers,
included as backplanes in a multilayer image cube file, using the Integrated Software for
Imagers and Spectrometers 3 (ISIS3) [33]. Pixel backplane values were assigned using
ISIS3′s spiceinit routine and the approved shape model version in use in each mission phase.
The values were refined using manual and automated photogrammetric registration [28].
Particle long-axis length was calculated using the Cartesian distance formula with the
endpoints determined from the geometry backplanes. The decision to measure particles
only by longest axis dimension was due to the tight operational schedule, which could not
accommodate the increased time needed to map more detailed particle shapes.

The membership of the particle mapping team changed over the course of the mission.
As a result, the team composition was not consistent across mission phases or sample site
regions. To account for the uncertainty introduced by different mappers [34], we developed
mapping criteria for identifying particles and relied on expert verification of all mapped
images. After a member of the particle mapping team completed an image, an expert
mapper reviewed the image to evaluate whether all visible particles ≥4 pixels across were
identified and to remove any incorrect identifications. Generally, a minimum of 4 pixels
across is required to identify a feature [35]. Where there was overlap between mappers
on images, we employed a modified DBSCAN [36] clustering algorithm to combine and
reduce the dataset.

We used the GIS environment to calculate the reference surface area of each mapped
region from shape models of Bennu. This value allows us to derive a cumulative frequency
of particles normalized by area, providing the ability to make meaningful comparisons
among regions with varying sizes of mapped areas. The shape models created for Bennu
represent the surface with triangular facets where each vertex has a body-fixed Cartesian
coordinate [37,38]. The high-resolution (5-cm grid spacing) regional models are uniformly
spaced grids of height values above a planar surface averaged over the region. They
were converted to triangular facets using the gridded heights as vertices. To calculate
surface area, we identified all facets intersecting the mapped image set. Since the shape is
uniformly spaced on a projected plane, all facets have the same projected area. We report
the projected grid areas of the facets with points falling within the surface area mapped.
This process avoids having the facet resolution and small-scale tilts affect the computed
surface area.
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2.4. Evaluating Particle Measurements and Calculating the PSFD

To assess the completeness of the particle measurements and to make predictions
about the proportion of unresolved fine-particulate material at a given ROI, we calculated
the PSFDs and their best fit distribution. Relying on the assumption that PSFDs calculated
from meter-sized particles could constrain the PSFDs of centimeter-sized particles due to
their fractal frequency versus size relationship, we used a fractal distribution (a power
law) to model PSFDs of Bennu. Previous work has demonstrated that this is an acceptable
assumption [39], and DellaGiustina and Emery et al. [24] showed that a power law provides
a reasonable fit to the global cumulative PSFD of Bennu. Power-law fits are common in
planetary science because the straightforward relationship allows for streamlined analysis
and comparison with other planetary bodies (e.g., [4,10,11,40–43]). Power-law PSFDs have
the form

NC = cD−a, (1)

where NC is the cumulative number of particles greater than or equal to D per surface area
unit, D is the longest axis particle measurement, a is the power-law index, and c is the
coefficient of proportionality.

We can also evaluate PSFDs by plotting the binned frequency of particle measurements
as opposed to the cumulative unbinned frequency. This is referred to as a differential
frequency plot. We can fit a power law to the differential frequency data that has the form

dN/dD = kD−b, (2)

where dN/dD is the number of particles in the given size bin per surface area, b is the
power-law index, and k is the coefficient of proportionality. As the differential frequency
plot is the derivative of the cumulative frequency plot, these two power-law fits are
connected through their exponent, and, therefore, we expect b = a + 1, though this is rarely
seen in practice due to variation within naturally occurring phenomena such as particle
size. In this work, we use bin widths that progressively increase by

√
2 m, with the first

bin edge starting at 0.2 cm. This allows us to account for the disproportionate number of
particles at small scales.

A third way to evaluate PSFDs involves plotting the differential frequency normalized
by a power law with an index of −3. This is known as a relative frequency or R plot. This
type of plot can be used to gauge the spatial density of a given particle size bin. Here, we
use the same binning scheme as the differential frequency plot. For crater size-frequency
distributions, this type of plot is used to evaluate the level of crater saturation (e.g., [44]).

