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Abstract: Carbonaceous asteroids such as (101955) Bennu preserve material from the early Solar 
System rich in volatile compounds and organic molecules. We report spacecraft imaging and 5 
spectral data collected during and after retrieval of a sample from Bennu’s surface. The sampling 
event mobilized rocks and dust into a debris plume and excavated a 9-meter-long elliptical crater, 
exposing material that is darker, spectrally redder, and more abundant in fine particulates than the 
original surface. The displaced subsurface material had a bulk density of 500–700 kilograms per 
cubic meter, about half that of the asteroid as a whole. Particulates that landed on instrument optics 10 
spectrally resemble aqueously altered carbonaceous meteorites. The spacecraft stored 250 ± 101 
grams of material, which will be delivered to Earth in 2023.  
 
 
 15 
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Main Text:  
Carbonaceous asteroids contain materials that are billions of years old and preserve a 

record of the earliest stages of Solar System evolution [1]. Hydrated minerals and organic 
compounds in carbonaceous chondrite meteorites — thought to be fragments of these asteroids — 
indicate they may have carried water and prebiotic organic molecules to Earth [2]. However, 5 
meteorites must survive atmospheric entry, are exposed to terrestrial contamination, and lack 
geologic context. The primary goal of the Origins, Spectral Interpretation, Resource Identification, 
and Security–Regolith Explorer (OSIRIS-REx) mission is thus to collect a pristine sample of 
surface material from a well-characterized carbonaceous asteroid and return it to Earth [3,4]. 

OSIRIS-REx spent about two years surveying (101955) Bennu, a ~500-m-diameter 10 
carbonaceous rubble-pile asteroid [4–6]. The microgravity environment [7] and unexpectedly 
rough terrain [5] posed challenges for collecting a sample [4]. Nevertheless, after global 
observations of the surface, a site nicknamed Nightingale was chosen for sampling [4,8], and a 
sample of regolith (unconsolidated rocks and dust) was acquired.   
 15 
Site of sample collection 

Nightingale is situated within the 20-m-diameter Hokioi crater (center coordinates of about 
56°, 43° [9]) (Fig. 1A). This site was selected based on spacecraft navigation and safety 
considerations [4,10] and an expected higher abundance — relative to the generally boulder-
dominated asteroid [5] — of surface particles <2 cm in diameter [11],  the size class ingestible by 20 
the spacecraft’s Touch-and-Go Sample Acquisition Mechanism (TAGSAM; fig. S1) [9]. 
Spectroscopic observations indicated that minerals present at Nightingale include hydrated 
phyllosilicates [6,12,13], the iron oxide magnetite [5,12,14], organic molecules [6,15,16], and 
carbonates [6,17]. In panchromatic images, Nightingale exhibits a salt-and-pepper appearance 
(Fig. 1B), suggesting that Bennu’s two primary lithologies — dark with low thermal inertia and 25 
brighter with higher thermal inertia [14,18] — might both be sampled. Hokioi crater is spectrally 
redder than the average surface of Bennu, and thus is thought to be among the youngest features 
on the surface [14]. The crater’s mid-latitude location limits the peak temperatures it experiences 
to ~360 K (versus ~390 K at Bennu’s equator) [19], limiting the thermal processing of material 
there [20]. 30 

 
Sample collection operations and initial surface response 

On 20 October 2020, the spacecraft left orbit and descended towards the surface of Bennu 
for sample collection, guided by autonomous optical navigation (fig. S2) [9]. TAGSAM (fig. S1), 
which is comprised of a circular sample collection device connected to the spacecraft by a pogo 35 
stick–like arm, briefly contacted the asteroid before the spacecraft’s back-away thrusters fired (fig. 
S2) — hence the moniker Touch-and-Go (TAG) for the sampling maneuver. We investigated the 
sampling event using data acquired by the SamCam imager, part of the OSIRIS-REx Camera Suite 
(OCAMS); the NavCam 2 imager, part of the Touch-and-Go Camera System (TAGCAMS); and 
the spacecraft’s inertial measurement unit (IMU) [9].   40 

 
Contact and immediate disturbance 

TAGSAM contacted the surface at latitude 55.8993˚, longitude 41.8412˚ with a downward 
velocity of 10.05 ± 0.004 cm s–1 (fig. S3), within 73 cm of the targeted location [9]. Camera and 
IMU data indicate an initial surface contact force of between 10 and 15 N [21]. One second after 45 
contact, TAGSAM released a jet of nitrogen gas to fluidize unconsolidated surface material and 
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guide it into the collection chamber. About 6 s after contact, the spacecraft retained a downward 
velocity of ~4 cm s–1. The velocity change of 6 cm s–1 is attributable to TAGSAM gas release. The 
spacecraft then fired eight of its 4.5-N thrusters, initiating the back-away maneuver. Three seconds 
of thruster firing arrested the residual downward velocity, then the spacecraft began to retreat from 
Bennu. By then, TAGSAM had penetrated 48.8 cm into the subsurface. The thrusters fired for a 5 
total of 25.7 s, with TAGSAM rising above the original surface height 16.6 s after initial contact. 
The spacecraft then drifted away from Bennu on a hyperbolic trajectory, at about 30 cm s–1. 

The surface of Bennu responded to contact as a compliant, viscous fluid, providing minimal 
resistance to the downward motion of the spacecraft [21] (fig. S4 and movie S1). This response is 
consistent with simulations of TAGSAM interacting with regolith that has near-zero interparticle 10 
cohesion [21–23], and low-gravity experiments in which loose material is easily mobilized [24]. 
 Images collected by SamCam 0.8 ± 0.1s after contact (0.32 s before gas firing) showed 
evidence of surface disturbance in all directions around TAGSAM (Fig. 1, C and D). We interpret 
fig. S5 and movie S2 to show TAGSAM partially disrupting a ~20-cm-long boulder near the 
eastern edge of its contact point. Another boulder, 40 cm long and to the southeast of TAGSAM, 15 
responded like a rigid plate, tilting up and launching small particles perched on its surface (fig. S6 
and movie S3). These different responses support the inference (from remote sensing) that Bennu’s 
boulders have a range of strengths [18,25].  

 
Mobilization of dust 20 

Comparing the NavCam 2 image acquired right before surface contact (Fig. 2A) to the 
image taken 0.1 s after gas release (Fig. 2B) shows a cloud of unresolved fine particulates 
emanating from the contact point. We used the NavCam 2 images in Fig. 2, A and B, to constrain 
the mass and particle sizes of this dust cloud. We measured the optical depth of the dust component 
and integrated over distance from the center of the outflow. The reduction in brightness between 25 
the two images constrains the optical model, which indicates average opacity of 0.47, generated 
by sub-millimeter particles [9]. 

We combined the opacity measurement with an estimated particle size frequency 
distribution (PSFD) with a maximum size of 3 mm [9], chosen based on the cumulative PSFD 
from other populations of particles observed at Bennu [11,26–28] and a theoretical distribution 30 
[9]. We derive a dust mass of 1.8 (–1.1/+1.2) kg. Assuming a particle density similar to that of 
carbonaceous chondrites (2000 kg m–3), this mass is equivalent to a dust layer 3.2 (–2.2/+3.2) mm 
thick spread over a 60-cm-diameter circle (twice the diameter of TAGSAM). Previous studies had 
indicated little to no dust on Bennu’s surface, with layer thicknesses tens of microns or less [13,18]. 
Therefore, the subsurface must contain dust that was blown to the surface by the gas release.  35 

 
Debris plume  

Images collected during back-away show a high-opacity debris plume with a large spatial 
extent, smooth texture (relative to the unperturbed surface), and well-defined shadows (Fig. 2, C 
and D, and fig. S7). Quantitative image analyses [9] indicate that this optically dense, lofted debris 40 
plume had a vertical and lateral velocity distinct from the asteroid surface. The morphology of the 
plume was due to a combination of subsurface excavation by TAGSAM gas release and pressure 
from the thruster exhaust. The thruster exhaust modified the debris plume, arresting the lateral 
velocity of finer particulates, while permitting larger boulders to continue their eastward motion, 
indicated by shadows on a flat, bright boulder (movie S4). There was a steep gradient in dynamic 45 
pressure surrounding the thruster plumes causing a range of effects from total redirection of all 
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particles to only affecting small particulates. 
 NavCam 2 images show an object in the plume colliding with a stationary rock on the 

surface, while a nearby tumbling rock spins almost in place, relative to Bennu (movies S4 and S5). 
The impact occurs at ~10 cm s–1, breaking the impactor apart, which changes direction, before 
disappearing into the heavily shadowed region. PolyCam images collected during a later flyby [9] 5 
show that a 1.25-m boulder, which was directly under one set of thrusters, was transported 12 m 
to well outside Hokioi crater (fig. S8 and movie S6).    

These observations support our interpretation that TAGSAM partially disrupted a boulder 
at the contact point. We suggest some of the fine material in the debris plume was produced during 
the sampling event by destruction of initially larger rocks. We measured the size of moving 10 
particles in the debris plume in consecutive NavCam 2 images [9]. We find a power-law PSFD 
from 2.5 to 30 cm with an index of –3.3 ± 0.4, whereas previous high-resolution measurements of 
Nightingale found an index of –2.3 ± 0.3 (fig. S9 and table S1).  This difference indicates the 
material mobilized by sampling contained a higher proportion of fine particulates than the pre-
contact surface.   15 
 
Properties of the subsurface exposed by sampling 

The spacecraft, which had been drifting away from the asteroid since sample collection, 
returned to Bennu on 7 April 2021 for a final flyby to characterize the newly exposed subsurface 
(fig. S10 and tables S2  and S3). Observations were taken 3.7 km from Bennu in a series of north-20 
south linear scans, optimized for the PolyCam telescopic imager, which obtained images at 5 cm 
pixel scale (nadir resolution) [9]. Observations were also taken using the MapCam multispectral 
imager at 25 cm pixel scale, the OSIRIS-REx Thermal Emission Spectrometer (OTES) at 28.2 m 
footprint, and the OSIRIS-REx Visible and InfraRed Spectrometer (OVIRS) at 14.1 m footprint 
[9].  25 
 
Crater formed by spacecraft interaction 

Comparison of PolyCam images collected during the global survey of Bennu in 2019 and 
the final flyby in 2021 (Fig. 3, A and B) shows changes to the Hokioi crater caused by the sampling 
event. We applied stereophotoclinometry to the final flyby images to construct a digital terrain 30 
model (DTM) with 5-cm ground sample distance (Fig. 3D) [9]. We registered portions of the 
images to landmarks exterior to Hokioi crater that were not affected by sampling and compared 
the results with a previous DTM constructed at the same resolution using OSIRIS-REx Laser 
Altimeter (OLA) data taken prior to sampling (Fig. 3C) [9]. We found that the sampling event 
removed the edge of a pre-existing debris apron at the base of the Hokioi crater wall (Fig. 3, A and 35 
C, and fig. S8) and replaced it with a small crater (centered at 55.997°, 44.971°) with several 
boulders at its bottom, which we nickname the TAG crater (Fig. 3, B, D, and F, and figs. S8, S11, 
and S12). This excavated crater is elliptical (9.0 × 6.5 m), with its long axis oriented north to south. 
Its average lateral dimension is 7.8 ± 1.8 m, and its depth is 0.68 ± 0.1 m. The displaced volume 
is 12.2 ± 0.9 m3. It is surrounded by decimeter-scale rocks transported by the sampling event into 40 
an arc (fig. S8) — resembling the stone rings seen around small impact craters elsewhere on the 
surface [29]. 

