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Introduction:  The Origins, Spectral Interpretation, 

Resource Identification, and Security–Regolith Ex-
plorer (OSIRIS-REx) mission to the dark and primitive 
asteroid Bennu carries a laser altimeter (OLA) [1], an 
active-sensing instrument primarily for determining 
global shape and preparing for sample acquisition. OLA 
also records the return intensity of its pulses, from 
which we derive a normal albedo at 1064-nm wave-
length after accounting for the inverse squared depend-
ence of intensity on range. Bennu’s polar regions are 
scarcely illuminated by sunlight and the extremely 
rough surface poses challenges for imaging as well, but 
the laser spot returns provide uniform measurements 
globally of albedo at zero phase angle, as has been done 
for other airless bodies, e.g., [2, 3]. We now report on 
the results from the Low Energy Laser Transmitter 
(LELT) campaign during the Orbital B mission phase, 
with a 10-kHz measurement rate at 600–740 m ranges. 

Data:  From 1 July to 5 August 2019, 911 scans of 
~5.5 minute duration were performed at nearly nadir in-
cidence as Bennu rotated beneath the polar-orbiting 
spacecraft, providing ~3´109 surface heights with 
roughly 7-cm-diameter footprints. The OLA data from 
905 scans during this campaign have usable outgoing 
and return intensity counts as auxiliary measurements. 
Altimetric detection was virtually 100% at the low alti-
tude of the mapping campaign whereas the return inten-
sity digital numbers (DN) were highly nonlinear and 
ranged in excess of 1000, with a mean of 33 and stand-
ard deviation (SD) of 37 about the mean. Roughly 30% 
of DNs are zero, whereas ~5% of higher DN values are 
2 SD greater than the mean. The outgoing intensity DNs 
are also recorded and vary by ~10% but due to calibra-
tion uncertainties we assume that the laser energy, nom-
inally 10 μJ, is only varying slowly with time over the 
5-week campaign.  Return intensity measurement preci-
sion is limited by the relatively small number of photons 
collected from a brief laser pulse, the excess noise factor 
of the detector photodiode, the integrator digital 
readout, and the heterogeneity of the surface albedo (at 
~7-cm spatial scales) of a rubble-pile asteroid such as 
Bennu. We exclude ~5% of the spot intensities, partic-
ularly those with ranges >730 m or emission angles 
>30° from the normal to a triaxial ellipsoid shape. Av-
eraging data by median values overcomes other 

intermittent sources of noise of a few seconds duration 
that produce anomalously high and low intensities. 

Methods: The range to surface r varies by ~25% 
due to topographic and orbital variation, so we first cor-
rect for signal dependence on r2 as previously noted for 
the High Energy Laser Transmitter (HELT) data [4], 
and then correct for a ~10% linear decline in laser out-
put inferred from the range-corrected intensity over the 
course of five weeks. The median of the values (typi-
cally >100) within each mapping 0.0625° by 0.0625° 
spatial element, or pixel, yields a robust measure of var-
iations in reflectance in arbitrary units. 

Results: The LELT reflectance at 1064 nm is shown 
in Fig. 1a. The normal albedo varies overall by 12% SD 
about its mean, which we scale to an average of ~0.04 
[5]. Albedo varies substantially with latitude. The lati-
tudinal variation does not appear to be an artifact pro-
duced by range variation, outgoing intensity variation, 
or noise level since all of these (except range) are inde-
pendent of latitude. A possible cause of latitudinal 
change in albedo would be due to global variation in 
slope (Fig. 1b), with slopes being notably steeper [6] be-
tween latitudes of 40–70 degrees N/S. Modification of 
regolith by local surface failure at such latitudes as well 
as other regional changes in sub-meter-scale roughness 
likely result in differential exposure to space weathering 
[7].  

Normal albedo as a function of latitude may also ex-
hibit mineral-grain temperature dependency [8].  Many 
of the albedo features represent large (> 5 m) boulders 
(saxum or saxa) on the surface [9–11], for which at least 
70 have been identified by names proposed to the IAU 
Working Group for Planetary System Nomenclature. In 
particular the larger (> 15 m) saxa and their haloes of 
derived material are darker than their surrounding ter-
rain. Some of the smaller (< 10 m) saxa also exhibit 
brighter than average albedo. Several of the brightest 
features do not appear to correlate with boulders at the 
OLA scale of resolution (Fig. 2). A histogram of albedo 
pixel values at the latitude shown here is unimodal and 
long-tailed, but in the outlined regions (Fig. 2a) the his-
togram has a higher-reflectance mode (Fig. 2d) that is 
2–3x brighter than the nominal average of 0.04. 
Discussion:  The intensity measurements suggest a va-
riety of lithologies for boulders, both darker and 
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brighter than the background (~0.04 average). The 
darkening of albedo, especially towards the north pole 
(Fig. 1b) could result from some degree of shadow hid-
ing (even at nadir incidence), increased porosity and 
roughness, or space weathering [7]. High albedo devia-
tions at 1064 nm may result from compositional differ-
ences involving possibly more mafic or pyroxene-rich 
rocks [9]. The use of a laser altimeter to independently 
assess surface characteristics in poorly illuminated po-
lar areas with uniform coverage complements the 
OSIRIS-REx spectral imaging suite [13] and informs 
the dynamical evolution of a rubble-pile asteroid.  
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Figure 1. (a) Median-averaged albedo from LELT, in 
simple cylindrical projection. Outlined region is shown 
in Fig. 2. (b) Average albedo by degrees of latitude 
(black symbols) and 90th percentile of surface slope 
(gray curve). Regions of likely slope instability [7] are 
shaded. 
 
 
 
 
 

 

 

 
 

 
 
Figure 2. (a) Mercator plot of normal albedo. (b) Color-
contoured radius showing regional structure. (c) Histo-
gram of normal albedo between 45°S and 52.5°S lati-
tude, and (d) within the two outlined regions, with quad-
ratic frequency scale for emphasis. 
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