In a double-logarithmic plot, a power law appears as a straight line, where the slope
of the line is equal to the power-law index. Power laws are generally fit between a given
particle-size range as smaller particles tend to be undersampled. The smallest meaningful
measurement in the data set defines the completeness limit. In a double-logarithmic
plot, this value often occurs where the particle measurement data appear to ‘roll over’
and depart from the power-law fit, but not always. This limit may or may not be a real
attribute of the PSFD. Ultimately, it is constrained by image spatial resolution limits, human
factors in identifying small features, and illumination conditions (which can reduce edge
contrast) [39,45].

We use the Clauset et al. [46] technique for fitting a power law and identifying the com-
pleteness limit. In this method the completeness limit is determined using the Kolmogorov–
Smirnov statistic, minimizing the difference between the data and the best-fit power law.
Then, the power-law index is determined by method of maximum likelihood. Uncertainty
for both of these values is the standard error, determined through a non-parametric boot-
strap. DeSouza et al. [47] demonstrated the improved performance of the Clauset et al. [46]
technique for PSFDs calculated for asteroid Itokawa.

We also assume that particle frequency follows a Poisson detection distribution as
suggested by the Crater Analysis Techniques Working Group [48]. This assumption allows
us to capture the uncertainty in particle frequency by plotting the square root of NC for
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each particle measurement. Presenting our results in this manner facilitates comparison
with previously calculated PSFDs of other solar system bodies.

2.5. Connecting Remotely Sensed Measurements to Ground Truth

To evaluate our assumption that remotely sensed measurements could accurately
reproduce ground truth measurements, we prepared analog surface rock trays with pre-
determined PSFDs described by power laws with indices between −3 to −2 to conduct
a small laboratory study. Rocks were manually layered in several trays from largest to
smallest, glued in place, and spray-painted matte black to simulate asteroid surface con-
ditions. We imaged these trays to simulate illumination conditions with 40◦ incidence
(angle between the light vector and the surface normal, i.e., Sun-Bennu-surface normal),
0◦ emission (angle between the observation vector and the surface normal, i.e., OCAMS-
Bennu-surface normal), and 40◦ phase (angle between the light vector and observation
vector, i.e., Sun-Bennu-OCAMS) to provide a test data set for remote measurements. Nearly
every mapper involved in our study (13 total) mapped particles in at least one of the trays
to determine the accuracy of their remotely sensed particle measurements as compared to
ground-truth caliper measurements (Figure 3).

Figure 3. Rock Tray 1 from the OSIRIS-REx particle measurement uncertainty analysis with remotely
measured counts overlaid. Counts were performed in the same ArcMap mapping environment used
for mission operations. Counters who mapped in ArcMap mapped the full image, but ground-truth
caliper measurements were only collected for 85 of these rocks (shown in light blue).

The team mapped the particles in these trays at different points in the mission, result-
ing in varying levels of detail. An initial group tested mapping and data flow processes
with one of the tray images prior to the OSIRIS-REx spacecraft’s arrival at Bennu. A second
group of mappers performed this task after mapping particles on Bennu. The two groups
differed only in the total number of mapped particles identified per mapper, where expe-
rience with mapping on Bennu led to an increased number of particle identifications in
the rock tray. It is worth re-iterating that all particle mapping performed on Bennu was
verified by at least one independent, experienced mapper.

We collected 85 caliper measurements from a random subset of the particles within
the tray by viewing the tray from an approximately nadir position (camera pointed directly
down, centered over the tray such that the lens is parallel with the plane of the rock tray)
and then measuring the visible longest axis. Two separate mappers performed this step,
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averaging the results to obtain ground truth. Then, we manually clustered the ‘remotely
sensed’ particles in ArcMap based on spatial location to compare with these ground truth
caliper measurements. We estimated particle lengths using the image pixel scale, which we
then compared to the ground truth caliper measurements (Figure 4).

Figure 4. (a). Percent error between remotely sensed and ground-truth measurements. (b). Correlation plot between
caliper measurements and remotely sensed measurements. Both panels demonstrate the slight trend of overestimating the
measurement of small particles and underestimating the measurement of large particles. Vertical error bars represent the
uncertainty in the remote measurements amongst all of the counters. Horizontal error bars represent the uncertainty in the
caliper measurements.