The differences between the pre- and post-sampling DTMs indicate that the elliptical shape 
of the TAG crater arises from two factors. First, the sampling event occurred on a 20–30° north-
to-south slope, relative to Bennu’s gravity vector (Fig. 3E). We infer that a transient crater formed 45 
when the gas release led to upslope steepening in excess of the angle of repose, especially to the 
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north and northwest. This interaction would have led to subsequent mass wasting, producing the 
elliptical shape and the rock accumulations at the crater center (Fig. 3B and fig. S8). In mass 
movements on Earth [30] and on asteroids [31], larger blocks can surf on the finer particles of 
regolith, flowing downslope, and are the last to be buried. Second, the sampling event excavated 
surface material along the north-south long axis of the TAG crater and along a line running along 5 
its short axis from the west-southwest to east-northeast (Fig. 3F and figs. S11 and S12). These 
shallow trenches of material loss correspond to the orientation of the back-away thrusters, so we 
conclude they were produced when the spacecraft pulled away from the surface. We estimate the 
thrusters increased the volume of the crater by ~40% (figs. S11 and S12). 

Elliptical morphology and accumulation of larger rocks at the crater bottom can occur in 10 
low-velocity (<500 m s–1) impact experiments on a 20–25° slope in Earth gravity [32–34]. Surface 
flow due to parallel erosion of the walls of a transient crater can lead to sorting, with coarser 
pebbles and less dense materials floating to the top, while smaller fines are buried below [31]. In 
such flows, large rocks tend to move to the toe of the flow and can be partially buried when they 
come to a stop at the center of the crater, as more flow follows behind. Depth profiles through the 15 
TAG crater indicate removal of up to 20 cm of material over a broad region in the north and north-
northeast (fig. S11), along the steepest areas of the Hokioi crater wall. This portion of the wall 
likely readjusted via surface failure in response to the formation of the TAG crater. 

  
Physical properties of the subsurface 20 

We applied crater scaling relationships [35–37] and used the known energy of the gas 
released to assess the physical properties of the rubble in which the TAG crater formed (table S4) 
[9]. As an upper bound, we assumed that the entire 8-m (average diameter) TAG crater is the result 
of TAGSAM gas release. As a lower bound, we removed the possible contribution to the crater 
size from thruster effects, yielding a 5-m average diameter (fig. S12).  25 

For rubble-pile asteroids, intermolecular attraction may result in cohesive forces between 
particles, with values approximately equal to the gravitational force [23, 38]. For both crater sizes 
considered, however, a nearly cohesionless (<0.001 Pa) granular material is required (fig. S13, G 
to I). Even under these conditions, the energy associated with TAGSAM gas release does not 
reproduce the observed crater if the bulk density of the regolith is equal to that of the global Bennu 30 
average (1190 kg m–3 [5]). Instead, the observed crater size indicates a local bulk density of 500 
to 700 kg m–3 (fig. S13, G to I). This range is consistent with independent results from spacecraft 
accelerometer data and granular mechanics models [21]. This density, combined with the 
estimated excavation volume, suggests that the sampling event mobilized at least 6000 ± 650 kg, 
substantially more than predicted [39]. 35 
 
Particle size differences 

We counted particles in PolyCam images of the sample site (fig. S14) taken during the final 
flyby to determine the PSFD of the newly exposed subsurface (fig. S9 and table S1) [9]. Prior to 
sampling, particle counting in PolyCam images of Nightingale, obtained at the same imaging 40 
conditions as the final flyby yielded a PSFD power-law index of –1.9 ± 0.2 [11]. The final flyby 
data have a power-law index of –2.5 ± 0.1 (fig. S9). The sampling event thus decreased the 
exponent in the power-law distribution of visible particles. The change in PSFD is likely a 
combination of particle fragmentation from TAG combined with a subsurface reservoir of fine 
particles (Fig. 2, A and B).  45 
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Optical and spectral differences 
Post-sampling MapCam and PolyCam data (figs. S15 and S16) [9] show that Nightingale 

is darker overall, with normal albedo decreased by 5% (Fig. 4, A to C). However, a greater amount 
of high-reflectance material (relative to the generally dark surface [5,14,28]) is visible near the 
contact point after sampling (Fig. 3, A and B). MapCam color data show that the Nightingale 5 
surface became spectrally redder in the wavelength range 0.55 to 0.85 µm (Fig. 4D and table S5), 
and an absorption band near 0.55 µm (Fig. 4E), indicative of magnetite, is deeper than before 
sampling [5].  

The post-sampling surface is also spectrally redder and darker in OVIRS spectra (Fig. 5), 
compared to data collected before sampling [6]. The visible–near-infrared spectral slope (0.5–1 10 
µm) at the sampling site increased by 58% (figs. S17 and S18 and table S5). Reflectance at 0.55 
µm decreased by ~5% relative to previous observations, after accounting for reduced optical 
throughput [9]. These changes do not extend past the edge of Hokioi crater (fig. S18 and table S5). 
The OVIRS detector was too warm during the post-sampling observations to determine changes 
at longer wavelengths. Lastly, comparison of pre-sampling [13] and post-sampling OTES spectra 15 
shows no detectable change in thermal properties of the surface at Nightingale (figs. S19 to S21) 
[9]. 

Previous work on color variation across Bennu’s surface has argued that the most freshly 
exposed surfaces are among the reddest and darkest [14]; our results support this, and we attribute 
the spectral changes to the exposure of fresh, organic-rich material (see supplementary text). 20 

 
 
Properties of the collected sample 
 
In-flight inspection of the sample  25 

SamCam took images of TAGSAM two days after sampling (22 October 2020). SamCam 
and the TAGCAMS imager StowCam acquired further images eight days after sampling (28 
October 2020), just before TAGSAM was stowed in its protective return capsule [9]. These images 
showed that the TAGSAM collection chamber was packed with sample (fig. S22), with the average 
brightness of the chamber reduced to 1.5% of its pre-sampling value. They also showed 23 30 
particles, up to 4 mm in diameter, clinging to the TAGSAM contact pads (fig. S23 and table S6). 
The pattern of specular and diffuse reflection on each pad across different illumination conditions 
indicates the presence of unresolved particles. Over 260 sub-millimeter particles adhered directly 
to other parts of TAGSAM (fig. S23 and table S6). We anticipate that sub-millimeter dust 
mobilized by the sampling event (Fig. 2, A and B) is also trapped in the pads. 35 

These images also showed that TAGSAM was overflowing and losing particles (fig. S24). 
Several pebbles with long axes up to 3 cm were visibly wedged in the chamber mouth, propping 
open the mylar flap that was intended to prevent material from escaping (fig. S22).  

To characterize the sample loss, we tracked 1804 individual particles leaving TAGSAM in 
the SamCam verification images taken two days after sampling [9]. During this verification 40 
sequence, the TAGSAM wrist motor performed nine different articulations, each imaged by 
SamCam with multiple exposure times. Each tracked particle was observed in at least three images, 
allowing their trajectories to be estimated and traced back to TAGSAM, using methods previously 
developed to track particles ejected from Bennu’s surface [26, 27, 40]. The median estimated range 
from the camera to the particles at the time of their first observation was 2.4 m, and the median 45 
estimated particle velocity was 0.8 cm s–1 (fig. S25). We observed the largest number of particles 
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(560, or 31% of all escaping particles observed) leaving just after the first movement of the wrist 
(fig. S24A). Fewer escaping particles were observed with each successive wrist movement (fig. 
S24, B to H) until the wrist reversed direction, at which point the number of escaping particles 
increased (fig. S24I). 

We estimated the size and mass of each tracked particle (fig. S25) [9]. The escaping 5 
particles had a flake-like shape (fig. S26), consistent with particles naturally ejected from Bennu 
[27,41]. Their long dimensions ranged from 0.004 to 23 mm, with a mean of 0.92 mm. We estimate 
that at least 55 g of material left TAGSAM, with a mean particle mass of 0.03 g, and an average 
mass loss rate of 2.2 g min–1 throughout the imaging sequence. The tracked particles are only a 
fraction of the total particles in the images, which in turn are likely only a fraction of the total 10 
particles that escaped. Thus, these results represent a lower bound on the sample mass lost. 

  
Sample mass from momentum transfer analysis 

To estimate the mass of the collected sample, the spacecraft was programmed to hold an 
inertially fixed attitude while the TAGSAM arm moved to determine the exchange of momentum 15 
between TAGSAM and the reaction wheels [42]. This activity was performed three times: before 
sampling (zero mass), two days after sampling (concurrent with SamCam verification imaging), 
and eight days after sampling (concurrent with SamCam and StowCam verification imaging). 
Analysis of the momentum transfer [42] indicates that at two days post-sampling, TAGSAM 
contained 317 ± 101 g of sample. This mass is consistent with  a prediction of 252–575 g [8] based 20 
on empirical formulations of TAGSAM performance under the observed sampling conditions. By 
the next measurement (eight days post-sampling), just before sample stowage, the same technique 
was used to measure a sample mass of 250 ± 101 g [42], indicating TAGSAM lost 67 g in the 
interim. 

 25 
Size-frequency distribution of particles on TAGSAM 

We measured the diameters of particles on top of TAGSAM in SamCam images during 
backaway. Even though these particles were removed prior to stow, we obtained their PSFD as an 
approximation for that of the captured sample (fig. S9A and table S1) [9]. The obtained PSFD 
follows a power law with an average index of –2.2 ± 0.3. This value is consistent with the power-30 
law index of –2.3 ± 0.3 measured at Nightingale before sampling [11]. However, given the 
observed friability of Bennu particles, the PSFD of the sample after undergoing atmospheric entry 
in 2023 may not resemble that of Nightingale or the initially collected sample.  

 
Composition of particulates on instrument optics 35 

The mobilization of a dust cloud and debris plume resulted in the accumulation of 
particulates on the optics of the OSIRIS-REx science instruments (table S7) [9].  After sample 
collection, OTES was found to have experienced a ~15% decrease in signal, of which only about 
~1% can be attributed to fluctuations in the measured instrument temperature. We used this optical 
contamination to spectrally characterize the particulates (Fig. 6) by taking the ratio of OTES 40 
observations of space before and after sampling [9]. Because the instrument, and thus the 
particulates, are hotter than the background of space, the contaminant spectrum is analogous to an 
emission spectrum [43].  

This spectrum resembles that of Bennu’s surface [12,13], with features attributed to 
stretching and bending modes in phyllosilicate minerals (Fig. 6). Absorption bands due to 45 
magnetite are deeper than on Bennu’s surface. In addition, we observe a compound absorption 
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band centered near 605 cm–1 (~16.5 µm), which we attribute to an Mg-OH stretching mode in 
hydrated Mg-rich phyllosilicates, plus a stretching mode in magnetite [44, 45].  

