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Before the OSIRIS-REx mission, expectations for the distribution 
of regolith on small near-Earth asteroids (NEAs) came from 
(25143) Itokawa and (162173) Ryugu. The surfaces of both of 

these NEAs are dominated by boulders, but smooth terrains are evi-
dent at global scales. Prior to resolving its surface, our understanding 
of Bennu’s global properties was inferred from telescopic observa-
tions of the asteroid as a point source1. In late 2018, the OSIRIS-
REx spacecraft rendezvoused with asteroid (101955) Bennu and 
acquired remotely sensed image and spectral data. The OSIRIS-REx 
Camera Suite (OCAMS2) PolyCam panchromatic camera confirmed 
the top-like shape of the asteroid3 and imaged the surface at scales 
down to 0.33 m pixel–1, while the MapCam instrument imaged at 
scales down to 1.1 m pixel–1 in four colours and a panchromatic fil-
ter. The OSIRIS-REx Visible and InfraRed Spectrometer (OVIRS4) 
and the OSIRIS-REx Thermal Emission Spectrometer (OTES5) mea-

sured disk-integrated spectra covering a full asteroid rotation before 
Bennu filled their respective fields of view.

Global average properties
During the Approach and Preliminary Survey phases of the mission 
(August to December 2018), we measured Bennu’s resolved reflec-
tance (radiance factor, often referred to as I/F) in MapCam’s five 
filters across a wide range of phase angles (0.7° to 90°). Fitting these 
data to an exponential phase function6 yields a low global average 
geometric albedo of 4.4 ± 0.2% at 550 nm (Fig. 1a). This albedo is 
consistent with ground-based astronomical data7, B-type asteroid 
taxonomy8, and results from OSIRIS-REx disk-integrated photom-
etry9. The global albedo is also compatible with the reflectance of 
CM chondrite meteorites10, which are spectroscopically similar to 
Bennu11. Bennu does not exhibit a significant opposition surge at  
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Establishing the abundance and physical properties of regolith and boulders on asteroids is crucial for understanding the for-
mation and degradation mechanisms at work on their surfaces. Using images and thermal data from NASA’s Origins, Spectral 
Interpretation, Resource Identification, and Security-Regolith Explorer (OSIRIS-REx) spacecraft, we show that asteroid 
(101955) Bennu’s surface is globally rough, dense with boulders, and low in albedo. The number of boulders is surprising given 
Bennu’s moderate thermal inertia, suggesting that simple models linking thermal inertia to particle size do not adequately cap-
ture the complexity relating these properties. At the same time, we find evidence for a wide range of particle sizes with distinct 
albedo characteristics. Our findings imply that ages of Bennu’s surface particles span from the disruption of the asteroid’s par-
ent body (boulders) to recent in situ production (micrometre-scale particles).
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low phase angles. The absence of a strong opposition effect is not 
surprising given the low albedo and thus single-scattering nature 
of the surface6.

During Approach, we also acquired disk-integrated and rota-
tionally resolved measurements of Bennu’s thermal radiance from 
OVIRS and OTES. From these data, we determine a global average 
thermal inertia of 350 ± 20 J m–2 K–1 s–1/2 (Supplementary Figs. 1 and 2,  
Methods, and Supplementary Information). The OSIRIS-REx ther-
mal data constrain thermal inertia variations to <10 J m–2 K–1 s–1/2 
over a full rotation. The low to moderate thermal inertia and small 
variability with rotation are within the uncertainties of previous 
results based on observations with the Spitzer Space Telescope12.

The thermal inertia of asteroid surfaces is often translated into 
a characteristic particle size using simplified models that assume 
a uniform particulate regolith12–14. The basis for these models is 
that particles smaller than the diurnal thermal skin depth will pro-
duce a thermal inertia smaller than the value for bedrock (1,500  
to 2,500 J m–2 K–1 s–1/2 for typical planetary materials15,16). For the 
moderate thermal inertia measured for Bennu, these models pre-
dict a surface dominated by 0.5- to 5-cm-diameter particles (see 
Methods and Supplementary Information). However, resolved 
images of Bennu’s surface show that it is in fact dominated by  
>1-m boulders (Fig. 2).

These simplistic regolith models clearly do not accurately 
describe Bennu’s surface. Below, we discuss other possible interpre-
tations of Bennu’s thermal inertia, including low thermal inertia of 
boulders, dust cover on boulders, a mixture of particulate regolith 
and boulders, or a combination of these effects.

Spatially resolved surface morphology
Bennu is geomorphologically diverse (Fig. 2), cratered, and covered 
by rocks with a wide range of sizes, consistent with its characteriza-
tion as a rubble-pile asteroid17. Impact craters range in size from 10 
to over 150 m (ref. 18), and the surface is populated by more than 
200 boulders >10 m in diameter. The largest boulders exceed 30 m 
and appear predominantly at high latitudes. Smaller metre-scale 

boulders are evenly distributed across the asteroid, consistent with 
the uniform thermal inertia with rotation. Boulders display a wide 
range of morphology, sizes, and albedo. One of the darkest objects 
is the partially exposed outcrop of a boulder in the southern (–Z) 
hemisphere (–20° latitude, 30° longitude), perhaps a constituent 
component of the asteroid. It measures nearly 100 m in observ-
able longest dimension, but its full extent is unclear. Bennu exhibits 
only small areas (<20 m) of boulder-free regolith19, contrary to pre-
encounter expectations1,12,20.