We found that a majority of particles (~68%) were underestimated in size by the
remotely-sensed mapping. For the most part this difference was small, with ~69% of
particle measurements falling within 5% error of the ground truth measurement and ~89%
of particle measurements falling within 20% error of the ground truth measurement. We
also compared the PSFDs between the two measurement sets (Figure 5). The power-law
fits applied to the data have similar completeness limits, but the power-law index for the
remotely sensed data is shallower than that of the ground truth data, though it falls within
the uncertainty.
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Figure 5. Cumulative PSFDs of caliper measurements and remotely sensed measurements. Light
gray points indicate particle measurements that were smaller than the completeness limit. Error bars
represent Poisson detection distribution uncertainty (square root of NC).

Given that these power-law uncertainties overlap, we cannot conclusively state
whether a measurement bias exists or would be strong enough to impact the PSFD deter-
mined through remotely-sensed measurements.

3. Results

The global set of particle measurements from the OSIRIS-REx Approach phase pre-
sented in DellaGiustina and Emery et al. [24] included 3136 unique particles (Figure 2a).
We identified between 269 and 556 unique particles for each of the candidate sample sites
during BBD (Figure 2c) and between 5111 and 17,867 unique particles during Recon A
(Figure 2d). During Recon C (Figure 2e), we identified 26,171 unique particles at Nightin-
gale and 28,929 unique particles at Osprey. Using the approach described in Section 2,
we calculated the PSFDs and identified the best-fitting power laws, which involved deter-
mining the completeness of each dataset. Table 2 summarizes the particle mapping effort
performed during each mission phase and the resulting best fit power-law parameters.
Figure 6 presents the cumulative PSFDs of the four candidate sample sites as calculated for
BBD, Recon A, and (only Nightingale and Osprey) Recon C.
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Table 2. Summary of particles mapped for each of the four candidate sample sites at various mission phases. Recon C mapping was only performed for the primary and back-up sample
sites, Nightingale and Osprey. The surface area mapped for the global set of particle measurements has been updated from that reported in DellaGiustina et al. [24]. Unlike [24] we
included the Roc (95 m) which slightly improved the estimated completeness limit.

Region Mission Phase
Center

Latitude/
Longitude

ROI
Radius (m)

Surface Area
Counted (m2)

Total
Particles
Counted

Min.
Particle Length

(m)

Max.
Particle Length

(m)

Est.
CompletenessLimit

(m)

Est. Power Law
Index

Global Approach [−70, +70],
[0, 360] N/A 663,000 3136 1.30 58.38 8.12 ± 1.59 −2.9 ± 0.3

Nightingale
BBD 55.13, 42.41 10.00 314.14 556 0.05 1.96 0.25 ± 0.07 −1.9 ± 0.3
Recon A 55.81, 42.20 13.10 417.75 17,867 0.01 4.71 0.15 ± 0.02 −2.3 ± 0.1
Recon C 56.05, 42.05 4.24 61.74 26,171 0.004 1.51 0.05 ± 0.02 −2.2 ± 0.1

Osprey
BBD 11.55, 89.23 5.00 78.49 269 0.05 3.32 0.19 ± 0.05 −2.1 ± 0.4
Recon A 11.54, 88.58 8.50 242.50 11,013 0.02 5.83 0.25 ± 0.03 −3.0 ± 0.2
Recon C 11.62, 88.63 3.02 33.27 28,929 0.003 0.70 0.11 ± 0.04 −2.7 ± 0.6

Sandpiper BBD −47.17, 321.31 5.00 78.49 487 0.07 1.42 0.32 ± 0.05 −3.3 ± 0.4
Recon A −46.98, 321.34 8.75 199.01 9059 0.01 2.14 0.27 ± 0.05 −2.6 ± 0.2

Kingfisher BBD 11.41, 55.59 5.00 78.49 547 0.05 1.90 0.19 ± 0.05 −2.1 ± 0.2
Recon A 11.49, 55.49 7.75 146.02 5111 0.02 2.35 0.22 ± 0.02 −2.5 ± 0.1
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Figure 6. Cumulative PSFDs of Bennu for the four candidate sample sites as calculated at several key
mission phases. Recon C mapping was only performed for the primary and back-up sample sites,
Nightingale and Osprey. The global PSFD calculated from early OSIRIS-REx images of Bennu by
DellaGiustina and Emery et al. [24] is included as a reference. Light gray points indicate particle
measurements that were smaller than the completeness limit.