Mg-rich phyllosilicates are diagnostic of high degrees of aqueous alteration [1] — that is, 
secondary mineralization due to rock-fluid interactions that took place early in Solar System 
history on the precursors of carbonaceous asteroids. Previous analyses of OTES data posited that 5 
Bennu’s phyllosilicates were Mg-rich [12] but could not confirm this because the 605 cm–1 
compound absorption was not detectable and the silicate stretching band was distorted by thin dust 
deposits [13]. The post-sampling particulate spectrum substantiates the interpretation [12] of 
Bennu as analogous to the most aqueously altered, chemically primitive [46] carbonaceous 
meteorites: the CIs and CMs.   10 
 
Conclusion 
TAGSAM collected much more sample than the mission’s requirement of 60 g [3,4], which we 
attribute to the soft, non-cohesive, low-bulk-density surface and upper subsurface (top ~50 cm) of 
Bennu. Although large particles (a few centimeters) wedged in the TAGSAM flap led to the loss 15 
of some collected sample, hundreds of grams were stowed for Earth return [42]. Our observations 
of dust mobilization and surface changes suggest that the sample may have different textural 
properties than the surface and should include material that has undergone different degrees of 
space weathering [14]. 
 20 
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Figure 1. The Nightingale sample site. (A) Hokioi crater, in a mosaic of images taken by the 
OCAMS PolyCam imager on 3 March 2020 with a pixel scale of 4 mm. The box indicates the 
area shown in panel (B). (B) PolyCam image taken 3 March 2020 with a pixel scale of 0.3 cm, 5 
showing a close-up of Hokioi crater. The green circle has a diameter of 32 cm, the same size as 
TAGSAM, indicating where surface contact occurred. (C) SamCam image of the TAGSAM 
contact point collected on 20 October 2020, 38 s prior to surface contact. The green circle is the 
same as in panel B (diameter, 32 cm). The image has been cropped to show the same field of 
view as in panel (D). (D) SamCam image of TAGSAM contacting Bennu, collected 0.8 s after 10 
the first indication of surface interaction from the IMU, 0.32 s prior to gas bottle firing. North 
(+z) is up in all images. 
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Figure 2. Dust and debris mobilized by sampling. (A) NavCam 2 image taken immediately 
before surface contact, at 21:49:49 UTC on 20 October 2020. The shadow of the TAGSAM arm 
runs through the middle of the image. Pixel scale is 1 mm. (B) Post-contact NavCam 2 image taken 
at 21:49:50 UTC, with the same field of view as in (A), showing a cloud of sub-millimeter dust 5 
emanating from the TAGSAM contact point (below the field of view). Pixel scale is 1 mm. (C) 
Pre-contact, high-altitude NavCam2 image taken at 21:42:41 UTC. The TAGSAM contact point 
is out of the field of view, west of the scene. The image has been cropped to show a similar field 
of view as in (D). Pixel scale is 15 mm. (D) Post-contact, high-altitude NavCam 2 image taken at 
21:51:13 UTC, showing the lofted debris plume. Pixel scale is 9 mm.  10 
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Figure 3. Changes in surface appearance and topography after sampling. (A) Pre-sampling 
image collected on 7 March 2019. (B) Post-sampling image collected on 7 April 2021 (final 
flyby). These images have a pixel scale of about 5 cm. (C) Pre-sampling DTM based on OLA 
data, with a ground sample distance of 5 cm. (D) Post-sampling DTM constructed using 5 
stereophotoclinometry [9], with a ground sample distance of 5 cm. The change in topography 
between (C) and (D) is real, whereas different surface textures in (C) and (D) are due to the 
different DTM construction methods. (E) Pre-sampling slope map, based on the OLA DTM and 
calculated surface accelerations [7]. (F) Difference in height between the pre- and post-sampling 
DTMs. The deformation near the center is the TAG crater. Emission angle of DTMs, ~68˚. North 10 
is up in all panels.  
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Figure 4. Changes in surface optical properties after sampling measured using OCAMS. (A 
and B) Reflectance changes in MapCam (A) and PolyCam (B) data before and after sampling 5 
(TAG). (C) Plot of reflectance change across Hokioi crater. (D) Absolute reflectance from 
MapCam color filters. The error bars represent the 1% relative uncertainty between filters [9]. The 
horizontal gray bars represent the absolute radiometric uncertainty. (E) The same spectra 
normalized to 0.55 µm. The error bars represent the relative uncertainty of ±0.25% between pre- 
and post-TAG imaging [9].  10 
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Figure 5. Changes in surface spectral properties measured using OVIRS. Data collected by 
OVIRS (color) are overlain on a pre-sampling PolyCam image of the sample site. (A) Spectral 
slope from 0.5–1 µm before sampling. (B) Reflectance at 0.55 µm before sampling. (C and D) 5 
Same as (A) and (B), but after sampling. The sampling location is indicated by the white cross. 
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Figure 6.  Spectroscopic comparison of Bennu to carbonaceous chondrite meteorites. From 
top to bottom, the lines are an example Bennu surface spectrum acquired by OTES before 5 
sampling (type T1 [13]); the spectrum of the contaminating particulates on the instrument mirror 
post-sampling; and spectra of aqueously altered CI and CM chondrites [13] — proposed Bennu-
analog meteorites. Spectra are offset vertically for clarity; the Bennu T1 spectrum is scaled by 
300% for comparison of spectral features. The small Mg-OH plus magnetite (mt) absorption 
from ~700–535 cm–1 (~14.3–18.7 µm) in the particulate spectrum was not detectable in Bennu 10 
surface observations but is common among the CIs and CMs. IRF, instrument response function.  
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Materials and Methods 
 

1 Determination of the TAGSAM Contact Point 

To determine the point where TAGSAM (fig. S1) (52) contacted the surface of Bennu, we 
manually registered the SamCam (53,54) image taken closest to the time of surface contact (image 
20201020T214948S882) to the Recon C Nightingale mosaic (Fig. 1A) by matching landmarks. 
We updated the mosaic’s geometry using v20 of the OLA-based 5-cm shape model (55,56) and 
version 16 of the Bennu Planetary Constants Kernel (PCK) (57). The shape model and the PCK 
define the Bennu coordinate system (58). We used the center of the TAGSAM head, which was 
visible in the SamCam image, as the point of contact. Once the SamCam image was registered to 
the Nightingale mosaic, we located the point of the TAGSAM center in the mosaic and extracted 
the latitude and longitude coordinates (Fig. 1B). The spacecraft’s autonomous guidance system 
enabled the submeter-accuracy touchdown (59,60).  
  

2 Dust Cloud Mass Estimation 

We estimated the mass and equivalent layer thickness of the initial dust cloud by comparing the 
two NavCam 2 (61,62) images acquired before and after the gas release. The optical depth is 
quantified as the change in the ratio of incident to transmitted sunlight with and without the dust 
cloud present. This value decreases due to the cloud’s extinction of reflected solar illumination. 
Analysis of the optical depth relied on multiple assumptions, standard extinction relationships, and 
a hybrid particle size frequency distribution (PSFD), which we describe below. 

2.1 Assumptions	
We made several assumptions to simplify both the measurement and analysis: 

1. The particles are spherical with radius r in the unresolved submillimeter size range (the 
resolution of the before and after images varied across the field but approximated 1 mm 
per pixel).  

2. We imposed a SFD for this submillimeter population and fixed the census constant so that 
the model optical depth matched the measured average optical depth. 

3. The cloud is uniform. There is a uniform dispersal of all size ranges within the 
submillimeter population. 

a. We observe concentrated streaks and streams of particle clusters, probably 
associated with larger particles fragmenting while streaming outward, but we 
ignore this in our analysis; also, we avoided obvious streaks in our measurements. 

b. Particle sorting by size vs. distance from the center is plausible, but we assume it is 
negligible due to the sub-millimeter particles, which are easily mobilized in 
microgravity. 

4. In measuring optical depth, we only counted unresolvable material scattering or absorbing 
reflected light. We did not count particles visible as such in the images. 

5. The dust cloud is cylindrically symmetric around its center, which is assumed to be the 
center of TAGSAM. 

6. The dust cloud presents as a cone of cross-sectional area A, radiating from the TAG point. 
If flattened into a slab with the same cross-sectional area that slab would have average 
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thickness z. The sub-population that we are interested in measuring results from the lofting 
of a layer of particles with cross-sectional area B  and thickness y.  

7. The illumination geometry corresponds to an incidence angle of 66.6°, an emission angle 
of 0°, and a phase angle of 66.6°, based on the TAG latitude combined with the modeled 
cone shape of the dust cloud. 

8. The optical properties at 0.55 µm wavelength apply to the scattering and absorption of the 
entire solar spectrum in the images. 

9. The particles are large enough that extinction takes place in a geometric (as opposed to a 
Rayleigh, or Mie) regime. 

10. Light passes through the cloud only once.  
a. This is justified based on the geometry. The solar incident beam illuminates the 

ground at a shallow angle (zenith angle = 66.7) without passing through the cloud; 
the cloud’s radius is around 3 m and its height off the ground is around 3 m. Its 
general cross-sectional geometry is an upright cone with an angle around 45°, 
which allows the solar beam to have a direct view of the ground under the half of 
the cloud in the solar direction, the part of the cloud imaged. 

11. Particle density ρ = 2000 kg m–3. Mass concentration, mass of material per unit volume in 
the cloud itself, is denoted by P, a number much smaller than 2000 kg m–3.  

2.2 Definitions	
- I0 initial irradiance (flux) or radiance (intensity) (from Sun) [W m–2 µm–1 sr–1 or W m–2 

µm–1 or dn or dn s–1] 
- I irradiance (flux) or radiance (intensity) at distance z (after extinction) [same units as 

above; must be consistent with the ‘before’ measurement] 
- εext extinction coefficient (also called attenuation coefficient) [m–1]  
- τext optical depth [dimensionless] 
- z thickness of cloud (distance over when extinction takes place) [m] 
- B cross-sectional area of dust layer before lofting [m2] 
- y thickness of dust layer before it gets agitated and lofted by gas bottle [mm] 
- n number density of particles of dust within the cloud [m–3] 
- m mass of an individual particle [kg] 
- Qext extinction efficiency [dimensionless] 
- ρ particle density [kg m–3] 
- P cloud mass concentration [kg m–3] 
- σext extinction cross section [m2] 
- αext mass extinction coefficient (aka mass attenuation coefficient) [m2 g–1] 
- r radius of particle of dust within the cloud [m] 
- d diameter of particle of dust within the cloud [m] 
- A cross-sectional area of cloud slab [m2] 
- V volume of cloud [m3] 
- M mass of cloud [kg] 
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2.3 Opacity equations	
Beer’s Law relates intensity (or flux) of incident and observed light to optical depth: 

 
    Equation S1 

Beer’s Law solved for optical depth: 

 

  Equation S2 
 
Relating optical depth to extinction coefficient and path length, or cloud thickness: 

 
     Equation S3 

 
Relating scattering cross section to particle radius and scattering efficiency:  

 
    Equation S4 

Relating extinction coefficient to scattering coefficient, particle number density, particle radius 
and scattering efficiency 

         Equation S5 
 
Solving for particle number density or particle concentration, in terms of scattering properties, 
particle size, measured attenuation and cloud depth: 

 

    Equation S6 
 
Combining the four previous formulae to relate optical depth to scattering efficiency, cloud 
thickness, particle radius, and particle number density: 
 

    Equation S7 
 
Cloud mass concentration expressed in terms of other quantities: 
 

 

   Equation S8 
 
Equation S9 relates mass extinction coefficient to extinction coefficient and cloud mass 
concentration, with subsequent equations showing how it relates to extinction coefficient, optical 
depth and cloud mass concentration: 
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  Equation S9 
 
Relating particle mass to radius and particle density: 
 

 

     Equation S10 
Defining the cloud volume as: 
 

 
     Equation S11 

 
Combining the above formulae to relate total cloud mass of dust cloud particles to cloud area 
(measurement), particle radius (independent variable), particle density, ratio of incident to 
observed signal (before/after signal ratio) and particle extinction efficiency in the geometric 
regime (assumed to be ≈2): 
 

 

  Equation S12 

2.4 Hybrid size distribution: Weibull/Rayleigh + power law	
We selected a maximum size of 3 mm based on the SFDs of particle populations observed 

at Bennu, including a natural particle ejection event on 6 January 2019 (26,27), global boulder and 
cobble counts (28), higher-resolution local counts at Nightingale and other candidate sample sites 
(11), particles escaping from TAGSAM after sampling (Section 9, below), and the 
Weibull/Rayleigh theoretical distribution. 
 

