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A B S T R A C T   

The OSIRIS-REx Visible and InfraRed Spectrometer (OVIRS) onboard the Origins, Spectral Interpretation, 
Resource Identification, and Security–Regolith Explorer (OSIRIS-REx) spacecraft detected ~3.4-μm absorption 
features indicative of carbonates and organics on near-Earth asteroid (101955) Bennu. We apply a Kolmogorov- 
Smirnov similarity test to OVIRS spectra of Bennu and laboratory spectra of minerals to categorize 3.4-μm 
features observed on Bennu as representing either carbonates or organics. Among the 15,585 spectra acquired by 
OVIRS during high-resolution (4 to 9 m/spectrum footprint) reconnaissance observations of select locations on 
Bennu's surface, we find 544 spectral matches with carbonates and 245 spectral matches with organics (total of 
789 high-confidence spectral matches). We map the locations of these matches and characterize features of 
Bennu's surface using corresponding image data. Image data are used to quantitatively characterize the albedo 
within each spectrometer footprint. We find no apparent relationships between spectral classification and surface 
morphological expression, and we find no correlation between carbon species classification and other spectral 
properties such as slope or band depth. This suggests either that carbonates and organics are ubiquitous across 
the surface of Bennu, independent of surface features (consistent with findings from laboratory studies of 
carbonaceous chondrites), or that the observations do not have the spatial resolution required to resolve dif-
ferences. However, we find more organic spectral matches at certain locations, including the site from which the 
OSIRIS-REx mission collected a sample, than at others. Higher concentrations of organics may be explained if 
these materials have been more recently exposed to surface alteration processes, perhaps by recent crater 
formation.   

1. Introduction 

NASA's OSIRIS-REx mission (Lauretta et al., 2017, 2021) is returning 
a sample from near-Earth asteroid (101955) Bennu, a low-albedo 500- 
m-diameter body whose closest known analogs are the hydrated 
carbonaceous chondrite meteorites (Clark et al., 2011; Hamilton et al., 

2019). In the spring of 2019, OSIRIS-REx conducted global observations 
at a range of 5 km with the OSIRIS-REx Visible and InfraRed Spec-
trometer (OVIRS) (Reuter et al., 2018) to map the composition of the 
surface (at ~20 m/spectrum footprint), including potential sites for 
sample collection (Lauretta et al., 2017, 2021; Simon et al., 2020a. Four 
candidate sample sites were selected by the mission for further study: 
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Nightingale, Osprey, Kingfisher, and Sandpiper. These four regions of 
interest were targeted and characterized from a closer range of 1 km (4 
to 9 m/spectrum footprint) in October 2019, in a mission phase called 
Reconnaissance (Recon) A, which also included observations of oppor-
tunity of some other areas on Bennu's surface (Table 1, Fig. 1). 

Simon et al. (2020a) analyzed the global OVIRS data and mapped the 
distribution of carbon-bearing species, namely carbonates and organics 
(which are not separable at the lower areal resolution of the global 
dataset). Kaplan et al. (2020a) analyzed the higher-resolution Recon A 
data for Nightingale, the site that was ultimately sampled by OSIRIS- 
REx, and found evidence of specific carbonate minerals (calcite, dolo-
mite, magnesite) distributed throughout the area and probably associ-
ated with bright veins visible in boulders seen in corresponding imaging 
data. These observations suggest that the parent body of asteroid Bennu 
experienced large-scale hydrothermal aqueous alteration in a chemi-
cally open system. 

Although carbonates are found in low abundances in carbonaceous 
meteorites, they do not signal their presence spectroscopically. This 
indicates that the spectral detections reported by Kaplan et al. and 
Simon et al. must be related to a different scale of carbonate-forming 
process, which is not captured by our current knowledge of carbona-
ceous meteorites. 