The global PSFD of Bennu from DellaGiustina and Emery et al. [24], which included
particles measuring between 1 and 58 m in longest axis with a best fitting power-law index
of−2.9± 0.3 applying for particles 8 m and larger, is included for reference with a correction
to the value used for area normalization to reflect the true surface area mapped as opposed
to the surface area of the full global surface. We also updated these particle measurements
to include the Roc (95 m; the largest cogent feature on the surface), which was previously
excluded as its full particle extent could not be ascertained in lower-resolution imagery.

The power-law indices of the candidate sample sites across different mission phases
suggests the use of the global PSFD to constrain expectations for site-specific PSFDs was
reasonable, despite local variability. The power-law fit to the global set of measurements
consistently overestimated the number of small particles present at each of the candidate
sample sites. This observation is not surprising given that power-law fits are only applicable
for particle sizes larger than the completeness limit and these four candidate sample sites
were selected for their relative scarcity of large (hazardous) particles. However, the global
power-law index provides an upper bound for all four-local power-law indices. The
uncertainties in the power-law indices obtained for particles mapped during BBD are
relatively high, likely as a consequence of the proportionally fewer counts; less than
600 particles were identified for each candidate sample site. At the time, these datasets
were sufficient for mission operational decisions by making relative comparisons and
assuming consistent mapping coverage.
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Based on the detailed mapping performed during Recon A, we see a shallower power-
law index for Nightingale (−2.3± 0.1), Kingfisher (−2.5± 0.1), and Sandpiper (−2.6 ± 0.2),
whereas Osprey (−3.0 ± 0.2) has a power-law index closer to that of the global surface
(−2.9 ± 0.3). However, accounting for uncertainty in the power-law index, the PSFD
power-law fits determined for Sandpiper and Kingfisher fall within the uncertainty of the
PSFD power-law fit determined for global Bennu. Recon C measurements produced PSFDs
with similar power-law indices to those calculated for Recon A for Nightingale (−2.2 ± 0.1)
and Osprey (−2.7 ± 0.6), yet both distributions visibly depart from the power-law fit (the
distribution is more curved than linear), suggesting that a single power law may not fully
describe the distribution of particles in these regions at this scale. In particular, the large
uncertainty in Osprey’s power-law index supports this conclusion. A similar effect was
observed on asteroid Itokawa for particle sizes smaller than 1 m [39] and comparable trends
have been observed on other bodies (e.g., [5,49–51]).

Plotting the same data in the differential frequency version of the PSFD plot (Figure 7)
shows that the completeness limit identified through the Clauset et al. [46] method only
aligns with the peak of the differential frequency data in the case of BBD, which had the
smallest number of particle measurements. The Clauset et al. [46] technique identifies a
completeness limit that maximizes the goodness of fit for the resulting power-law function.
Thus, we cannot use this limit to distinguish between observation bias (e.g., image resolu-
tion) and physical processes (e.g., size sorting) as the cause for PSFDs departing from the
power-law fit at small particle sizes.

Figure 7. Differential PSFDs of Bennu for the four candidate sample sites as calculated at several key
mission phases. Recon C mapping was only performed for the primary and back-up sample sites,
Nightingale and Osprey. The global PSFD calculated from early OSIRIS-REx images of Bennu by
DellaGiustina and Emery et al. [24] is included as a reference. Light gray points indicate particle
measurements that were smaller than the completeness limit.

The Recon C Osprey PSFD exhibits distinct behavior when plotted in relative fre-
quency (Figure 8). For the global measurements and all measurements performed at
Nightingale, Sandpiper, and Kingfisher, relative frequency (R) values level off, with R
around 0.4. Kingfisher exhibits a slight increase in relative frequency with the peak occur-
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ring around an R of 0.5. Osprey, however, does not level off; its R exceeds 1 for particles
measured in Recon C images. It appears that Osprey is geometrically saturated with
particles measuring between 10 and 30 cm in longest axis. This is further discussed in
Section 4.2.