We combined the two distributions (Weibull/Rayleigh and Power Law) into a single closed 
form PSFD below and above the notch radius r2: 

 

 

   Equation S13 
 
The differential PSFD for particles in the smaller size range represents a Weibull distribution for 
k = 2, also known as a Rayleigh, or Rayleigh-like, distribution and the PSFD for larger size ranges 
is a power law distribution. For convenience, we introduced the constants d1 and d2 to represent 
the terms accompanying the constants C and c1. 
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The actual Weibull distribution is 
 

 

     Equation S14 
 

  
The optical depth follows the same paradigm as above, though it is now the sum of two terms: 
 

 

    Equation S15 
 
where R and P stand for Rayleigh and power law, respectively. We integrate the optical depth  

 between the limits r1 and  r2 and the optical depth  between the limits  r2 and r3  
 
After integrating, we find that the Power Law optical depth is given by  
 

 

   Equation S16 
 
 
The Rayleigh extinction optical depth is given by: 
 

 

 
    Equation S17 

 
 
We solve for the census constants C and c1 as before, but this time subject to the constraints, which 
hold at the notch radius, r2: 
 

 
     Equation S18 

and 
 

 
    Equation S19 
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We solve the resulting system of 2 equations and 2 unknowns for the census constants: 
 

   

Equation S20 
 

      Equation S21 
 

where   represents the most probable radius and 
 

 

   
 

3 Particle Size Frequency Distribution Analysis 

We analyzed images to determine the PSFDs of lofted particles in the debris plume, particles 
that landed on top of the TAGSAM disk, and the post-sampling asteroid surface and compared 
them with PSFDs of Nightingale measured at various resolutions pre-sampling (fig. S9 and table 
S1). Prior to sampling, particle counting in PolyCam images of Nightingale, obtained at various 
resolutions, had completeness limits of 0.25 ± 0.07 to 0.05 ± 0.02 m (11). All particle counting 
data are fitted with a power-law model of the form: 
 

NC = cD−a       Equation S22 
 
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. Only counts for particles above the resolution limit were used in the model fits. 

3.1 PSFD of particles in the debris plume 	
NavCam 2 back-away images captured a moving curtain of ejecta particles, i.e., a debris 

plume, created by TAGSAM (fig. S7). Image analyses indicate the lofted plume is composed of 
small, mostly unresolved particles moving away from the asteroid surface with apparent motion 
across the surface. Image-to-image tracking of landmarks reveals different motion between objects 
that are lofted and those that are in contact with Bennu’s surface (movie S4 and S5). Original 
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surface features are generally moving faster through the NavCam 2 images than objects that have 
been liberated from the surface.  

We identified particles in the debris plume by comparing several consecutive images and 
measured their sizes, assuming that these particles are on the surface (fig. S9A). We used surface 
boulders identified in pre-sampling images as scale references. Because the actual debris plume is 
somewhere between the surface and the camera, the spatial scale we used is an upper estimate. 
The particles that are part of the optically thick debris plume may have some variation in height. 
However, the height variation is unlikely to be large because self-shadowing is not observed across 
the plume. Thus, relative scale estimate within the plume should be more accurate than the absolute 
scale. The obtained SFD follows a power law from the completeness limit of 2 cm up to to 30 cm, 
overlapping the size range measured by Recon observations. We also evaluated the robustness of 
our PSFD estimation by identifying particles possibly outside the debris plume, in a shadow 
region. The PSFD of these shadow-region particles has a cumulative exponent of –3.3 ± 0.7, the 
same as the particles inside the plume (table S1), suggesting that the estimated relative PSFD is 
robust.  

3.2 PSFD of particles on TAGSAM 	
Using five continuous SamCam images, taken on October 20, 2020, at 21:50:16.885, 

21:50:18.101, 21:50:19.320, 21:50:20.537, and 21:50:21.758, particles on the bright TAGSAM 
disk were measured by approximating them as ellipses to a completeness limit of 0.2 cm. We 
determined the cumulative PSFD for each image. The data from each image were combined to 
obtain the PSFD shown in fig. S9A. The power-law index obtained from particle counts of each 
of the five images are the same within uncertainty.  

3.3 Post-sampling PSFD of Nightingale	
For the post-sampling counts, we used seven PolyCam (53,54) images taken on 7 April 

2021 during the final flyby of Bennu (Section 4), all with pixel scale of 5 cm and a phase angle 
ranging between 9.07° and 9.74° (table S2). These images fully cover the Nightingale site post-
sampling, resolving all particles within the site larger than 4 pixels, similar to previous work 
(63,64).  

We used the SMALL BODY MAPPING TOOL software (SBMT) (65) to project images on the 
post-sampling Nightingale DTM (Fig. 3F and Section 5, below). Afterwards, we imported the 
estimated contact spot (32 cm size) and selected a circle larger (11.8 m) than region around the 
predicted contact point, defined by the 2σ dispersions on the predicted spacecraft trajectory (8.6 m 
size) (10) but concentric, to have wider statistics of particles that may have been mobilized during 
sampling. We then identified all particles as ellipses and derived their maximum sizes and 
cumulative frequency per square meter (figs. S9B and S14). We verified the identified particles on 
different images taken at slightly different illumination and viewing angles, because the low phase 
angle (<10°) results in only small shadows. The total number of particle counts verified in the 
study area is 1048, and the maximum particle diameter measured is 1.9 m. The final flyby data 
have a completeness limit of 0.22 ± 0.02 m (561 particles above this limit). 
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3.4 Analysis and comparison of PSFDs	
For graphical and statistical analysis of the PSFD data, we binned the counts into 10 bins 

per log unit. Six of the seven analyzed datasets (fig. S9) contain counts for boulders between 0.1 
m and 0.2 m diameter (the 0.1-m size bin). For direct comparison of the diverse datasets, we 
normalized the counts per square meter to the counts in this size bin. Plotted data thus indicate 
particle abundance, relative to the abundance of 10-cm particles. For the seventh data set (PSFD 
of particles on the TAGSAM disk), the counts were normalized to the best-fit Recon A+C model 
at 0.2-cm particle diameter (fig. S9).  

The power-law index for each distribution was obtained using the least squares method to 
calculate a straight line that best fits the logarithm of Equation S22: 
 

Log (NC) = −a⋅log(D) + log (c)   Equation S23 
	 	 	 	  

The 1σ uncertainty on the power-law exponent is the standard error value for the best-fit slope 
coefficient (−a). The change in power-law indices before and after sampling is significant to 3σ 
(table S1). 
 

4 Bennu Final Flyby Observation Design 

The OSIRIS-REx spacecraft approached and flew by Bennu for the final time on 7 April 
2021 (66). The goal of these Bennu Final Flyby (BFF) observations was to acquire a near-global 
dataset that allows asteroid surface change detection when compared to pre-sampling science 
observations from the Detailed Survey of Bennu (4). These data were also used to assess 
instrument performance degradation from sampling and instrument viability. 

The mission’s Flight Dynamics Team (67) designed a trajectory that imitates a hybrid of the 
Detailed Survey’s Baseball Diamond Flybys 1 and 2 (FB1 and FB2) (4), with a FB1-like equatorial 
sub-spacecraft latitude and a 12:30 pm local solar hour sub-spacecraft longitude and a FB2-like 
range to Bennu’s center of mass of 3700 m. On this trajectory, the spacecraft performed nadir-
pointed north-south linear scans that extended across Bennu’s polar dimension plus navigation 
uncertainties, with PolyCam as the primary instrument and OTES (68), OVIRS (69), and OLA 
(56) as secondary instruments (fig. S10A). Additionally, slews of MapCam (53,54) color-filter 
images were interspersed throughout the observation at regular intervals (fig. S10B). The 
instruments observed for 1.4 Bennu rotation periods (tables S2 and S3). 
 

5 Post-Sampling Altimetry 

5.1 TAG crater characterization	
PolyCam images of the sampling region were used to develop a DTM of the Nightingale site 

following sampling (figs. 3F, S11, and S12 and Data S3). These images have a spatial sampling 
of the surface of approximately 5 cm per pixel, which is limited relative to the much higher-
resolution data of nearly 2 mm per pixel collected prior to sampling. The post-sampling DTM used 
in this analysis was developed with stereophotoclinometry (SPC) (70–72). The DTM was built 
with a ground sample distance also equal to 5 cm per pixel to maximize the use of spatial 
information captured by the images. The images, however, were not ideal for SPC use. Lighting 
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conditions were limited to near identical conditions with high incidence angle. The spacecraft 
viewing geometry also varied moderately across the post-sampling site. Only three of the five 
imaging conditions needed for making an SPC product were achieved (71,72). Comparison of this 
DTM to the OLA DTM with the same ground sample distance of 5 cm produced with data 
collected before sampling (Data S2) shows that the SPC DTM has vertical uncertainties slightly 
larger than the resolution of the images used to develop the DTM. The comparison reveals that the 
root mean square across undisturbed regions is 16 cm; these uncertainties are greatest at the summit 
of boulders but less in smoothly varying terrain near the TAG point, which are 10 cm. 

The post-sampling DTM was built by registering portions of the images obtained during the 
BFF to landmarks exterior to the crater that were not affected by the sampling event. These 
landmarks were developed by combining SPC and OLA data to build a high resolution “SPO” 
global shape model of Bennu. This new model used all images of the surface of Bennu from both 
OCAMS and TAGCAMS collected over the entire mission. These SPO landmarks ensured proper 
regional registrations of the ensuing DTM with the global SPO model. The images locked in placed 
were used to develop small scale DTMs or maplets in the area where the sampling activity had 
disturbed the Nightingale site. These maplets were then combined to build the post-sampling 
DTM. 

The resulting DTM is not perfectly registered with the OLA pre-sampling DTM. There is 
about a 10 cm radial offset between the two, mostly due to a scale difference between the global 
SPO and the global OLA shape model (v20) (55)]. The difference in these two models arises from 
the weight given to the different data types used in modeling the asteroid. SPO weighs imaging 
data more heavily than altimetry ranges, while OLA results rely entirely on altimetric results. Both 
models indicate a size for Bennu that is identical within the known uncertainties of all the data that 
went into the developments of these models. 

To accommodate this 10-cm offset, the post-sampling DTM was registered to the OLA pre-
sampling DTM. Landmarks that were not disturbed by the sampling were used for this registration. 
We used landmarks where the surface shape was flat, to limit offsets caused by local height 
differences between the OLA and SPC DTM, which result from SPC’s tendency to smooth and 
shorten the heights of rocks, especially when the data are of limited quality (72). 

5.2 Subsurface properties from cratering efficiency assessments	
TAGSAM collects sample by releasing nitrogen gas (39,52). The velocity and energy 

associated with gas release varies with temperature per the ideal gas law at the time of deployment. 
Assuming temperatures of 250 to 400 K (19), the energy of the gas released ranged from 6.7 to 
11 kJ. For this estimation, the energy of the gas is equated to the kinetic energy of a projectile with 
an assumed particle density of 2000 kg m–3. Using an N2 gas mass of 0.061 kg (the mass released 
from a single bottle), the comparable projectile has a radius of 2 cm and velocities ranging from 
470 to 600 m s–1. We considered the scaling parameters for several types of targets listed in table 
S4. The use of these parameters allowed us to explore how different materials with different 
angularity, porosity, bulk density, and strength could influence the formation of the observed 
crater. Each material considered has an assumed gravity and strength scaling constant (34, 37) 
(table S4). This allows for a uniform scaling relationship that includes the transition between 
strength- and gravity-controlled cratering. We used a range of target regolith bulk densities for our 
assessment from 500 kg m–3 to 1000 kg m–3 (fig. S13). The latter value is just below the bulk 
density of 1190 ± 13 kg m–3 for Bennu (5).  
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We also consider the energy from the thrusters in excavating the subsurface. The firing of 
the thrusters during the backaway maneuver imparted a change in velocity of 0.40 m s–1 to the 
spacecraft, which had a mass of ~1400 kg.  The backaway burn consumed 374.4 g (11.7 moles) of 
hydrazine propellant.  The energy release from hydrazine decomposition is 82 kJ mole–1, yielding 
a maximum total energy of 959 kJ. The thrusters operated for 24 seconds after TAG and deposited 
this energy over a large area of the disturbed surface, beyond that of the TAGSAM-induced crater. 
Thus, the thrusters also played a role in shaping the final state of the surface. We estimate the 
additional volume excavated by the thrusters by taking the ratio of the volumetric surface change 
of the larger ellipse in fig. S12 (12.2 ± 0.9 m3) to the volume within the smaller ellipse (8.6 ± 0.9 
m3), which equates to a 41 ± 17% increase.  