We have completed boulder counts and size measurements over 
>80% of the asteroid’s surface (Supplementary Fig. 3). The mea-
sured sizes of the boulders range from 1 to 58 m (longest dimension). 
Figure 3 depicts the global cumulative size-frequency distribution 
(CSFD) of Bennu. We find a power-law index of –2.9 ± 0.3 for boul-
ders 8 m and larger (see Methods for a discussion of the statistical 
completeness limit). This power-law index is within the range of 
other small Solar System bodies (Supplementary Fig. 4).

By comparison, asteroid (25143) Itokawa has a global power-law 
index of –3.5 ± 0.121 for boulders ≥10 m, which implies that more 
of its surface mass is contained in small particles than is the case 
for Bennu. This is consistent with the distinct appearance of these 
two asteroids—Bennu lacks Itokawa’s smooth regions such as the 
Muses Sea22. However, the absolute number density of large boul-
ders (≥20 m) on Bennu and Itokawa is comparable (28.2 km–2 versus 
~25 km–2)21,22. Conversely, the number density of boulders ≥20 m on 
(162173) Ryugu (~50 km–2), the slightly larger top-shaped target of 
the Hayabusa2 mission, is twice that of Bennu and Itokawa. Like 
Bennu, Ryugu has a power-law index of –2.5 to –3.0. The num-
ber densities of large boulders suggest that boulder abundance on 
rubble-pile NEAs scales with asteroid size, whereas the steeper 
power-law index on bi-lobed Itokawa suggests that surface particle 
distributions may be influenced by asteroid shape. Notably, the dis-
tribution of the large boulders (≥20 m) at high latitudes on Bennu 
corresponds with a steepening in the dynamic surface slope outside 
the equatorial latitudes23. Accordingly, material from mid-latitude 
to polar regions is less energetically coupled to the surface of the  
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Fig. 1 | Resolved phase curves of Bennu. a, Global reflectance values of Bennu’s surface as a function of phase angle, which convey Bennu’s photometric 
behaviour. We fit these data to an exponential phase function for each MapCam band. For clarity, the phase function of the spectral average is shown as 
a dashed line. b, Spectral dependence is observed when reflectance for the b′ (473 nm), w (698 nm) and x (847 nm) bands are plotted relative to the v 
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represent 1σ uncertainties.
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asteroid23. As a result, smaller particles may preferentially migrate 
away from these areas, resulting in the exhumation and retention of 
larger boulders at higher latitudes.

A shallow power-law index suggests boulder production domi-
nated by impact processes24. While multiple candidate impact cra-
ters18 are visible across the surface (Fig. 2), the events that formed 
them could not produce the large observed boulder population 
(Supplementary Fig. 5). The presence of intact blocks about 1/10th 
of the diameter of Bennu suggests that the largest boulders are frag-
ments from the catastrophic disruption of its parent body and the 
subsequent rubble-pile reaccumulation18,25. Thus, the large (≥20 m) 
boulders evident in Bennu’s relatively shallow CSFD represent some 
of the oldest intact material on the surface. Although boulders 
<20 m may have been inherited by the catastrophic disruption of 
Bennu’s parent body, it is likely that some were formed by impacts 
on Bennu’s own surface, and may have experienced further in situ 
breakdown and disaggregation by thermal fatigue26.

Physical properties of boulders
Bennu’s thermal inertia may be conveying information about the 
physical properties of its large surface boulders. One interpretation  
of the moderate thermal inertia is that the large boulders could  
have a lower thermal inertia than typical planetary materials. Any 
property that impedes the thermal wave in the material could lower 

the thermal inertia (for example, porosity, cement between clasts  
of a breccia, amorphous material). For example, the CM chondrite 
Cold Bokkeveld has a low thermal conductivity and correspond-
ingly low thermal inertia (~770 J m–2 K–1 s–1/2)16 due its porosity 
(~15%)27. The hypothesis that Bennu’s boulders themselves have 
a relatively low thermal inertia is supported by the close spectral 
match of Bennu’s surface to CM chondrites11. However, the ther-
mal inertia of Cold Bokkeveld (the lowest among measured mete-
orites27) is still considerably larger than Bennu’s global value. We 
investigated the thermal inertia of the boulders on Bennu by run-
ning a two-component thermal model constrained by the spatial 
density of boulders18. We find that the upper limit on the average 
boulder thermal inertia on Bennu is 1,400 J m–2 K–1 s–1/2. We will 
measure thermal inertia of individual boulders from upcoming  
spatially resolved thermal observations.