Figure 8. Relative PSFDs of Bennu for the four candidate sample sites as calculated at several key
mission phases. Recon C mapping was only performed for the primary and back-up sample sites,
Nightingale and Osprey. The global PSFD calculated from early OSIRIS-REx images of Bennu by
DellaGiustina and Emery et al. [24] is included as a reference. Light gray points indicate particle
measurements that were smaller than the completeness limit.

For discussion purposes, we also present merged datasets in the cumulative PSFD
plot type. We present this in two stages for clarity: a merged dataset for each mission phase
(Figure 9) and a single merged dataset (Figure 10). To obtain a merged dataset for each
mission phase, we combined the counts made for each of the candidate sample sites and
normalized by their cumulative area. Then, to obtain a single merged dataset, we combine
counts as follows: the minimum measurement from Recon C to the largest measurement
smaller than the completeness limit for merged Recon A, the completeness limit for merged
Recon A to the largest measurement smaller than the completeness limit for the global
counts, and the completeness limit for the global counts to the Roc (95 m). We exclude
merged BBD as the counts in this size range are better captured by the merged Recon
A data.
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Figure 9. Cumulative PSFDs of Bennu using merged measurements based on the four key mission
phases. The global PSFD calculated from early OSIRIS-REx images of Bennu by DellaGiustina and
Emery et al. [24] is included as a reference. Light gray points indicate particle measurements that
were smaller than the completeness limit.

Figure 10. Cumulative PSFD of Bennu based on measurements merged into a single dataset. Light
gray points indicate particle measurements that were smaller than the completeness limit.

The goal of this presentation is to simplify variation among the different sites and
present a single, representative PSFD of Bennu. Though interesting for discussion, this
PSFD likely represents only the lower bound of Bennu’s full surface particle frequency
distribution as each of the sample sites was chosen for its scarcity of large particles. Notably,
this dataset is lacking in measurements between 3 to 7 m, which can be attributed to the
way data was culled from the four mission phases in our analysis to produce the single
merged dataset, which prioritized the completeness of measurement data. The power-law
index of the single merged dataset is −2.5 ± 0.1.

Particle densities also vary across each of the four sites. In Recon A we observed
particle densities (particles per square meter) for Nightingale, Osprey, Sandpiper, and
Kingfisher to be 1.4, 2.0, 2.1, and 2.9, respectively, for particles greater than 30 cm. For
Recon C, Nightingale and Osprey had particle densities of 6.0 and 24.7, respectively, for
particles greater than 15 cm. Particle density also varied within each of the four sample
sites, as evidenced in Figure 2b. For example, the area directly south of the Recon C ROI for
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Nightingale would have increased particle density based on the presence of the four large
particles alone. The team calculated particle densities and localized power-law fits within
each of the sample sites in order to optimize potential sample coordinates to prioritize
spacecraft safety and the likelihood of sampling success. The relatively low particle density
of Nightingale was one reason this site was ultimately chosen for sampling.

4. Discussion
4.1. Properties of Bennu Discernable from the PSFDs

On the basis of Bennu’s relatively shallow global power-law index, the observa-
tion of very large, intact particles, and comparisons with asteroids (25143) Itokawa and
(162173) Ryugu, DellaGiustina and Emery et al. [24] proposed that the largest particles
(boulders ≥20 m) on Bennu’s surface were left over from the catastrophic parent body
disruption [52–54] and that smaller particles (<20 m) were likely broken down by surface
impacts [55] and degradation processes due to thermal fatigue [56,57]. With the detailed
mapping performed for the candidate sample sites during Recon A and the primary and
backup sites (Nightingale and Osprey) during Recon C, we further analyze the processes
responsible for the generation and degradation of smaller particles. However, given that
the four candidate sample sites were chosen specifically for their expected higher-than-
average abundance of sampleable regolith, the geophysical processes active at these sites
may not be representative of those active across the global asteroid surface.