 

6 OCAMS Pre-/Post-Sampling Change Analysis 

6.1 OCAMS dust loading and radiometric calibration update	
The sampling event deposited dust on MapCam’s outer lens and PolyCam’s primary and 

secondary mirrors. This dust loading results in decreased optical throughput, requiring 
recalibration of the imagers prior to BFF data analysis. The OCAMS calibration pipeline translates 
raw camera data (measured in digital numbers, DN) to physical units (represented as radiance and 
I/F, the ratio of reflected to incident solar flux) using radiometric conversion constants (RCCs) 
that depend on the optical throughput of the cameras (54). We updated the pipeline’s RCCs using 
a stellar-based radiometric calibration in which we compared images acquired of Vega before and 
after sampling (5 November 2019 and 19 January 2021, respectively). 

Aliasing of the OCAMS detectors prevented us from accurately imaging Vega as a 
calibration point source (54). Therefore, PolyCam was intentionally defocused (focused away from 
infinity) to blur Vega over many detector pixels. MapCam, which does not have a focus 
mechanism, instead acquired data while the spacecraft slewed Vega across many pixels. We 
acquired three images with PolyCam and each MapCam filter (53,54) pre- and post-sampling. The 
images were dark subtracted using the median of three dark exposures taken before the Vega 
images and three darks taken after. With each set, we compared the summed energy from Vega 
before and after sampling to estimate the change in optical throughput. We calculated the median 
of the three images for each filter to produce a final radiometric change. Table S7 lists the change 
in optical throughput for each filter. While spectrally flat, the dust appeared to be slightly more 
transmitting in the near-IR and red and slightly less transmitting in the blue and green. 

We evaluated the efficacy of this update by comparing images of Bennu before and after 
sampling (excluding the sample site itself, which had obvious surface changes). Though the pre- 
and post-sampling images were acquired with similar observation geometry, they were not 
identical, which led to photometric differences. Therefore, we photometrically corrected all images 
such that the images represent normal albedo (0° phase, incidence, and emission) using published 
photometric models (73). We found that the MapCam images were consistent — i.e., MapCam 
measured the normal albedo of Bennu’s surface as approximately the same (<0.5%) before and 
after sampling. 

PolyCam, however, had radiometric offsets that varied across the surface. This variation 
was largest at the beginning and end of the observation windows, where the sub-spacecraft 
latitudes were most different (pre-sampling imaging transited from 5° to –2° latitude, while post-
sampling imaging transited from –9° to +5° latitude). The radiometric offsets varied by a few 
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percent on average. A pure radiometric calibration error would manifest as a scalar offset across 
the surface and observation window. A spatially varying difference indicated the offset depends, 
at least in part, on photometric correction. This was expected, as the variation was within the 
predicted accuracy of photometric correction — approximately ±5% from phase angles of ~8° 
(73). Nonetheless, if uncorrected it would manifest as a true change in the surface. We therefore 
imparted an additional radiometric offset that we calculated locally over the region around the 
sample site, minimizing the difference between pre- and post-sampling imaging in this surrounding 
region. This multiplicative correction reduced the reflectance measured in post-sampling PolyCam 
imaging by an additional 1% and brought the radiometric/photometric uncertainty in PolyCam 
ratios to ~±1%. The efficacy of this correction is depicted in the pre/post-sampling ratio of the 
surface outside the sample site in Fig. 4B. 

Dust loading on the OCAMS optics also produced additional stray light in all post-
sampling images. In PolyCam, this manifested as spatially invariant background stray light that 
was dependent on the brightness of the scene. That is, it was in-field stray light that depends on 
how much of the field of view (FOV) was filled by Bennu and the reflectance of the surface being 
imaged. We quantified the background by measuring shadows in pre- and post-sampling images. 
We found that the shadows (where we assume no light) in pre-sampling imaging had an average 
reflectance of 0, but in post-sampling imaging had an average that varied between 0.002 and 0.005, 
with a median of 0.00317 across all images. We subtracted this additive correction from all post-
sampling PolyCam images, reducing the uncertainty due to stray light to ~1%. 

MapCam has out-of-field stray light that manifests as brightening in the corners and edges 
of the image where a bright source (i.e., Bennu) is just outside the FOV (54). As such, the stray 
light depends on how the camera is pointed with respect to Bennu. We modelled the stray light, 
pre- and post-sampling, by averaging together many images of Bennu (in each position) such that 
Bennu itself averaged out, leaving the stray light signal. These ‘Bennu flats’ were not as effective 
as true flat fields but approximated the stray light to within ~1%. Figure S15 depicts the stray light 
patterns (for a northern Bennu pointing, i.e., observing the sample site) pre- and post-sampling. 
Due to dust loading on the lens, the stray light level increased from ~2% pre-sampling to ~5% 
post-sampling. Removing the stray light from pre- and post-sampling images before the change 
analysis reduced the uncertainty due to stray light to <1%. 

The final radiometric correction applied to the pre/post-sampling ratios involves the pre-
sampling PolyCam images from Baseball Diamond Flyby 1 (FB1) [4]. Short exposure times in 
FB1 images led to detector artifacts along one edge of the images, which in turn reduced the 
efficacy of charge smear correction in the OCAMS calibration pipeline (54). To produce a global 
albedo map of Bennu from FB1 data, an advanced charge smear correction was implemented that 
utilizes data from neighboring images to fill in the areas obscured by artifacts (74). This process 
was largely effective (reducing the radiometric error by a factor of 4) but left some uncorrected 
charge smear. These errors would appear in pre/post-sampling ratios as surface changes. 

However, by reprojecting post-sampling images into the image space of a FB1 image 
[using the cam2cam algorithm of the INTEGRATED SOFTWARE FOR IMAGERS AND SPECTROMETERS 
(ISIS3) (75)], we directly measured the uncorrected charge smear. As with the reprojection steps 
in the change analysis, accurate image-to-image and image-to-shape-model registration was 
required. We ensured this process did not include (and thus remove) real surface change. Charge 
smear always occurs along detector columns, giving it a distinct linear form. Calculating the effect 
as a function of detector column isolated the artifacts and excluded true variations (which are 
unlikely to manifest only along columns). An example of the process, using an image of 



 
 

13 
 

Nightingale (fig. S16), shows that the column-to-column variation was reduced from 2–3% to 
<0.5%, while the ~5% change at the sample site was not inadvertently imparted in the pre-sampling 
images. We removed the uncorrected charge smear from all FB1 data before performing pre/post-
sampling ratios. 

6.2 Ratio calculation	
We performed the sampling change analysis by taking the ratio of post-sampling images to 

pre-sampling images from MapCam and PolyCam. We photometrically corrected all images to 0° 
phase, incidence, and emission using published photometric models of Bennu (73). To divide the 
images directly (pixel-by-pixel), we used cam2cam to reproject a pre-sampling image from its own 
image space to the image space of the post-sampling image to which it was compared. The result 
was the pre-sampling image as if it had been acquired with the post-sampling geometry. This 
reprojection depended on the registration of the images with respect to each other and the shape 
model, as well as the accuracy of the shape model. For MapCam, we used OLA v20 (55)  shape 
model tiles with a ground sample distance (GSD) of 20 cm (better than the ~25 cm per pixel 
resolution of the images). For PolyCam, we used OLA v20 shape model tiles with a GSD of 5 cm 
(similar to the ~5 cm pixel scale of the images). 

Reprojection was imperfect for features with large height differences (e.g., tall rocks or 
steep-walled craters). Slight observation geometry differences led to slight shifts in their locations 
during reprojection. This produced small ‘hot spots’ in the image ratios (Figs. 4A and 4B). These 
hot spots did not detract from the analysis for two reasons. First, they were typically lower in 
magnitude than the change measured at the sample site. Second, those that were of similar 
magnitude were universally associated with rapid height changes in the surface (e.g., the shadow 
of a tall rock appeared to shift). This was particularly evident in the PolyCam ratio image (Fig. 
4B), which was inherently more sensitive to this effect due to its higher spatial resolution. For 
example, ratios around the rock southwest of the sample site were as large as 75% due to its shifting 
shadow but were not representative of true surface changes. 

We calculated cross-sections (Fig. 4C) through the sample site by taking the median of all 
pixels in a single row or column (for the vertical and horizontal cross sections, respectively) within 
MapCam and PolyCam images. We smoothed the resulting vectors using a moving low-pass filter 
with a width of 13 and 9 pixels for MapCam and PolyCam, respectively, based on best practices 
developed throughout proximity operations. We resampled the smoothed vectors from pixel space 
to physical extent (in meters) relative to the center of the median windows. This allowed us to 
average the vertical and horizontal cross-sections together to reduce noise, as well as plot the 
MapCam and PolyCam cross-sections on the same plot. 

To calculate MapCam spectra of the surface, we reprojected images taken in the b′, w, and 
x filters (53,54) to match the observation geometry of the v-filter image, again using cam2cam. 
We calculated the absolute MapCam spectra from the median of the pixels in the square defined 
by the intersection of the horizontal and vertical median cross-sections. We calculated the median 
in each of MapCam’s four color filters for the pre- and post-sampling observations. The filter-to-
filter uncertainty (error bars in Fig. 4D) is 1% (16,76). To produce the normalized spectra, we 
divided the absolute spectra by the value at 550 nm (the v filter’s effective wavelength).  The 
uncertainty on the normalized spectra (error bars in Fig. 4E) was empirically derived by calculating 
the bulk photometric variation between Bennu’s surface (excluding the limb) in the pre- and post-
TAG MapCam images. It is less than the filter-to-filter uncertainty in Fig. 4D because systematic 
effects (e.g., photometric variations and stray light corrections) are shared by both datasets. 
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6.3 Image registration	
As noted above, registration of the images to each other and a Bennu shape model are 

required for the cam2cam reprojections used in the change analysis and calibration of the images. 
This was achieved by photogrammetrically controlling the relevant images to the OLA v20 shape 
model (55). For the PolyCam analysis, two pre-sampling PolyCam images, acquired at 17:37:51 
and 17:45:01 on 7 March 2019, were determined to provide the best area of common coverage 
with the post-sampling Nightingale image, acquired at 06:21:14 on 7 April 2021. We identified a 
control network of 406 control points by matching common features in the images to subpixel 
accuracy. We registered the PolyCam images to the highest-resolution OLA v20 shape model tiles 
(GSD ~ 5 cm, similar to the pixel resolution of the images). We used the 17:37:51 pre-sampling 
image, which provided the most coverage, as our fiducial image. We adjusted camera pointing and 
spacecraft position orientation in the other images to register with the fiducial image.  

The ISIS3 jigsaw software module, used to determine a bundle adjustment solution for the 
PolyCam images, had a mean RMS of 0.33 pixels with a maximum of 2.13 pixels on the control 
points. 392 of 409 (96.5%) control points have an RMS of less than 1.0 pixel. The 17:45:01 pre-
sampling image had an average RMS of 0.64 pixels; the 06:21:14 post-sampling image had an 
RMS of 0.43 pixels. 

For the MapCam analysis, 16 post-sampling images that included Nightingale (four from 
each of MapCam’s four color filters) were co-registered to a single pre-sampling v-filter image 
(acquired at 20:03:31 on 7 April 2021). The pre-sampling image had been previously controlled 
to the global (88 cm GSD) OLA v20 shape model (55) for global color mapping (14) and was used 
as the fiducial target for the post-sampling images. The control network, with measurements shared 
between the pre- and post-sampling images, contains 195 control points and 1418 measures. We 
computed all control point latitude, longitude, and radius values based on the pre-sampling image 
and held them fixed. The camera angles for the 16 post-sampling MapCam images were 
constrained to vary by no more than 1.0 degree and adjusted relative to the pre-sampling image. 
We held the spacecraft position fixed in the solution. The maximum control point residual was 
2.38 pixels with an average residual of 0.78 pixels. 
 