The global thermal inertia of Itokawa (750 J m–2 K–1 s–1/2)28 is more 
than twice Bennu’s, even though the number density of large boul-
ders is comparable. The shallower CSFD power-law index on Bennu 
suggests that it may have fewer centimetre-scale particles than 
Itokawa. Although it is not yet known whether Bennu’s CSFD main-
tains a constant power-law index from 8 m to 2 cm, analyses of rego-
lith on other asteroids suggest constant power laws across similar 
scales29. The lower thermal inertia and relative deficit of small par-
ticles on Bennu, in turn, suggest that the boulders may have a lower  
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Fig. 2 | Asteroid Bennu imaged by the OSIRIS-REx Camera Suite. a, Whole-disk mosaics of Bennu. PolyCam images from 2 December 2018 are 
combined to show four sides of Bennu. When viewed from left to right these data illustrate one rotation of the asteroid. Phase angles of the images are 
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thermal inertia than those on Itokawa. Different thermal inertias 
of boulders on S-type versus B-type asteroids are consistent with 
differences in the thermal conductivity of their respective analogue 
meteorites27. Density and heat capacity also influence thermal iner-
tia, but their variation among meteorite analogues is much smaller 
than that of thermal conductivity. Although the boulder abundance 
on Ryugu is about twice that on Bennu and the CSFD indices are 
similar, Ryugu’s thermal inertia is 200 to 500 J m–2 K–1 s–1/2 (refs. 30,31), 
suggesting that its boulders may have similar thermal inertia to 
Bennu’s. Porosity tends to have a stronger control on thermal iner-
tia than composition27, so the difference in Itokawa’s global thermal 
inertia compared with Bennu’s and Ryugu’s could result from dis-
tinct porosities of their boulders.

Boulders are a major source of albedo heterogeneity on Bennu. 
The full range of normal albedo variation is more than a factor of 
4 (from 3.3% to 15%), though 95% of the range is between 3.6% 
to 4.8% (a factor of 1.5)19. This diversity is greater than on Ryugu, 
which has a similar global geometric albedo to Bennu31. The total 
range also exceeds that observed on Itokawa (factor of 1.3)32 and 
Eros (factor of 3.5)33. Because much of Bennu’s albedo variation 
appears linked to boulder size, trends in albedo may help us assess 
the properties of these boulders. Figure 4a shows the normal albedo 
distribution of boulders identified to date. The largest boulders have 
albedos near the global average, whereas the brightest boulders 
(>1σ from the mean boulder albedo, or >6.8%) are all smaller than 
~10 m. Although we are only sampling a small number of bright 
boulders (~370), our data show a clear difference in the size distri-
butions of bright versus average-to-dark boulders (Fig. 4b).

This distinct size distribution has several potential origins. Much 
of the spectrophotometric variation observed on airless bodies has 
been attributed to radiation and bombardment processes collec-
tively referred to as ‘space weathering’. For example, on asteroid 
(433) Eros, colour and reflectance differences are not explained 
by distinct rock types, but rather by complex regolith sorting and 
space weathering processes34. One study35 that investigated solar-
wind-induced space weathering outcomes for CI/CM chondrites 
predicted that bluer and brighter regions on Bennu could represent 

more weathered material, although results from laser irradiation 
experiments show the opposite36. Given that the large (>30 m) boul-
ders represent intact material from Bennu’s parent body, their aver-
age albedo may signify older surfaces that have been more optically 
modified. Smaller and brighter boulders may represent younger, 
more recently fragmented material.

Another possibility is that bright material represents remnants of 
Bennu’s parent body or the impactor that disrupted it, which reac-
creted into Bennu and other small asteroids. This scenario would 
imply that the observed heterogeneity is the result of distinct rock 
types, which fragment differently, leading to the observed differ-
ences in size distribution. Some clues are provided from evidence of 
bright clasts bound in a matrix19 and in situ boulder disaggregation 
into resistant constituent clasts (Fig. 5). Some clasts have a range 
of albedos that differ from the surrounding terrain, implying that 
some of the albedo diversity on Bennu is inherited19.

Evidence of particulate regolith
We observe diffuse units of dark material that we interpret as low-
albedo dust blanketing the surface (Fig. 6 and Supplementary Fig. 6).  
The dark diffuse unit shown in Fig. 6 is proximal to the partially 
exposed boulder outcrop (discussed above), which is one of the 
darkest objects on the asteroid and shows a spectral feature at 
550 nm19. This spectral feature may be due to enhanced magnetite 
concentrations generated as a byproduct of space weathering19. Our 
observation of dark dust cover strengthens this finding by supply-
ing evidence that it is compositionally distinct. Laboratory studies 
show that the reflectance of CM chondrite powders increases with 
decreasing particle size37. Thus, dust generated from mechanical 
breakdown on Bennu should be brighter, and for dust to be darker 
than the surroundings it likely has a different composition. However, 
the mechanism for transporting fine material from a composition-
ally distinct reservoir to nearby terrains remains unclear.

Furthermore, the presence of particulate regolith mixed with the 
observed boulders could explain the moderate thermal inertia. If 
such fine particulate material manifested as a dust (particle size less 
than a few tens of micrometres) coating on boulders, as we observe, 
it would result in a masking of the higher-thermal-inertia signature 
expected from large boulders. Dust coatings a few tens to 100 μm thick 
affect thermal signatures (J. Biel et al., manuscript in preparation).  
Particulates may also be present as coarser regolith between boul-
ders or as a combination of dust coating and coarser interstitial 
regolith. Indeed, images of the surface reveal some areas that appear 
smooth at current pixel scales (0.33 m pixel–1)19, indicating the pres-
ence of particulate regolith.