Processes observed on Bennu include space weathering [58]; thermal fracturing [57];
impact cratering at large [52,59] and small [55] scales; mass movement due to surface slope
changes, which likely results in abrasion and breakdown at large scales and equatorial
deposition [60]; and particle ejection events [23,61]. Each of these physical mechanisms
can result in particle fragmentation, thereby influencing the PSFD observed for particles at
different size ranges. In early observations of Bennu, DellaGiustina and Emery et al. [24]
found evidence of a multimodal particle population having distinct normal albedo ranges
and PSFDs. Recent work has confirmed the presence of at least two distinct particle pop-
ulations on the basis of spectral, geomorphologic [58], and thermal [62] analyses: (i) a
high-reflectance, high-thermal-inertia population of smooth, angular particles, all of which
are smaller than ~20 m, and (ii) a more common low-reflectance, low-thermal-inertia popu-
lation of rough, hummocky particles that spans the full-size range of measured objects (up
to ~100 m). Both are present within the candidate sample sites (Figure 11) [63] suggesting
that Bennu’s heterogeneity [58] extends to small scales (<1 m). This heterogeneity likely
influences the observed PSFD as fragmentation may affect the two particle populations on
different time scales.

Figure 11. Close-ups of the four candidate sample sites from a global normal albedo map of
Bennu [64] showing that both comparatively bright and dark materials are present. ROIs shown
(blue circles) are from Recon A.

Each of the candidate sample sites are situated within an impact crater [30,52,59],
which likely influenced the PSFD in the region. Turcotte [1] compiled the power-law
indices of common terrestrially fragmented objects, with most types of fragmentation
resulting in a power-law index between −2.0 and −3.0. The power-law indices identified
for the candidate sample site PSFDs generally fall within this range. Nightingale’s power-
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law index is the closest to −2.0 of the four candidate sample sites (on the basis of Recon A
and Recon C PSFDs). Power-law indices closer to −2.0 have been associated with time-
dependent disaggregation (as opposed to impact-generated disaggregation; [2]); however,
it is not clear that this type of process is what drives the PSFD at Nightingale given the
low gravity environment of Bennu and the geomorphological setting of the site. Indeed,
Nightingale is situated within a freshly exposed crater [58] and thus would be expected to
have a power-law index indicative of recent impact cratering (between −2.5 to −3.0; [64]).
This potential discrepancy in interpreting the geologic processes present at Nightingale
based on the obtained power-law index, whether due to the relatively young age of the
crater or specific local properties of the underlying site, will be resolved following analysis
of the returned sample.

On the other hand, Osprey is closest to −3.0, a value which Hartmann [2] attributed to
grinding and compound fragmentation processes. Osprey is a redder-than-average crater
and thus also hypothesized to be geologically young [58]. Though its power-law index
is in line with the expectations for a surface that experienced impact cratering, Osprey’s
location on the equatorial ridge implies that equatorial deposition [60] has likely influenced
the particle distribution, perhaps explaining the overabundance of particles between 10
and 30 cm in longest axis as compared to the other sites.

Using the merged datasets presented in Figures 9 and 10, we can also attempt to
translate these PSFDs based on particle diameter into PSFDs based on particle surface
area assuming a notional boulder ellipticity of 0.7 [65]. The goal of this presentation is to
understand what the average boulder surface area size would be on Bennu. This value also
has implications for interpreting cratering regimes on asteroids [66]. In Figures 12 and 13
we present the merged PSFDs of particle surface area with the y-axis scaled to fractional
coverage. Average particle measurements (where cumulative surface coverage reaches
50%) is between 12 to 18 cm in longest axis based on the merged datasets of Recon A and
Recon C (Figure 12) or is 23 cm based on the single merged dataset (Figure 13). These results
could be refined by determining the true average ellipticity of particles on Bennu. Notably,
the fractional surface coverage estimated in Figure 13 exceeds 1, which we attribute to
overestimating particle size with ellipses (many particles on Bennu are angular) as well as
measurements of partially buried particles.

Figure 12. Cumulative surface coverage of PSFDs of Bennu using merged measurements based on
the four key mission phases. The global PSFD calculated from early OSIRIS-REx images of Bennu
by DellaGiustina and Emery et al. [24] is included as a reference. Light gray points indicate particle
measurements that were smaller than the completeness limit. The black line denotes where 50%
surface coverage is achieved.
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Figure 13. Cumulative surface coverage of PSFD of Bennu based on measurements merged into
a single dataset. Light gray points indicate particle measurements that were smaller than the
completeness limit. The black line denotes where 50% surface coverage is achieved.