7 OVIRS Pre-/Post-Sampling Change Analysis 

OVIRS data post-sampling show a small decrease in throughput that varies with 
wavelength, and possibly instrumental conditions, from particulates on the instrument (table S7). 
To compare changes at Nightingale before and after TAG, this effect was corrected using data 
from the Detailed Survey Equatorial Station 3 (EQ3) (4,13) acquired in May 2019 at ~12:30 pm 
local solar time. All spectra from 45° to 50°N and 30° to 35°E, a small region near Nightingale 
but outside of the area affected by sampling, were averaged in both the EQ3 and BFF data sets. 
The spectral difference between the two were calculated for this region (table S5). This technique 
coarsely adjusts for all changes between the two data sets: illumination angle, spatial resolution, 
and instrument performance. This correction was then applied to the BFF data before mapping. 
The BFF data have an original spatial resolution of ~12 m footprint. The data were resampled to 
20 m per footprint, the spatial resolution of the EQ3 data, to better enable comparison (fig. S17). 

Spectral parameters were mapped onto the SPC v42 shape model (~3 m per facet) (77) 
(figure 5). At each facet, spectral slope and reflectance at 0.55 µm from multiple, overlapping 
OVIRS footprints were averaged (Data S1). Spectral slope was calculated from 0.5 to 1.0 µm with 
a linear least-squares fit to each spectrum from both EQ3 and the corrected BFF dataset.  
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8 OTES Pre-/Post-Sampling Change Analysis and Particulate Contaminant Spectrum 

Given the potential for damage to or contamination of the OTES instrument during the 
sampling sequence, a standard deep space calibration sequence was acquired post-sampling on 18 
November 2020. These data showed the instrument to be healthy, returning values within expected 
ranges for all telemetry. To evaluate the data for the presence of contamination, we used a simple 
measure of instrument performance called the instrument response function, IRF. The IRF 
represents the contribution of the instrument itself (e.g., optical elements, beam splitter, mirrors, 
coatings, and detector) to the measured signal as a function of wavelength. The OTES IRF is 
determined using established methods (68). The magnitude of the IRF (for an uncontaminated 
instrument) varies over temperature primarily with the detector response and, to a lesser degree, 
interferometer alignment and does so in a predictable way. Thermistors on the instrument optics, 
and near the internal calibration target and detector enable measurement of relevant temperatures. 
Based on measurements acquired during environmental testing, the OTES IRF varies, on average, 
<11% between 300 and 1350 cm–1 (7.4 to 33.3 µm) over the allowable operational temperature 
range of the instrument, 10 to 40° C (68).  

We calculated the variation in the IRF at 1090 cm–1 using data acquired during 
environmental testing. This wavenumber corresponds with the approximate location of the 
Christiansen feature  (a standard wavenumber in Fourier-transform infrared spectroscopy at which 
there should be minimal absorption due to silicate minerals) in Bennu surface spectra acquired at 
roughly mid-day (13). This analysis shows that the total variation in the IRF at 1090 cm–1 over the 
allowable operational temperature range of the instrument is ~13%. However, throughout mission 
operations, the instrument temperature during science and calibration sequences has been 
consistently maintained at ~15 ±2° C, which results in a fluctuation in the magnitude of the IRF of 
only ~1% during typical operations. In contrast, the average IRF measured during the post-
sampling calibration sequence exhibited a ~15% decrease in signal at 1090 cm–1 (fig. S19); given 
that only about 1% of that can be attributed to small fluctuations in the instrument temperature 
during the sequence, we attribute most of this change to the presence of a contaminant reducing 
the signal measured at the detector. The most likely location for this contamination is the primary 
mirror (and we assume so here), although we cannot definitively exclude contamination on other 
surfaces. 
 Because the primary mirror is in the optical path of all post-sampling observations, the 
contribution of the contaminant cannot be removed with the standard OTES processing. Instead, 
we obtain a measure of the contaminant’s wavelength-dependent spectral shape by dividing the 
average IRF from the post-sampling calibration sequence by the average IRF from a pre-sampling 
sequence and use this IRF ratio for analysis of the contaminant composition. The contaminant 
spectrum exhibits a relatively flat baseline and well-formed silicate features, suggesting that there 
is little scattering indicative of significant clumping or large (relative to the wavelength) particles. 

All OTES post-TAG emissivity spectra exhibited deviations from pre-sampling data that 
we attribute primarily to this contamination. The standard OTES calibration algorithm does not 
correct for the particulate contamination, resulting in the average BFF spectrum of Nightingale 
appearing to have greater spectral contrast than observed prior to sampling. However, scaling the 
BFF spectrum to a comparable pre-sampling spectrum reveals that the most substantial difference 
is minor changes in relative band depths (fig. S20). If the contamination were opaque or optically 
thick, we would expect Bennu BFF spectra to resemble the contaminant spectrum rather than the 
pre-sampling data. Nonetheless, some of the observed difference in relative band depth <700 cm–

1 (>14.3 µm) is likely attributable to interference from the particulate contaminant.  
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The effect of the particulate contamination on measured spectra varies with the relative 
temperatures of the contaminants (where the primary mirror temperature is a proxy for the 
contaminant temperature) and the scene. In the case where the scene is spectrally featureless space, 
the particulates are substantially hotter than the background (~15° C vs. –270° C) and we see their 
signature in isolation. When Bennu is the intended scene (during the BFF observations), its 
contribution is not featureless and the surface is warmer than the particulates (~50–100° C vs. ~15° 
C), making for a more complicated physical interaction — the radiance from the scene will be 
absorbed by the particulates and re-emitted at their temperature with the particulates contributing 
their own spectrally dependent radiance (78). Temperature estimates for Bennu’s surface in the 
BFF data are derived from applying the standard calibration to the BFF data and are not corrected 
for the effects of the contamination. However, they appear to be only slightly different than model 
predictions for the solar distance and local time of the BFF observations (fig. S21). 

 
 

9 Mass Loss Estimation from SamCam Image Analysis 

We applied techniques previously developed (26,40)  to automatically detect, associate, 
and track particles naturally ejected from Bennu’s surface to analyze the particles escaping from 
TAGSAM across each sequence of SamCam images. The size and mass of each escaping particle 
were estimated using photometric techniques (27) and the 3D trajectories to determine range to 
each particle and phase angle. First, we subtract the global background level from each image by 
subtracting the mean of the image’s masked dark pixels, which corrects for the image bias and 
global dark signal. We then use an iterative background subtraction technique (79) to remove most 
of the remaining stray light. This iterative technique acts as a low pass filter, using alternating size 
convolution kernels to build up a background image that is then subtracted from the image itself. 
After this correction, the only remaining signals in the image are those from TAGSAM, visible 
particles, and remaining stray light. 

Next, we manually apply a mask to each image to remove the signal from TAGSAM. We 
apply an additional mask to longer exposure images where the stray light is not completely 
subtracted. Once the images have been corrected such that only the particle signals remain, 
automatic particle detection then begins by applying a strict digital number (DN) threshold to 
binarize the image to isolate the particles from background noise and remaining stray signal. For 
this analysis, pixels below a 100 DN threshold are set to zero, and above 100 DN are set to one. 
Once we determine the set of remaining bright pixels, we use a clustering algorithm to identify 
and cluster pixels that are most likely from the same particle source. This is accomplished using 
an iterative optimal clustering algorithm applying the Calinksi-Harabasz evaluation criterion (80). 
The computed optimal k-value (representing the number of clusters or candidate particle detections 
in the image) is then used in a k-means algorithm (81) which returns the coordinates of the clusters 
in the image. A tracking window of size 8 × 8 pixels is then centered around each coordinate, and 
the centroid (center) for each is determined. These centers represent the detections of candidate 
particles found in each image. 

Once all the detections in the images are computed, they can be associated to one another 
across the image sequence using a variety of criteria. These associations allow unique particles to 
be identified and tracked across a sequence of images. The track association algorithm used for 
this analysis is based on a classical multiple hypothesis tracking (MHT) algorithm (82), which 
allows for a history of multiple hypotheses to be stored and tested for each detection and candidate 
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track. The detection-to-track association is accomplished by exploiting the fact that the particles 
in the image follow a nearly perfect linear path across the image sequence, due to the lack of 
external forces. More specifically, detections within a specified distance around the most current 
detection in the track are determined, and a line is fit to the set of all detection in that given track’s 
history. All lines with a coefficient of determination greater than the allowable threshold (R2 > 
0.99) are flagged and stored as valid tracks. 

After all possible tracks are computed, they are deconflicted to only allow tracks that are 
physically possible and associated with a unique set of detections. First, we only keep tracks that 
have observed angular velocities in the same direction, which enforces that the particle does not 
change direction. We place a separate constraint on the range of observed angular accelerations in 
each track, to enforce that this parameter is constant. Once the constraints are applied, we 
deconflict the tracks from one another to ensure that each track is associated with an exclusive set 
of detections. The remaining tracks are used for trajectory reconstruction and photometric analysis. 

We reconstructed the 3D trajectories using methods developed for particles ejected from 
Bennu (26,41). The trajectories were estimated using three or more observations, assuming each 
particle is following a constant-velocity linear trajectory through 3D space and knowing the 
ejection location. In this case, the ejection location was determined by finding the intersection of 
a linear model fitted to the particle’s detections with an ellipse representing the location of 
TAGSAM within the images. The range from the camera to TAGSAM at each wrist (fig. S1) 
position is known from 3D modeling of the spacecraft. Therefore, this intersection point of the 
particle’s trajectory with TAGSAM within the image can be projected into a 3D position for the 
ejection location of each particle. The 3D position and velocity of the particles was then estimated 
using this ejection location and the observed angular positions of each particle within the images.  

We then use photometric analysis to estimate the size of each particle. The total signal for 
each observation (DN) was converted to v-band apparent magnitude mv using: 
 

𝑚! = 𝑧"#$ − log%&(𝐷𝑁) + 2.5 log%&(𝑡)                 Equation S24 
 
where t is the image exposure time in seconds. The zmag value used was 9.7, which was determined 
based on the bright star Spica that was visible in the images. This value was verified to produce 
mv values that provide a good match between particle diameters derived from photometry and those 
directly measured for the larger resolved particles within the images. 

The apparent magnitude was then converted to absolute magnitude given the range and phase 
angle determined by trajectory estimation. We used a phase coefficient of 0.013 magnitude per 
degree of phase angle, which was estimated for particles ejected from the surface of Bennu (27). 
We estimated the photometric diameter of each particle from the absolute magnitude using the 
average Bennu albedo of 0.044 (28). Based on previous analysis of naturally ejected Bennu 
particles (27,40,60), we assumed the particles were flake-shaped ellipsoids with semi-axes of 
a×a×b and an axial ratio b/a = 0.27. For the reported particle diameters, we used the diameter of a 
volume-equivalent sphere, 𝐷 = 2√𝑎'𝑏! . The mass of each particle was estimated using the 
ellipsoid volume and a presumed particle density of 1800 kg m–3. 

Due to the automated detection and tracking method used, false positive detections and mis-
associations of detections (i.e., linking detections between images that are not the same particle) 
are possible and expected for a portion of the detections and tracks. Therefore, particles with an 
estimated velocity greater than 20 cm s–1 were assumed to include mis-associations or false 
detections and were not included in the results.   
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Supplementary Text 
 

The putatively freshest surfaces on Bennu are spectrally redder and darker than Bennu’s 
global average, possibly due to having higher concentrations of organic material (16). Such 
material might undergo carbonization during space weathering, which would lead to bluing and 
brightening as observed (14). Although magnetite production via space weathering can also cause 
spectral bluing (83), laboratory studies show that phyllosilicates become darker when intermixed 
with magnetite (84), which is not consistent with observations of Bennu’s surface (14). Though 
magnetite is a likely constituent, including at Nightingale (5,12,13), its formation during space 
weathering does not appear to drive spectral changes on the asteroid. 
 