The global scattering properties of Bennu obtained from spectro-
photometric modelling reveal additional evidence of small particles. 
The spectral dependence of Bennu’s phase curve is nearly flat to within 
the radiometric precision of OCAMS (Fig. 1a). In relative compari-
sons between the OCAMS colours, however, Bennu reddens at higher 
phase angles (Fig. 1b), as has been observed on several other aster-
oids38,39. Bennu’s low albedo does not favour multiple scattering, which 
has been invoked to explain phase reddening40. Although single scat-
tering is typically considered to have a weak wavelength dependence, 
it has been suggested39 that wavelength-dependent single scattering on 
low-albedo surfaces might be due to micrometre-scale particles. This 
inference is supported by laboratory analyses demonstrating that the 
external structure of small scatterers can exhibit wavelength-depen-
dent interactions with light41. As the wavelength begins to exceed 
the size of the scatterer, small grains become less opaque, leading to 
a relative increase in reflectance. The observed phase reddening thus 
implies the presence of micrometre-scale material on the surface. The 
presence of fine particles is consistent with one possible interpretation 
of the moderate global thermal inertia: a dust coating on boulders. 
Reflectance and thermal emission spectra are also consistent with the 
presence of fine particulates among the abundant boulders11.
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Finally, our thermal analysis finds that Bennu has a rough surface  
(root mean square (RMS) slope of 43 ± 1°, Supplementary Fig. 2). 
This roughness is comparable to that of other asteroids42–45 but 
rougher than that of the Moon46. The model itself does not set a 
spatial scale for this roughness; it can be anywhere between the 
resolution of the shape model used for the thermal analysis (~12 m) 
and the diurnal thermal skin depth (~2 cm, see Methods), though 
we expect that roughness at the smaller length scales dominates the 
thermal signature42. From the shape model of Bennu3, we find RMS 
slopes that increase with decreasing spatial scale. Extrapolation of 
a power-law fit to roughness estimates from the shape model at 

four spatial scales fits the measured thermal roughness at a spatial 
scale of ~2 cm (Supplementary Fig. 7). We therefore predict that the 
surface of Bennu is rough at small spatial scales, perhaps consis-
tent with the images of Ryugu returned by the MASCOT lander47. 
Images of the surface of Bennu during the Reconnaissance phase of 
the mission will test this prediction.

The presence of micrometre-scale particles on Bennu runs coun-
ter to the expectation that small (>1 km) airless bodies have coarser 
regolith because their lower gravity hinders retention of fines (which 
escape the surface through impact events, solar wind pressure, and 
centripetal forces13,48,49). However, it is consistent with the findings 
of the Hayabusa mission, which collected micrometre-size particles 
from the surface of Itokawa50. The presence of such particles implies 
an enhanced ability of the finest material to remain coupled to the 
surface through electrostatic effects51, or the ongoing production of 
particles through micrometeorite impacts50 and thermal fatigue of 
boulders26 on timescales shorter than the loss mechanisms.

Conclusion and perspectives
Our initial findings from imaging and thermal data reveal a rub-
ble-pile asteroid with extensive surficial diversity. There exists a  
heterogeneity of particle sizes on the surface. Large-scale boul-
ders imply the presence of intact materials that originated at or 
before the disruption of Bennu’s parent body, whereas evidence of 
micrometre-scale particles points to more recent in situ production 
and retention of fines on the surface of the asteroid. The thermal 
inertia of Bennu suggests either a substantial population of centi-
metre-scale particles among the surface boulders, thin dust cover  
blanketing the boulders, high porosity of the boulders, or a com-
bination of these. Despite the inferred range of particle sizes, there 
are no large areas of well-sorted particulate regolith. The presence 
of bright boulders with a distinct size-frequency distribution may 
be primordial—perhaps, exposed fragments of a heterogeneous 
parent body that was collisionally disrupted. Conversely, their  
presence could be explained as fresher material that has undergone 
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Fig. 5 | Evidence of in situ boulder disaggregation. A boulder that appears 
to be degrading into its constituent clasts (approximate coordinates of 45° 
latitude, 110° longitude). This image was acquired with PolyCam and has an 
average phase angle of 51.33° and a pixel scale of 0.643 m pixel–1.
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less optical surface modification via space weathering. We will test 
these hypotheses with observations at higher spatial and spectral 
resolutions planned for the Detailed Survey52 phase of the mission 
in the spring of 2019.

Methods
Calibration of OCAMS images. OCAMS images are processed by a calibration 
pipeline to be corrected for known sources of noise and converted to physical 
units. The corrections include bias and dark subtraction, charge smear removal and 
flat fielding. The pipeline removes noise using algorithms and data generated by a 
combination of ground-based and in-flight calibrations. The conversion to physical 
units is in terms of reflectance (that is, radiance factor or I/F). All image data used 
in this analysis are described in terms of reflectance.

The absolute accuracy of the radiometric calibration is set by the in-flight 
calibration using images of the Moon taken during the OSIRIS-REx Earth Gravity 
Assist (EGA). We compare these images, taken with each of the cameras and with 
each of MapCam’s filters, with images taken by the RObotic Lunar Observatory 
(ROLO)53. We use the ROLO bands that most closely match the OCAMS filters: 
475 nm for b´, 553 nm for v, 703 nm for w, 865 nm for x and 665 nm for pan. We 
scale the ROLO data to match the phase angle of the OCAMS EGA images, ~42°, 
using the ROLO photometric model of the lunar surface.