The results of Simon et al. (2020a) and Kaplan et al. (2020a) raise 
questions about the distributions and geomorphological occurrences of 
carbonates and organics on Bennu. Are spectrally separable organics and 
carbonates found at other locations on Bennu, in addition to Nightin-
gale? Does the distribution of organics and/or carbonates on Bennu 
correlate with boulder properties such as albedo or roughness, or with 
other quantitative surface properties? Organics are known to be dark 
and spectrally red throughout the visible to near-infrared (Moroz et al., 
2004). Are organics associated with spectrally red and dark locations on 
Bennu? Are the areas observed during Recon A distinct with respect to 
their carbonate and organic distributions? Our study uses the Recon A 
dataset to address these questions at sufficient spatial resolution. 

Although correlating spectral observations to imaging data can be 
difficult due to projection effects (e.g. Ferrone et al., 2021a), spacecraft 
motion during integration, differences in viewing geometry (Zou et al., 
2021), and differences in spatial resolution, we present our findings with 
respect to quantitative measures of surface properties independently 
observed within each OVIRS footprint by the MapCam medium-field 
imager of the OSIRIS-REx Camera Suite (OCAMS) (Rizk et al., 2018; 
Golish et al., 2020). 

Due to the stretching of the C–H and C–O bonds, carbonate and 
organic features occur at roughly the same wavelengths, between 
approximately 3.2 and 3.6 μm, referred to hereafter as the 3.4-μm region 
(Alexander et al., 2007, 2014; Glavin et al., 2018; Kaplan et al., 2019; 
Kaplan et al., 2020a). Not much material is required to create an ab-
sorption feature because these absorption bands are attributed to 
fundamental C–H stretching and first order overtones: Kaplan et al. 
(2020a) show that less than 0.1 wt% of carbonates could impart a 
detectable absorption feature in a carbonate-poor reflectance spectrum 
of Bennu. Donaldson Hanna et al. (2019) showed that even a few weight 

Table 1 
Regions of interest in this study, with associated coordinates, number of OVIRS 
spectra, and MapCam images where applicable. The Minokawa crater did not 
have corresponding MapCam images registered to the shape model at the time of 
writing.  

Region of interest Center 
coordinates 
(lon, lat 
[degrees]) 

Number of 
OVIRS 
spectra 

MapCam image ID (if 
applicable) 

Sandpiper 330 E, − 55 S 1790 20191005T194606S042 
Osprey 80 E, 15 N 3713 20191012T221058S857 
Kingfisher 55 E, 15 N 3170 20191019T214213S359 
Nightingale 60 E, 50 N 2169 20191026T212219S754 
Minokawa (#6 in  

Deshapriya et al., 
2021) 

260 E, − 15 S 647 n/a 

Other observations 
of opportunity 
(included in “All 
Recon A" analyses) 

50 E, − 30 S 4096 n/a 
30 E, − 20 S 
135 E, 0 N 
190 E, 10 N 
340 E, 30 N  

Fig. 1. Coverage map of the OSIRIS-REx Reconnaissance A mission phase observations obtained by the OVIRS spectrometer. The observation sequence surrounding 
Nightingale is black (60 E, 50 N), the region surrounding Kingfisher is pink (55 E, 15 N), the region surrounding Osprey is yellow (80 E, 15 N), the region encasing the 
Minokawa Crater is red (260 E, − 15 N), and the Sandpiper region is blue (330 E, − 55 N). The rest of the data set (observations of opportunity for context) are shown 
in white. The width of the lines (made up of observation spots) represents the diameter of the OVIRS spot projected onto Bennu's surface. The basemap shown is a 
global mosaic of images acquired during the Detailed Survey mission phase at ~5 cm/pixel (Bennett et al., 2021). The images were photometrically corrected to 
standard viewing geometry of incidence, emission, and phase equal to 30, 0, 30 degrees, respectively, using a Lommel-Seeliger photometric model (Golish et al., 
2021). The coordinates of each pixel were registered to a global shape model (Barnouin et al., 2020), and corresponding reflectance values were averaged together 
per facet of the global shape model (0.8-m-sized facets). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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percent carbonate was enough to produce a 3.4-μm band in a mixture of 
pure mineral endmembers. However, while it only takes a small amount 
of carbonate to impart an absorption at 3.4 μm, it takes a greater 
abundance of organics to impart an equivalent 3.4-μm band. The or-
ganics band is weak in carbonaceous chondrite meteorites, probably 
because meteorite organics have low abundances of aliphatic C–H 
bonds (Donaldson Hanna et al., 2019; Kaplan et al., 2019). 