For each of the cumulative PSFDs (Figure 6), particle measurements depart from the
power-law fit at small scales. This indicates that there is either an identification bias or
a depletion mechanism affecting the frequency of smaller particles within the candidate
sample sites based on a fractal frequency nature of particles. An identification bias could be
systematic as a result of mappers not being able to identify features at the image resolution
limit. For Recon A, this would roughly translate to 4-cm particles. In every case, however,
this minimum resolvable feature size is much smaller than the completeness limits we
identified with the Clauset et al. [46] technique. This is not surprising as the Clauset
et al. [46] technique aims to maximize the goodness of fit between the power-law and the
data set above a given particle size; however, it means we cannot differentiate between
identification bias and a possible small particle depletion mechanism.

4.2. Comparison to Ryugu

Michikami et al. [26] similarly found that the power-law index becomes shallower
as particle sizes decrease for five localized regions on Ryugu. These five regions had
power-law fits with indices between 1.65 and 2.07, thus indicating there is a lesser degree of
fragmentation on Ryugu than is observed on Bennu (see [2,43]). Michikami et al. [26] noted
that this observation conflicted with the high number density of large particles, which
suggests that a high degree of fragmentation occurred during catastrophic disruption of
the parent body, and attributed it to particle burial, which could result in a shallower
power-law index.

Particle burial has also been observed on Bennu either as regolith grains overlaying
larger particles or as densely packed, similar-sized particles [60]. The latter is visible
at Osprey, which appears more densely packed with large particles than Nightingale
(Figure 14).

This is reflected in the relative frequency plot shown in Figure 8, which suggests that
a physical process, such as particle saturation, is influencing the observable PSFD at this
location. Examples of particle saturation are scarce in the space science literature despite
the interest received by craters (e.g., [44,67]), but this is likely due to the limited availability
of high-resolution images across rubble-pile bodies. Michikami et al. [26] observed particle
saturation in the five local sites studied on Ryugu, though the observed R values (~0.1–0.2)
are slightly shallower due to the particle range being larger. It remains to be seen whether
particle saturation (assuming it is present) is unique to rubble-pile asteroids such as Bennu
and Ryugu, or if there is simply a lack of observations from analog features (e.g., lag
deposits) on larger planetary bodies.
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Figure 14. Close-ups of Nightingale (left) and Osprey (right) highlighting regions densely packed
with counted particles. Nightingale has a larger proportion of sampleable particles (≤2.0 cm) than
Osprey, which appears to be saturated with particles ~10.0 cm and larger.

Recently, Grott et al. [68] proposed that Ryugu’s PSFD is better described by a Weibull
distribution of the form

N(D) = NT exp(−3(D/λ)β/β), (3)

where D is the mean horizontal particle diameter, NT is the total number of particles, and λ

and β define the Weibull shape. A Weibull distribution provides an improved fit to the
small diameters and is better able to capture changes in the PSFD over a larger range of
particle sizes. Other studies have also proposed Weibull distributions or an exponential
variation as opposed to a power-law fit (e.g., [4,5,50,51,69]. Using the merged dataset
presented in Figure 10, we fit a Weibull distribution (Figure 15) and, similarly, find this
fit very suitable. In terms of applicability for future missions undertaking similar particle
mapping work, the power-law fitting technique provides a superior estimate for gauging
the completeness of measurements by providing an upper bound or conservative estimate
of the completeness limit based on the fractal nature of particles; however, a Weibull fit
may be a better predictor of overall particle frequency.
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Figure 15. Same plot as Figure 10, but with a Weibull fit (displayed as black dashed line).