Spectral reddening can also be attributed to the exposure of smaller particle sizes, but that 
would coincide with brightening, not darkening (85). Particle size also has little effect on the 
position and depth of the magnetite absorption band at 0.55 µm (86). Further, if the spectral 
changes were caused by particle size, it would have produced a change in thermal inertia.  The 
small increase in observed vs. predicted temperature at Nightingale (fig. 21) is not statistically 
significant (3 ± 6 K). We therefore attribute the post-sampling spectral changes to exposure of 
fresh, organic-rich material, not particle size effects. 
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Supplementary Figures 

 

 
 
Figure S1. The Touch-and-Go Sample Acquisition Mechanism. (A) TAGSAM consists of a 
robotic arm 3 m long that extends from the spacecraft with a sample collection head 32 cm wide 
at its end. It fires N2 gas into the subsurface to mobilize regolith for collection. (B to E) Checkout 
images of the empty TAGSAM head obtained by the SamCam camera on 14 November 2018. The 
baseplate is surrounded by 24 contact-pad samplers made of stainless-steel Velcro.  
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Figure S2. Spacecraft trajectory and maneuvers during sampling. OSIRIS-REx’s trajectory is 
shown in blue. Each dot along the trajectory is labeled with its corresponding time stamp (relative 
to time of touch) and spacecraft activity. Modified from (4), where TAG operations are described 
in more detail.  
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Figure S3. Spacecraft center of gravity (S/C CG) lateral and vertical velocity during the final 
stages of sampling. The propulsive maneuvers at the Checkpoint (CP) and Matchpoint (MP) were 
designed to achieve a lateral velocity (A) of 0 cm s–1 and a vertical velocity (B) of 10 cm s–1 at the 
time of touch (ToT). 
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Figure S4. SamCam images documenting contact of TAGSAM with Bennu’s surface. Images 
were taken on 20 October 2020 at (A) 21:49:48.852, (B) 21:49:50.071, (C) 21:49:51.290, (D) 
21:49:52.50 [continued next page],  
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(E) 21:49:53.725, (F) 21:49:54.942, (G) 21:49:56.160, and (H) 21:49:57.376 UTC. The FOV in 
(A) is about 2 m from corner to opposite corner. The pixel scale and the FOV (assuming the 
original surface) changes by ~15% in these 9 s due to forward drift. For scale, the TAGSAM head 
is 32 cm in diameter at the baseplate. An expanded animated version of this sequence is provided 
in movie S1.  
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Figure S5. TAGSAM disrupts a boulder. (A) SamCam image taken at 21:49:48.852 UTC 
immediately before contact. (B) SamCam image taken at 21:49:50.071 UTC immediately after 
contact. The FOV in both images is 40 cm. Images are zoomed in on the boulder on the western 
edge of the TAGSAM head that seems to have been partially disaggregated because of surface 
contact. Disaggregated portions are most obvious where particles are present above the baseplate. 
North is to the right. For a blinking version, see movie S2. 
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Figure S6. TAGSAM tilts a boulder. (A and B) Same images as in fig. S5, zoomed and cropped 
to show the boulder to the southwest of the contact point that was apparently tilted by TAGSAM 
during surface contact. The FOV is 56 cm. North is to the right. For a blinking version, see movie 
S3. 
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Figure S7. NavCam 2 image acquired during back-away at 21:50:49.680 UTC. An opaque 
lofted plume of mostly unresolved objects extends from the upper left to the lower right corner of 
the image. White circles indicate features used for image analysis, including three fixed surface 
features (S1, S2, and S3), the plume’s edge (PE), a persistent bright spot within the plume (BS), a 
lofted rock that impacts another boulder at 10 cm s–1 (Imp), and a tumbling rock that remains lofted 
over a fixed surface location (TR). See movie S5 for the entire time sequence. 
  



 
 

27 
 

 
 
Figure S8. Surface features in PolyCam images before and after sampling. (A) High-altitude 
PolyCam image of the Nightingale site collected on 7 March 2019 (pre-sampling). (B) High-
altitude PolyCam image of the Nightingale site collected on 7 April 2021 (post-sampling) on 
OSIRIS-REx’s final flyby. The red cross in (B) indicates the TAGSAM contact point. The red 
circle in both panels indicates a boulder thrown about 12 m by the thrusters. Other labeled features 
are described in the text. For a blinking version, see movie S6. 



 
 

28 
 

 



 
 

29 
 

Figure S9. PSFD before, during, and after sampling. (A) Comparison of local-scale PSFDs of 
Nightingale’s pre-sampling surface (Recon A and C) (4,11), the debris plume, its shadow region, 
and the top of the TAGSAM disk. The pre-sampling surface, combining Recon A and C data, is 
best fit by a power law (solid blue line) with exponent –2.2 ± 0.2 (3σ). The plume and its shadow 
sample a finer-grained distribution (solid brown line) with exponent –3.3 ± 0.4. The particles 
observed on top of TAGSAM have a distribution like the pre-sampling surface, with exponent –
2.2 ± 0.3 (magenta crosses) (table S1). (B) Comparison of regional-scale PSFDs of the Nightingale 
surface, measured before (BBD, Baseball Diamond Flyby 1) and after (BFF, Bennu Final Flyby) 
sampling from images acquired under similar conditions. The pre-sampling data are fit with a 
power-law exponent of –1.9 ± 0.2 (solid purple line). The post-sampling surface exhibits a steeper 
power law, with an exponent of –2.5 ± 0.1 (dashed gold line) (table S1), indicating a statistically 
significant increase in the relative abundance of smaller particles post sampling.  
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Figure. S10. Screenshots of linear scan design for the Bennu Final Flyby (BFF) from the 
mission planning tool. Multiple north-south and south-north slews were performed over a 
complete Bennu rotation, resulting in global coverage (tables S2 and S3). (A) PolyCam footprints 
(aqua boxes). (B) MapCam footprints (magenta boxes). OTES (orange circles) and OVIRS (green 
circles) footprints are shown in both panels. The arrows in the lower left indicate the Bennu 
coordinate system axes. 
  

 A  B 
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Figure S11. Topography of the TAG crater. (A) Transects through the TAG crater in the 
difference map of the pre- vs. post-sampling DTMs correspond to (B) topographic profiles. The 
difference map (same as shown in Fig. 3F) is overlain on the original pre-sampling DTM generated 
with OLA data. 
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Figure S12. Features in the difference map (Fig. 3F). Areas influenced by the spacecraft 
thrusters are outlined in light green for the maneuver start position and dark purple for the end 
position. Locations of the maximum thruster pressures are indicated with black dashed lines. A 
boulder that appears in the scene after sampling is outlined by the solid white ellipse. White arrows 
indicate locations where debris might have been deposited during surface relaxation. Black ellipses 
show two bounding cases for the TAG crater used in this analysis: the smaller ellipse measures 6.0 
× 4.3 m (5.1 ± 1.2 m average diameter),  and its displaced volume = 8.6 ± 0.9 m3. It is delineated 
by the inner edge of the estimated thruster plume locations, and thus results from TAGSAM gas 
release.  The larger black ellipse marks the outer edge of the crater, which is likely a combination 
of both TAGSAM and thruster firing during the backaway burn; it measures 9.0 × 6.5 m (7.8 ± 1.8 
m average diameter), and the total displaced volume = 12.2 ± 0.9 m3. The area enclosed in a white 
dotted line to the north/northwest of the crater denotes the location of the debris apron mobilized 
by TAG. 
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Figure S13. Cratering efficiency as a function of energy release. (A to F) Displaced volume of 
surface material with sand-like characteristics, (G to L) glass bead–like characteristics, and (M to 
R) sand-fly ash characteristics. The total range of estimated TAGSAM gas-bottle energy defines 
the range of the x-axes. The corresponding crater volume is indicated on the y-axes. The results 
for four different intergranular cohesion values are shown as the colored lines in each plot. The 
minimum and maximum TAG crater volume are indicated by the dashed horizontal lines. The only 
set of parameters that match the observed excavated volume are in panels (A), (B), (C), (G), (H), 
and (I), with the latter three providing the best fits. These results indicate that the observed crater 
formation requires low cohesion (<0.001 Pa) and low regolith bulk density (500 to 700 kg m–3). 
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Figure S14. The 1048 particles identified inside the Nightingale site post-sampling (outlined 
in magenta). The small light blue circle is the estimated contact spot (30 cm). The green circle 
indicates the sampling ellipse, defined as the 80% confidence interval for contact during sampling, 
based on navigation uncertainties (8.6 m size). The yellow circle is where particles were counted 
(11.8 m diameter). The background is a PolyCam image taken on 7 April 2021 (pixel scale of 5 
cm) overlaid on the post-sampling DTM. 
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Figure S15. Measurement of the strength of the stray light signal on the MapCam detector. 
These data are used to assess dust loading on the outer optics. The plotted pixel intensity 
corresponds to the signal from stray light, which degrades the imaging performance. (A) Before 
sampling. (B) After sampling. Dust loading from the sampling event increased the amount and 
structure of the stray light from bright sources immediately outside the MapCam FOV. 
  

 A  B 
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Figure S16. Charge-smear removal to correct dust-loading on the camera optics.  (A) Image 
demonstrating uncorrected charge smear in FB1 images. Pixel intensities across the detector have 
a columnar structure resulting from charge smear during image readout (B). Using post-sampling 
imaging as a reference, we remove most of the artifacts (C and D). 
  