We apply a Kolmogorov-Smirnov similarity test to OVIRS spectral 
observations of Bennu and laboratory spectra of minerals to categorize 
3.4-μm features as attributable to either carbonates (calcite, dolomite, 
magnesite) or organics (meteoritic aliphatic hydrocarbons, asphaltite, 
graphite). For this study, we force a choice of one or the other and do not 
account for ambiguous detections, or the possibility that both carbon-
ates and organics are detected in the same spectrum. (In future work, we 
will consider the possibility of mixtures of carbonates and organics. Here 
we are suggesting which phase dominates.) We use carbonate, organic, 
and insoluble organic material spectra from Kaplan et al. (2019), as well 
as additional spectra from the NASA RELAB archive (Pieters and Hiroi, 
2004). 

2. Data set 

OVIRS spectra obtained at incidence and/or emission angles greater 
than 70 degrees were eliminated from the dataset because of poor data 
quality and consequent difficulty in fitting the photometric disk function 
. The remaining observations were photometrically corrected using a 
McEwen (1991) model whose parameters were constrained with spectra 
obtained during the global survey at a phase angle range of 7 to 130 
degrees following Zou et al. (2021) . Spectra are corrected to radiance 
factor units (I/F) with viewing geometry as follows: incidence angle =
30 degrees, emission angle = 0, and phase angle = 30 degrees. The 
perimeters of the OVIRS footprints are found by using SPICE kernels 
(Acton, 1996) and intersecting the OVIRS boresight vector with a global 
shape model of the asteroid — specifically, the stereophotoclinometric 
(SPC) v42 shape model (with mean facet edge length 0.8 m) available at 
http://sbmt.jhuapl.edu (Barnouin et al., 2020; Simon et al., 2020a). 

The laboratory spectra were originally obtained from the Reflectance 
Experiment Laboratory (RELAB, Brown University), the Jet Propulsion 
Laboratory, Ecospeclib, and the United States Geological Survey (USGS 
spectral library version 7). The 14 organic matter spectra we use are 
listed and described in Kaplan et al. (2019), and the carbonate mineral 
spectra (44 calcites, 25 dolomites, and 15 magnesites) are listed and 
described in Table S3 of Kaplan et al. (2020a). We list all laboratory 
spectra in Appendix 1. 

Analyses and calculations were performed using MatLab and Python 
libraries entitled NumPy, Matplotlib, AstroPy, and GeoPandas (MAT-
LAB, 2010; Van der Walt et al., 2011; Hunter, 2007; Robitaille et al., 
2013; Price-Whelan et al., 2018; McKinney et al., 2010). The data we 

used for this analysis (both input laboratory data and output spectral 
matches) are available in Ferrone et al. (2021b). 

The MapCam medium-field imager acquired data during Recon A 
from altitudes ranging between 1.14 and 1.20 km, resulting in an 
average pixel scale of 6 cm/pixel (Lauretta et al., 2017, 2021; Rizk et al., 
2018). The images were processed with a dark subtraction, charge smear 
correction, and a flat field normalization, then photometrically cor-
rected to radiance factor (RADF) (with viewing geometry of incidence 
angle = 30 degrees, emission angle = 0, and phase angle = 30 degrees) 
using the ROLO (RObotic Lunar Observatory) photometric model as 
described in Golish et al. (2021). The latitude and longitude coordinates 
were determined using the Integrated Software for Imagers and Spec-
trometers (ISIS3). This software made it possible to register pixel co-
ordinates to the v42 shape model of Bennu (Barnouin et al., 2020). 
Kaplan et al. (2020a) used imaging data obtained by PolyCam, the 
narrow-angle camera of the OCAMS suite, which has a spatial resolution 
approximately 5 times that of the MapCam image data. We chose to use 
the MapCam data instead (where applicable) because these have been 
controlled and registered to the shape model at the 6 cm/pixel scale 
(Table 1) (Rizos et al., 2021). For our purposes, the need for accurate 
pointing for the spectral data was more important than the spatial res-
olution of the associated images. At the time of this writing, the OVIRS 
pointing is accurate to within 1.5 m, or roughly 15–35% of a typical 
OVIRS footprint during the Recon A mission phase. 