We register the ROLO data to their backplanes and project them into a 
common equal-area map and then back-project the data into OCAMS camera 
space. Because the ROLO and OCAMS acquired their images with different 
illumination conditions, we photometrically correct the ROLO and OCAMS data 
with a McEwen model54. Moreover, because the ROLO and OCAMS images view 
different portions of the Moon, we reduce the area of the OCAMS images to match 
the ROLO images. We can then directly compare ROLO and OCAMS data by 
taking a ratio of the images projected into the same space. This comparison is noisy 
due to the imperfect registration between the two images. Therefore, we calculate 
a histogram of the image ratio and reduce the dataset to pixels that are within 
two standard deviations of the mean. This outlier rejection reduces the noise and 
effectively eliminates limb pixels, which have non-physical values after photometric 
correction. We take the mean of the remaining pixels to produce the correction to 
the OCAMS radiometric calibration.

Global mosaic of Bennu. The global mosaic of Bennu in Fig. 2 was constructed 
using calibrated PolyCam images in units of I/F taken on 1 December 2018 over 
a full 4.3-h rotational period of Bennu. The images were taken between 05:13:11 
and 09:11:41 utc when the spacecraft’s distance to Bennu was between 30.3 and 
31.6 km. The corresponding spatial scale of the images was between 0.41 and 
0.43 m pixel–1, while the phase angle of the observation changed between 33.7° and 
35.7°. Additional MapCam images from 13 December 2018 were added to fill in 
the south pole (–Z). These images were taken between 00:47:30 and 05:04:57 utc. 
Spacecraft distance was between 8.93 and 11.09 km. The pixel resolution of the 
images was between 1.600 and 1.885 m pixel–1 with phase angles between 39.3°  
and 56.2°.

The global mosaic was constructed using the software and methods described 
in ref. 55. No photometric correction was performed before mosaicking. However, 
a process similar to the ISIS3 noseam application was applied to minimize the 
presence of seams and to improve the cosmetic quality of the mosaic. Finally, some 
images were manually placed in areas where the automatic image prioritization 
mosaicking scheme yielded imperfect results. All geographic coordinates in this 
paper use a 0–360° convention for longitude.

Boulder size-frequency distribution and albedo calculations. OSIRIS-REx 
Mission Terminology defines a feature as a boulder if it has positive relief and 
a diameter ≥21 cm, a size that is consistent with the diameter of the TAGSAM 
annular aperture. In that Mission Terminology, ‘cobbles’ are particles between 2 
and 21 cm, and regolith fines are all particles smaller than 2 cm (that is, ingestible 
by the sampling mechanism). We use this terminology throughout the paper. For 
the purposes of counting a boulder towards the statistical population of particles 
on Bennu’s surface, these objects must also have a definable perimeter that is not 
partially buried and be characterized by the consistent presence of an elongated 
shadow. Accordingly, the partially exposed dark boulder outcrop at (–20° latitude, 
30° longitude) is not counted within the size-frequency distribution we report, as 
its full extent remains unknown.

Boulders in this dataset were identified across seven PolyCam images taken 
on 1 December 2018, covering a full rotational period of Bennu. The images were 
taken between 05:13:11 and 09:11:41 utc when the spacecraft’s distance to Bennu 
was between 30.3 and 31.6 km. The corresponding spatial scale of these images was 
between 0.41 and 0.43 m pixel–1, while the phase angle of the observation changed 
between 33.7° and 35.7°.

Using the geographic information system software ArcMap, boulders were 
manually identified in OCAMS images using polylines. The longest axis dimension 
was measured; for simplicity we refer to this as boulder diameter. The positions of 
polyline geometries are linked to the body-fixed Cartesian coordinates from OCAMS 
geometric backplanes, which were calculated using the ISIS3 spiceinit routine and the 
v13 shape model of Bennu, with an average facet size of 75 cm (ref. 3).  
The polyline endpoints and the midpoint are recorded and used to calculate 
boulder length. This technique allows us to identify boulders on unprojected 
images that have not been resampled.

Reflectances for each boulder were extracted from the midpoint of each 
polyline to avoid shadowed pixels that often occur at measurement endpoints. 
Reflectances were converted to normal albedo using the Lommel–Seeliger disk 
function and an exponential phase function (see section ‘Resolved photometric 
modelling’) to correct I/F values to 0° phase angle, 0° emission angle, and 0° 
incidence angle (0°, 0°, 0°). Boulders with reflectances below 0.03 were not 
included in this analysis as manual inspection of several low-reflectance boulders 
indicate shadowing. Likewise, boulders identified at incidence or emission angles 
≥70° were excluded as reflectance values after photometric correction with a 
Lommel–Seeliger disk function may become unphysical as those angles approach 
90°. We consider bright boulders to be >6.8% normal albedo, which represents 
boulders that exceed 1σ of the mean boulder albedo for the global population of 
boulders presented here.