 A  B 

 C  D 
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Figure S17. Average OVIRS spectra from 0.5 to 1 µm of the Nightingale site before and after 
TAG.  These spectra cover the region from 53° to 57° latitude and 40° to 44° longitude. Pre-
sampling data were acquired in 2019 during Detailed Survey Equatorial Station 3 (EQ3)(4,15). 
The post-sampling (BFF) spectrum has been corrected for lower throughput due to dust on the 
OVIRS primary. (A) Nightingale has lower reflectance at all wavelengths from 0.5–1 µm in the 
post-sampling spectrum. (B) Nightingale is redder in the post-sampling spectrum, demonstrated 
by the increase in spectra normalized at 0.55 µm. 
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Figure S18. Latitude and longitude transects of spectral slope and reflectance ratios 
measured by OVIRS. (A) Pixel intensities across the Bennu global mosaic for the BFF dataset. 
Transects (white lines) were chosen to analyze spectral slope and reflectance changes the 
Nightingale site. (B, D) The spectral slope ratio (pre/post-sampling spectral slopes from 0.5–1.0 
µm)  is significantly lower at Nightingale (blue box; >5 standard deviations) due to the reddening 
of the post-sampling slope, which approaches zero at Nightingale. (C, E) The reflectance ratio 
(pre/post-sampling reflectance at 0.55 µm) at Nightingale is ~3 standard deviations lower than 
other points on the latitude transect (E). However, the longitudinal reflectance ratio transect shows 
the effect of an increase in detector temperature with time, as the spacecraft scans moved from 
west to east. Even with this effect, Nightingale still has a lower reflectance ratio due to darkening 
in post-sampling observations than surrounding longitudes (C).  
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Figure S19. Comparison of pre- and post-sampling OTES IRFs. The Flight IRF (black curve) 
plots the energy reaching the detector prior to particulate contamination during the sampling event 
as a function of wavenumber. The BFF IRF (green curve) shows the reduction in energy reaching 
the detector after the sampling event. The wavenumber of the Christiansen feature in Bennu 
surface spectra (1090 cm–1) is indicated by the dotted line. 
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Figure S20. Average OTES emissivity spectra (200–1500 cm–1) of the Nightingale site before 
and after sampling. These spectra cover the region from 53° to 57° latitude and 40° to 44° 
longitude. Pre-sampling data were acquired in 2019 during EQ3 (4,13). The post-sampling (BFF) 
spectrum has been scaled to 33% spectral contrast to correct for particulates on the OTES fore 
optics. The spectra are very similar indicating that the bulk composition has not changed (at the 
30-m scale of these observations). The change in band depth likely results from the modest 
contribution of the particulate contaminant. 
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Figure S21. Surface temperature variance before and after sampling. The surface temperature 
variance is the difference between the surface temperature measured using OTES during the BFF 
and the predicted temperatures from the thermal model, based on pre-sampling OTES 
measurements. The resulting map is overlain on a global DTM. The surface temperature varies by 
±6 K with respect to the prediction over the entire surface, a noise level consistent with the 
precision of the data. The difference at Nightingale is within this range, meaning that no significant 
thermal change is detected. 
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Figure S22. The interior of TAGSAM before and after sampling. (A) Before sampling 
(SamCam image taken 9 May 2019 at 21:32:27.120). (B) After sampling (SamCam image taken 
22 October 2020 at 17:42:35.354). Bright white blobs are particles escaping TAGSAM. The 
images have similar illumination geometry. The after image shows a TAGSAM interior much 
darker than the before view, indicating the presence of a strong absorber. We measure the average 
diameter of the most visible individual particles to be 9.1 ± 0.5 mm.  
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Figure S23. Bennu surface particles attached to contact pads. This StowCam image (61) (27 
October 2020 at 23:41:40.554) shows several particles adhering to the stainless-steel Velcro 
contact pads. Pads with prominent particles are circled in red. The dangling particles range in size 
from 2 to 4 mm in diameter. Many other particles are apparent adhering to the TAGSAM metal 
surfaces. 
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Figure S24. SamCam verification images acquired on 22 October 2020. These long-exposure 
(1.5 s) images highlight the escaping particles, which appear as radiating lines due to their relative 
motion during the image exposure period. Image acquisition times are shown in the lower left 
corners.  
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Figure S25. Statistics of particles escaping from TAGSAM. (A) Histogram of estimated range 
from the camera to each particle at the time of their first observation, in 0.25-m bins. The vertical 
dashed line indicates the approximate range to TAGSAM during the imaging sequence. (B) 
Histogram of estimated velocity of each particle, in 0.2 cm s–1 bins. (C) Histogram of ejection 
times for each particle, in 1-minute bins. Dashed vertical lines denote the times of spacecraft 
activities, including movements of the TAGSAM wrist joint to the specified angles, the disabling 
of the powered hold of the wrist joint at 17:41 UTC, and the epoch of the last image taken at 17:46 
UTC. (D) Histogram of particle diameters, in 0.1-mm bins. 
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Figure S26. SamCam images highlighting the flaky morphology of the escaping particles. 
The red box highlights the same particle, providing multiple viewing angles to assess the shape. 



 
 

48 
 

Supplementary Tables 
 
 
Table S1. Power-law indices determined from particle counts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Dataset Power-law index (±3σ) 

Close-Range Characterization (fig. S9A) 

Nightingale, Recon A  –2.2±0.2 

Nightingale, Recon C  –2.3±0.3 

TAGSAM Disk  –2.2±0.3 

Sunlit Region of Debris Plume –3.3±0.4 

Shadow Region of Debris Plume –3.3±0.7 

Long-Range Characterization (fig. S9B) 

Nightingale, Detailed Survey Baseball Diamond FB1 –1.9±0.2 

Nightingale, Bennu Final Flyby –2.5±0.1 
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Table S2. Viewing conditions for the BFF observations. Columns list the standard imaging 
conditions: phase angle, incidence angle, emission angle, local solar hour (LSH), and the range to 
the surface.  The BFF obtained global coverage of Bennu, but Nightingale was the area of highest 
priority for imaging and change detection. The imaging conditions were checked at four corners 
of a box encompassing the uncertainty in the sampling site location derived by the spacecraft 
navigation team. 
 
North Slew (+40° to +90° latitude) 

 Phase (°) Incidence (°) Emission (°) LSH Range to 
surface (m) 

Minimum 9.18 47.57 48.98 8.787 3645 
Maximum 12.62 92.56 101.2 15.67 3875 

 
Mid Slew (–40° to +40° latitude) 

 Phase (°) Incidence (°) Emission (°) LSH Range to 
surface (m) 

Minimum 8.119 5.995 5.439 12.02 3530 
Maximum 14.4 49.6 54.84 12.86 3700 

 
South Slew (–90° to –40° latitude) 

 Phase (°) Incidence (°) Emission (°) LSH Range to 
surface (m) 

Minimum 7.662 42.82 47.89 9.51 3645 
Maximum 15.28 87.08 92.92 14.22 3808 

 
Four Corner Check  

Latitude (°) Longitude (°) Phase (°) Incidence (°) Emission (°) LSH Range to 
surface (m) 

55.04 43.09 9.59 62.9 65.9 11.85 3725.5 
57.04 42.89 9.60 64.7 67.8 11.84 3731.5 
57.07 40.81 9.67 64.8 68.1 11.71 3732.2 
55.21 40.95 9.66 63.1 66.4 11.71 3726.9 
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Table S3. BFF observation details for the 5.9-hour (1.37 Bennu rotations) linear scanning 
duration.   
 

Observation Date: 2021-04-07 (Day of Year 097) 
Observation Duration (# of Bennu Rotations): 5.9 hours (1.37 Bennu rotations) 

Range to Bennu COM: 3802–3866 m 
Observation Type: Linear Scan (North-South scanning) 

Spacecraft Pointing: Nadir 
Scan Range: 499 m (Bennu polar diameter) + 2σ navigation uncertainty 

Planning Radius: 249.5 m (Bennu polar radius) + 2σ navigation uncertainty 
Slew Rotational Resolution: 3.3˚ 
PolyCam Imaging Cadence: 6.6˚ (every other slew) 

PolyCam Across-Slew Overlap: 30-33% (near equator, increasing towards poles) 
Number of PolyCam Images Per Slew: 16 

Total Number of PolyCam Images: 1216 (regular); 20 (darks); 1236 (total) 
MapCam Imaging Cadence: 19.8˚ (every 6 slews) 

MapCam Across-Slew Overlap: 58-60% (near equator, increasing towards poles) 
Number of MapCam Images Per Slew: 12 (3 color-sets minus the pan-filter) 

MapCam Along-Slew Overlap: 73-91% 
MapCam Along-Slew Filter Overlap: ~10-20% (based on visual inspection) 

Total Number of MapCam Images: 300 (regular); 40 (dark); 340 (total) 
Total Number of OCAMs Images: 1576 
Spectrometer Imaging Cadence: Continuous; same as slew rotational resolution (3.3˚) 

OVIRS Across-Slew Overlap: 0% near the equator (~3.5m gores that decrease and close 
towards the poles) 

OTES Across-Slew Overlap: 39–42% (near equator, increasing towards poles) 
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Table S4. Parameters used to assess TAG cratering efficiency. These parameters are used to 
convert the inferred impact energy to a crater size. The scaling exponent is the power to which the 
impactor velocity is raised in the Housen and Holsapple scaling law (36). The scaling constants 
are used to determine the relationship between crater radius and impactor energy [see (36), their 
table 1, for details]. 
 

Target type Qualitative attributes Scaling 
exponent, 
µ 

Gravity 
scaling 
constant, 
H1* 

Strength 
scaling 
constant, 
H2* 

References 

Sand Sub-angular 
No tensile strength 
Angle of repose = 28–35° 
Porosity = 35 ± 5%  

0.41 0.59 0.4  (35–37,87–
89) 

Glass beads Rounded 
No tensile strength  
Angle of repose = 28–35° 
Porosity = 35 ± 5% 

0.5 0.27 1. (90) 

Sand Fly Ash Angular 
Low tensile strength 
Porosity = 60%  

0.35 0.59 0.81 (36) 

* Uniform scaling relationship (36) used for estimating cratering efficiency.  
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Table S5. Spectral slope change in percent per micron at and outside the sample site from 
MapCam and OVIRS data. The change calculated is between pre-sampling (EQ3 data) and post-
sampling (BFF data). b′, v, and x are MapCam color filters; wavelength ranges are listed in 
parentheses.  
 

Wavelength range 

Change in spectral 
slope at sample site 
(% per micron) 

Change in spectral 
slope outside sample 
site (% per micron) 

MapCam 

b' to v (0.47 to 0.55 µm) 0.245 ± 0.030 0.029 ± 0.055 

v to x (0.55 to 0.85 µm) 0.202 ± 0.027 0.000 ± 0.029 

b' to x (0.47 to 0.85 µm) 0.211 ± 0.024 0.006 ± 0.021 

OVIRS 

0.5 to 1.0 µm 0.188 ± 0.023 0.001 ± 0.017 

1.0 to 2.0 µm 0.058 ± 0.018 0.001 ± 0.012 
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Table S6. Particles on contact pads identified from SamCam and StowCam images. Particles 
were identified by comparing images with similar illumination geometry taken before sampling. 
The images covered exposure times ranging from 1 ms to 5 s and emission angles ranging from 
nearly perpendicular to nearly edge-on. We identified particles both on and off the contact pads, 
with the latter adhering directly to the TAGSAM base or interior cavity.  
 

Contact pad ID number Number of particles Sizes of particles (mm) 
1 2 1.2, 1.2 
2 1 2.9 
3 1 1.4 
4 2 4.1, 2.3 
8 2 0.83, 0.75 
9 1 2.7 
10 1 2.4 
11 1 1.1 
12 1 0.83 
13 4 1.06, 0.75, 1.5, 3.4 
15 1 3.5 
16 1 1.7 
17 1 1.8 
18 1 2.5 
19 1 1.7 
20 1 3.2 
22 1 2.2 
between 16 & 17 1 1.5 
around flat base of bottom surface circumference > 260 < 0.75 
around visible section of interior cavity > 180 < 0.75 
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Table S7. Post-sampling decrease in optical throughput for instruments on OSIRIS-REx. We 
evaluated the loss of optical transmission due to dust loading on the fore-optics for all the imagers 
on the spacecraft. MapCam contains a filter wheel with four broadband color filters (b ′, v, w, and 
x) and a panchromatic filter (pan30). Pan 5 is the SamCam filter that was in place during sampling. 
 

Optical System     Fraction of Original 
Transmission (%) 

PolyCam 79.53 ± 0.36 
MapCam bʹ 92.27 ± 0.23 
MapCam v 92.39 ± 0.33 
MapCam w 92.74 ± 0.18 
MapCam x 92.71 ± 0.37 
MapCam pan30 91.99 ± 0.30 
SamCam Pan 5 42.7 ± 1.7 
NavCam 1 33.6 ± 3.0 
NavCam 2 30% 
OVIRS 95% 
OTES 85% 
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Caption for Movie S1. 
Series of SamCam images showing contact of TAGSAM with the surface of Bennu.  

Caption for Movie S2. 
Blinking pair of SamCam images showing an apparent partial disruption of a boulder in response 
to spacecraft contact.  

Caption for Movie S3. 
Blinking pair of SamCam images showing a boulder that responds rigidly (flips up) in response 
to spacecraft contact.  

Caption for Movie S4. 
Series of NavCam2 images showing the shadows of boulders flying eastward away from the 
TAG site and through the impinging thruster plumes. 

Caption for Movie S5. 
Series of NavCam2 images highlighting the boulder-on-boulder collision (white circle) observed 
during backaway from Bennu’s surface. 

Caption for Movie S6. 
Blinking pair of PolyCam images showing surface changes resulting from sample collection, 
especially a boulder apparently launched 12 m by the thrusters.   
 

Caption for Data S1. 
All data products used in this work are listed by figure, instrument, and Planetary Data System 
identifier, which includes date and time information. For figures that show averages, the individual 
products that contributed to the average are listed.  

Caption for Data S2. Object file (OBJ) of the pre-TAG DTM constructed using OLA data. 

Caption for Data S3. Object file (OBJ) of the post-TAG DTM constructed using OCAMS data 
collected during the BFF. 

 

 
 