3. Methods 

A full discussion of the calibration of OVIRS measurements to radi-
ance units is provided in Simon et al. (2018). Processing and conversion 
of the data from radiance to radiance factor includes removal of thermal 
contamination, as discussed at length in the Appendix of Simon et al. 
(2020a). Here, we summarize briefly: the thermal tail is removed from 
each spectrum using a single blackbody fit with emissivity scaling and a 
fixed spectral slope. To find the thermal radiance for each spectrum, a 
linear continuum is fitted from 1 to 4 μm, multiplied by a range- 
corrected solar spectrum, and scaled to Bennu's radiance at ~2.1 μm. 
This scaled solar radiance is subtracted from the OVIRS spectrum to find 
the remaining thermal radiance. The thermal radiance spectrum is then 
fitted with a single temperature blackbody curve, and then scaled to the 
measured thermal radiance, while minimizing the χ2 goodness of fit. 

After obtaining the preprocessed data, we then process all 15,585 
OVIRS spectra collected during reconnaissance A for our purposes by (a) 
smoothing with a boxcar filter set to a length of nine OVIRS channels, (b) 
fitting and removing a continuum, and (c) stretching the measured ab-
sorption band between 3.2 and 3.6 μm to range from 0.0 and 1.0 (band 
center is set to 0.0, and continuum is set to 1.0). The uncertainty in the 
OVIRS spectrum includes absolute radiometric uncertainty and cali-
bration error (Simon et al., 2018). The uncertainties of the OVIRS 

Fig. 2. Blue circles are spectra data points. The left panel (A) shows a smoothed OVIRS spectrum (shown as a white line within a purple uncertainty envelope) with 
spacecraft clock time as an identifier, overlaid with a second-order polynomial fit to the continuum between 3.0 and 3.6 μm (shown in red). Blue dots show the 
unsmoothed spectral data. The grey vertical lines point to the data points that were used to constrain the polynomial. The center panel (B) shows the results of 
dividing the data by the polynomial (i.e. removing the continuum). The right panel (C) shows the spectrum with the absorption band stretched between 0.0 and 1.0, 
from the band center to the continuum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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photometric correction adds a limited degree of uncertainty as discussed 
in Zou et al. (2021). The boxcar filter is applied over nine adjacent 
wavelength channels. The errors of each wave-channel are square root 
summed and divided by the total number of channels within the box. 
Fig. 2 demonstrates the results of these steps. We perform these steps on 
all OVIRS observations. In the case of the laboratory data we follow the 
same procedure for continuum removal yet we do not apply a box car 
smoothing because the signal-to-noise ratio is sufficient. 

After each OVIRS spectrum is prepared, we perform a spectral sim-
ilarity test against each of the 98 laboratory spectra. We use an adap-
tation of the Kolmogorov-Smirnov goodness-of-fit test to compare 
OVIRS and laboratory spectra (Paclik and Duin, 2003). This test is 
described below and it is useful because it is sensitive to the differences 
in the shapes of the absorption bands being compared. This method is 
sensitive enough that it captures small details such as local minima 
within the wavelengths of comparison. However, in using this method, 
we do not use data outside of the 3.2- to 3.6-μm region of the spectrum 
for matching. 