In Fig. 3, we plot the global unbinned CSFD of boulders on Bennu in 
logarithmic space. In Fig. 4b, we plot the unbinned cumulative size-frequency 
distribution per normal albedo in logarithmic space. For each dataset, we 
assume the number of boulders detected follows a Poisson distribution56. Thus, 
measurement uncertainty for individual boulders is captured as the square root of 
the number of boulders greater than or equal to D, normalized by surface area. We 
use surface area of 0.786 km2 derived from the v13 shape model3.

Completeness limits used to determine CSFDs were estimated from the data 
using a statistical approach to limit individual judgement in the assessment of 
data completeness. Specifically, we follow the technique in ref. 57 and applied it 
to boulder size-frequency distributions in ref. 58. Accordingly, completeness is 
defined as the smallest value above which the differences between the probability 
distributions of the measured data and a best-fit power-law model are minimized. 
The distance between both distributions is quantified using the Kolmogorov–
Smirnov statistic. We estimated the uncertainty for each completeness limit by 
performing a non-parametric bootstrap. This randomly samples the measurements 
with replacement to produce 1,000 synthetic datasets of a similar distribution, 
estimating the completeness limit for each, and taking the standard deviation. 
For the global population, we estimate a completeness limit of 8.4 ± 1.7 m, for 
the bright albedo population, 5.0 ± 0.5 m, and for the average albedo population, 
5.1 ± 1.1 m. The difference in the completeness limits between the global boulder 
dataset and the datasets per albedo likely indicates that multiple statistically 
distinct boulder populations exist at scales <8.4 ± 1.7 m, which cannot be 
adequately modelled by a single power-law distribution.

The method of maximum likelihood is used to estimate the power-law 
index57,58. We estimated uncertainty in the power-law index in the same manner as 
the completeness limit by performing a non-parametric bootstrap. The resulting 
uncertainty value is the standard deviation of the synthetic datasets produced 
during the bootstrap. For the global population, we estimate a power-law index 
of −2.9 ± 0.3, for the bright albedo population, −4.4 ± 0.7, and for the average 
albedo population, −2.5 ± 0.2. The larger uncertainty associated with the bright 

10 m

Fig. 6 | Dark diffuse units. The inset shows one of the observed dark 
diffuse units on Bennu. Low-albedo (~3.4%) material blankets underlying 
terrain with a global average albedo. The central boulder mantled by dark 
material is at approximately –65° latitude, 32° longitude. The image has 
a phase angle of 4.292° and pixel scale of 3.546 m pixel–1. This image has 
been stretched to highlight units of dark material.
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population of boulders is likely a result of the relatively smaller number of boulders 
in this dataset.

Observations and preparation of OTES and OVIRS thermal radiance. The disk-
integrated, rotationally resolved OVIRS data used in the thermal analysis were 
obtained on 2 and 3 November 2018. Observations began at 04:12 utc each day. 
Exposure times were ~1 s, and spectra were taken continuously for ~4.35 h (slightly 
more than one full rotation of Bennu). On 2 November, the spacecraft–Bennu 
distance, Bennu heliocentric distance, and phase angle were ~197 km, 1.041 au, 
and 5.1°, and Bennu filled ~0.37 of the field of view (FOV). On 3 November, these 
values were ~190 km, 1.037 au, 4.5°, and ~0.39. We began our analysis with the L3a 
radiometrically corrected OVIRS radiance spectra. The OVIRS spectra of Bennu 
are dominated by thermal radiance at λ ≳ 3 μm. We restricted thermal analysis of 
OVIRS to λ = 3.5–4.0 μm, where the thermal radiance is ~8 to 25 times the reflected 
radiance. To isolate the thermal radiance, we estimated the reflected radiance by 
scaling the solar spectrum to each OVIRS measurement at ~2.1 μm and subtracted 
this estimate from the total measured radiance (Supplementary Fig. 8). We then 
binned the remaining thermal radiance to 1° rotation phase for analysis.

The disk-integrated, rotationally resolved OTES data used in the thermal 
analysis were obtained on 8 and 9 November 2018. Observations began at 
04:13 utc each day. Exposure times were ~2 s, and spectra were taken continuously 
for ~4.49 h. On 8 November, the spacecraft–Bennu distance, Bennu heliocentric 
distance, and phase angle were ~162 km, 1.021 au, and 4.5°, and Bennu filled 
~0.14 of the FOV. On 3 November, these values were ~159 km, 1.018 au, 5.7°, and 
~0.15. Bennu was not perfectly centred in the OTES FOV, and the asymmetric 
filling caused calibration complications for this Fourier-transform infrared (FTIR) 
spectrometer11. For the analysis presented here, neither the absolute radiometric 
nor the relative spectral calibrations were completed. Analysis of the OTES disk-
integrated Approach phase data was therefore restricted to fitting relative thermal 
lightcurves of different wavelength channels independently. As with OVIRS, the 
relative thermal flux was binned to 1° rotation phase for analysis.