4.3. Limitations of the Rock Tray Study

Although the rock tray study is helpful for evaluating the accuracy of remote mea-
surements, there are limitations to the conclusions we can draw for the PSFDs calculated
for Bennu. Most importantly, we conducted the rock tray analysis with a relatively small
sample size (n = 85) when compared to the number of particles measured at the candidate
sample sites on Bennu (n ≥ 269). Considering that the lower particle counts from BBD
images were poor indicators of later PSFDs calculated with higher-resolution data, we are
hesitant to conclude that a measurement bias would be as pronounced, or even present,
for particles mapped on Bennu. Additionally, the two distinct particle populations [24,58]
on Bennu may have different measurement uncertainties due to their different physical
properties. Higher-contrast boulders (bright and very dark particles) are easier to detect
against Bennu’s average terrain and thus likely do not suffer from as many missed de-
tections as particles with average reflectance. Angular and smooth particles likely have
improved accuracy and consistency between mappers in terms of identifying the longest
axis and particle edges correctly, relative to the rougher and more hummocky particles.
The rock tray study does not account for these factors. Similarly, as the rock tray study
was developed in the Earth gravity environment, it does not account for patterns due to
particle reorganization in Bennu’s micro-gravity environment. For simplicity, we assumed
that mappers would correctly identify the longest axis of particles a majority of the time.
This assumption only holds true if, for a majority of particles, gravity orients the particles
such that the longest axis is visible to the mapper from a roughly nadir viewing position
and if mappers are able to correctly discern the longest particle axis. Michikami et al. [70]
demonstrated that on Itokawa, smaller particles were generally oriented with the smallest
axis measurement (c-axis) perpendicular to the surface, whereas larger particles were more
likely to resist gravity- or friction-induced orientation. A more thorough study should be
conducted to fully assess the extent of potential measurement bias that may be present in
remotely sensed particle measurements. Nonetheless, the controlled study performed here
highlights the types of errors that may be introduced when working with remotely sensed
images of particles on a planetary surface.

5. Conclusions

Particle measurements enable quantitative comparisons with other planetary surfaces,
influencing the conclusions that can be drawn about the geophysical processes that cause
fragmentation and disaggregation on those surfaces. Though an individual power-law
fit to a PSFD cannot solely convey the geologic history, in tandem with other evidence,
we used these data to make inferences on the origin of surface particles. Each of the four
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candidate Bennu sample sites likely experienced complex particle fragmentation as a result
of multiple processes and appears to have a distinct geologic history.

We identified over 100,000 particles ≥ 1 cm in the longest axis dimension across the
four candidate sample sites of the OSIRIS-REx mission. On the basis of PSFD power-law
indices, we infer that the primary sample site, Nightingale, is characterized more closely
by processes related to disaggregation in spite of its geologically recent impact cratering
history, though this cannot be fully resolved without a returned sample. Osprey maintains a
PSFD consistent with its geologically recent impact cratering history except for a saturation
of particles between 10 and 30 cm that could be due to equatorial deposition.

We validated our assumption that the PSFD calculated from meter-sized particles
could constrain the PSFD of centimeter-sized particles, though this assumption may not
hold for other localized regions on the asteroid or other planetary bodies. We determined,
that at least on Bennu, particle sample sizes must be large (>600 particle measurements,
likely closer to thousands) to effectively estimate particle frequency at small scales when
using a power-law model. The Weibull distribution appears to be a better predictor of
particle frequency than power-laws, though smaller sample sizes of particle measurements
could lead to an underestimation of the frequency of smaller particles. In practice, it may
be best to use both of these distributions to model the full range of potential PSFDs.

Through our laboratory study to connect ground truth measurements to remotely
sensed measurements, we found that a possible systematic bias present for remotely
measured particles may cause smaller particles to be overestimated in size and larger
particles to be underestimated, though this did not have a statistically significant impact
on the PSFD. This should be further explored for missions that require high particle
measurement accuracy.

For the OSIRIS-REx mission, particle mapping was pivotal to spacecraft safety. The
use of a GIS environment enabled us to tie particle measurements to real coordinates on
Bennu, which enabled the identification of candidate sample sites and helped the spacecraft
to avoid large particle hazards during sample collection.

On 20 October 2020, OSIRIS-REx successfully contacted the surface of Bennu at the
Nightingale sample site [30]. Image analysis and event reconstructions suggest that more
than 60 g of material were collected from the asteroid. The successful sample collection
event on an asteroid with very limited unobstructed sampleable material at the surface
underscores the value of using PSFDs to incrementally estimate the frequency of particles
of a given size.
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