We also reanalysed previous observations of Bennu by the Spitzer space 
telescope using the updated shape and spin state determined by OSIRIS-REx. 
Details of the Spitzer data can be found in ref. 12, and results of the reanalysis 
can be found in the Supplementary Information. For analysis of all thermal 
data, we used the shape model (v13) determined from stereophotoclinometry 
performed on images of Bennu taken with OCAMS3 and the corresponding 
spin pole and rotation period (RA = 85.3 ± 0.2°, Dec = −60.2 ± 0.2°, rotation 
period = 4.296061 ± 2 × 10−6 h). For thermal analysis, the facet size of the shape 
model we used was ~12 m. For topography (including boulders) larger than this 
scale, the effects of surface tilts, shadowing, and global self-heating are directly 
computed. The effects of roughness from smaller-scale topography, including 
smaller boulders, are included using hemispherical craters to simulate that sub-
resolution-element roughness.

Thermal model and data fitting. The thermophysical analysis reported here uses a 
custom code that is based on the Advanced Thermophysical Model (ATPM)46,59,60. 
For a given set of input parameters (that is, shape model, rotation period and pole 
orientation, illumination and viewing geometry, Bond albedo, emissivity, and 
thermal inertia), the ATPM computes the surface temperature distribution of an 
asteroid by solving 1D heat conduction with a surface boundary condition that 
takes into account direct and multiple-scattered sunlight, and also self-shadowing 
and self-heating effects resulting from interfacing surfaces. Rough surface thermal-
infrared beaming (that is, re-radiation of absorbed sunlight back towards the Sun 
by small-scale surface roughness) is modelled by adding a fractional coverage of 
hemispherical craters to each shape model facet. The model flux is then computed 
from the model temperatures by summing the Planck function across facets and 
parts of hemispherical craters that were visible to the observer at the time of the 
measurements. For the analysis of the thermal data of Bennu, surface temperature 
distributions and model fluxes were computed for thermal inertias that ranged 
from 0 to 600 J m−2 K−1 s−1/2 in equally spaced steps of 10 J m−2 K−1 s−1/2. We use 
a Bond albedo of 0.016, based on the measured geometric albedo and phase 
behaviour, and assume bolometric and spectral emissivities of 0.9. The assumption 
of 0.9 for bolometric emissivity is typical of silicate materials at these wavelengths, 
and constant spectral emissivity is consistent with the low spectral contrast of 
Bennu in the mid-infrared (<2%) measured by OTES11 and laboratory spectra of 
carbonaceous meteorites.

To derive the thermal properties of Bennu, the model fluxes were compared 
against the measured fluxes by varying the rotation phase (that is, the initial 
rotational orientation of Bennu at the start of the flux measurements), thermal 
inertia, and surface roughness to find the minimum χ2 fit of the dataset analysed. 
The uncertainties of the derived thermal properties were assessed by using a 
Monte Carlo bootstrap method43 that produced 100 synthetic test datasets from 
the uncertainties of the original dataset (that is, including both the individual 
data point uncertainties and the instrument absolute calibration uncertainties). 
The minimum χ2 fit was sought for each synthetic dataset, and their best fitting 
parameters were then averaged to give a mean and standard deviation of the overall 
model fit. We used this Monte Carlo bootstrap method for assessing the final 
uncertainties instead of a reduced-χ2 cut-off because it more accurately takes into 

account the influence of systematic uncertainties introduced by the instrument 
absolute calibration.

Calculation of thermal skin depth and characteristic particle size. The thermal 
skin depth is the depth over which the amplitude of the thermal wave decreases by 
e−1 and is given by

ρ ω
~ Γl

c
2

(1)s
p

where Γ is thermal inertia, cp is heat capacity, ρ is grain density and ω is the rate 
of temperature variation—the rotation rate of the asteroid in the case of the 
diurnal skin depth. From the measured thermal inertia and uncertainties, and 
given the range of heat capacities (500 to 1,100 J kg−1 K−1) and densities (2,000 to 
2,900 kg m−3), the diurnal skin depth on Bennu is 0.8 to 3.0 cm.

Analytical methods to estimate regolith particle size from thermal inertia on 
airless bodies use models of heat conduction across particle contacts and radiation 
between particles calibrated through laboratory experiments13,61–63. The general 
method consists of computing the effective regolith thermal conductivity from the 
measured thermal inertia, calculating a modelled effective thermal conductivity 
as a function of particle size considering both solid conduction and radiation 
terms for reasonable ranges of regolith properties and model parameters, then 
comparing the measured and modelled effective conductivities to find the particle 
size(s) where they agree. We employ the methods of refs. 13,61,62 with calibration of 
the parameters ξ and ζ from ref. 64 for a wide range (0.1 to 0.9) of possible regolith 
porosities (that is, space between regolith grain, distinct from the boulder porosity 
discussed in the main text), in order to examine extremes of resulting particle sizes. 
Resulting modelled regolith particle diameters are 0.5 to 4 cm. It is important to 
note that these simple analytical methods assume that all regolith particles are the 
same size (that is, monodisperse), which is physically unrealistic. These modelled 
particle sizes are therefore a thermally characteristic particle size that may not 
be the same as the average physical regolith particle diameter. For a power-law 
particle size distribution, the thermal flux is dominated by the smaller grains in the 
distribution. The estimates here, therefore, should not be taken to suggest that the 
regolith does not contain perhaps many larger particles (or boulders).

Resolved photometric modelling. As this paper presents the first results from 
preliminary OSIRIS-REx data, we have opted to use empirical photometric 
functions due to their simple mathematical form and fewer free parameters than 
physically motivated models (such as Hapke, Shkuratov, and so on). When multiple 
scattering is not significant (that is, for low-reflectance asteroids), the disk function 
and phase function can be separated in functional forms6. In this work, we choose 
to use an exponential phase function and use the Lommel–Seeliger disk function. 
The disk behaviour of low-reflectance objects (geometric albedo < 0.2) has been 
shown to generally follow a Lommel–Seeliger scattering law6.

To produce the phase plots shown in the main text, we processed images taken 
by MapCam in each of its five filters (b´, v, w, x and pan2) during two mission 
phases. The first were acquired between 29 October and 9 November during 
OSIRIS-REx’s Approach phase, during which time Bennu subtended at most 
50 pixels across its diameter. These data contribute to the low end of the phase 
curve, between 0 and 20°. The second group was acquired during the Equatorial 
Pass of the Preliminary Survey phase, between 11 and 15 December. In these data, 
Bennu subtended between 400 and 900 pixels in MapCam’s field of view, covering a 
range of phase angles from 45° to 90°.

Photometric statistics were calculated for each image individually by treating 
Bennu’s surface as a global average. To identify the pixels that will contribute to the 
average, we apply a reflectance threshold to the images. This threshold was 0.2 for 
the Approach images, where Bennu’s limb was not clearly defined, and 0.001 for 
the Preliminary Survey images, where the limb was clear. Both thresholds were set 
by inspection to include uniformly illuminated portions of the surface, rejecting 
off-limb and terminator pixels. The average of the pixels that pass the appropriate 
threshold for a given image is the mean reflectance for that image.

To obtain photometric angles, the images are imported into the United States 
Geological Survey’s ISIS3 using the data import program ocams2isis. We attach 
observation geometry to each image using kernels from the Spacecraft, Planet, 
Instrument, C-matrix, Events (SPICE) Toolkit developed by NASA’s Navigation 
and Ancillary Information Facility65. We also attach the geometry from the v13 
shape model to the images. The ISIS3 application phocube produces backplanes 
for the images, including phase, incidence and emission angle. We calculate the 
average of each of these backplanes to get the mean photometric angles for each 
image. A summary of these statistics (mean reflectance, phase, incidence and 
emission) are compiled in an Image Photometric Data Information File (IPDIF). 
We smooth the data by averaging together images that fall within bins that are 1° 
wide in phase angle. The binned data are plotted to produce the reflectance curve 
shown in Fig. 1.

We process the unbinned IPDIF with a photometric modelling script, written 
in Interactive Data Language (IDL), to fit the data against a Lommel–Seeliger 
model. This model includes the Lommel–Seeliger disk function, shown in equation 
(2), and an exponential phase function, shown in equation (3)6. The modelling 
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software solves for the free parameters β, γ and δ; the disk function has no  
free parameters.

=
+

d i e i
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( , ) cos( )
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2 3

We fit the data from each of the five filters to the model independently, using the 
mpfit tool in IDL. However, the variation between them is subtle; for clarity, Fig. 1 
depicts the phase curve of the spectral average, with fit parameters of ALS = 0.0265; 
β = −3.55 × 10−2; γ = 3.074 × 10−4; and δ = −1.889 × 10−6. Though the fit is generally 
good (χ2 ~ 3 × 10−5), we note some extreme ends of the phase angle range (due to 
the opposition surge, though minor, at the low phase angles; due to shadowing and 
high incidence angles at high phase angles). The exponential phase function used 
here does not perfectly capture those nuances, but represents the bulk of the surface 
behaviour well.

Geometric albedo is estimated by extrapolating the reflectance phase curves to 
0° phase angle. As the exponential phase curve used in our model does not have 
a term to account for opposition surge, we perform a linear extrapolation from 
0.7–2° to the 0° phase angle as these data show a change in slope that departs from 
the best-fit exponential function.

The reflectance ratio in Fig. 1 is calculating by dividing the binned reflectance 
data for the b′, w, and x filters by the data from the v filter. We further normalize 
the data to the v filter at 0° phase and plot them as a function of phase to illustrate 
the reddening that occurs at high phase. Taking the ratio of the data eliminates the 
need to track absolute radiometry uncertainty. However, a relative uncertainty of 
~0.5% remains due to the sub-spacecraft position and the point in Bennu’s orbit 
at which the image data were acquired. These two factors affect Bennu’s apparent 
reflectance due to changes in Bennu’s projected area and its albedo variation.

Code availability
The thermophysical analysis reported here uses a custom code that is based on the 
Advanced Thermophysical Model (ATPM) of refs. 46,59,60. The ISIS3 code used to 
generate the image processing data products is available from the US Geological 
Survey–Astrogeology Science Center: https://isis.astrogeology.usgs.gov/

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding authors upon reasonable request. Raw (L0) 
through calibrated (L2, L3) OCAMS, OVIRS and OTES data will be available via 
the Planetary Data System (PDS) (https://sbn.psi.edu/pds/resource/orex/). Data 
are released to the PDS according to the schedule provided in the OSIRIS-REx 
Data Management Plan found in the OSIRIS-REx PDS archive. Image mosaics and 
photometric models will be available in the PDS 1 year after departure from the 
asteroid.
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