The Kolmogorov-Smirnov goodness-of-fit test is designed to compare 
empirical distributions that have probability density functions that sum 
to 1 when integrated. The steps of this test are illustrated in Fig. 3. First, 
we calculate the cumulative sum of the distribution values for each 
spectrum, as a function of wavelength, between 3.2 and 3.6 μm. We do 
this by replacing the normalized reflectance value at each discrete 
OVIRS channel by the sum of reflectance values starting at 3.2 μm. We 
then normalize each sum to 1.0 at the maximum value. Then we find the 
maximum discrepancy between the laboratory and OVIRS cumulative 
sum spectra, i.e., the k-parameter, a measure of goodness of fit. The 
smaller the k-parameter, the better the spectral match between OVIRS 

and laboratory measurements. Fig. 3A shows a high-quality fit, whereas 
Fig. 3B shows a low-quality fit. Spectra are ranked according to the 
magnitude of the k-parameter, such that rank = 1 is the closest match of 
an OVIRS spectrum to a laboratory spectrum. The OVIRS spectrum is 
then classified as either carbonate or organic based on the best match. 
The laboratory spectrum that has the lowest k-parameter value when 
tested against an OVIRS spectrum is considered to be the match for that 
OVIRS spectrum. The OVIRS spectrum in Fig. 3B has no band between 
3.2 and 3.6 μm; therefore the suggested “match” is meaningless and 
nonphysical. 

After testing, ranking, and categorizing all OVIRS spectra in our 
collection, we record a few other characteristics of the data. For each 
spectrum, we calculate the band depth of the 3.4-μm carbon-species 
feature (organic or carbonate) and the 2.7-μm hydration feature, the 
band minimum position (measured as a wavelength) of these features, 
and spectral slope across two spectral regions (Kaplan et al., 2020a, 
2020b). To measure the spectral slopes, we fit first-order polynomials to 
the reflectance spectra for each of two wavelengths: 0.4 to 0.7 μm 
(visible slope) and 1.0 to 2.5 μm (infrared slope). For the 3.4-μm ab-
sorption feature, we measure the depth of the band after continuum 
removal as a vertical distance from 1.0 to the minimum value in the 
spectrum as in Kaplan et al. (2020b). The wavelength of the minimum 
value is taken as the band minimum position. For the hydration band, 
we use a linear continuum, constraining the line fit with the reflectance 
values near 2.5 and 3.7 μm. At each point we use four adjacent channels 
to fit the continuum line with a linear least squares. After removing the 
continuum of the hydration band, we follow the same procedure for the 
band at 2.7 μm as we used for the 3.4-μm feature. Example plots are 
shown in Ferrone et al. (2021b). 

Fig. 3. (A) An example of a good match between an OVIRS observation, in blue, obtained from Bennu (on 2019-10-05 at site Sandpiper) and a laboratory spectrum, 
shown in black, of ALH83100 organic matter. (B) An example of a poor match. (C & D) The corresponding cumulative distribution functions of the OVIRS spectrum 
and the laboratory spectrum for panels A & B respectively, normalized to unity. The vertical lines pinpoint the largest discrepancy between the distributions in 
wavelength space, this vertical distance is also known as the k-parameter. A and C correspond to the tenth best match in the data set, while B and D correspond to the 
tenth worst match in the data set. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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In addition to studying the properties of each OVIRS spectrum, we 
also characterize the MapCam imaging data corresponding to the visible 
scenes for the OVIRS footprints ranked in the top 5% for goodness of fit 
with laboratory spectra. These are the detections for which we hold the 
highest confidence. We also present a case study for site Osprey, where 
we compare the spatial distributions for the top 5%, top 15%, and top 
50% carbonate and organics classifications. We chose Osprey for this 
case study because it has a ~ 10-m-diameter north-south–oriented 
bright boulder, called Strix Saxum (see the Gazzeteer of Planetary 
Nomenclature, n.d). Given its contrast to the surroundings, we wanted 
to test whether Strix Saxum shows any differences in organics or car-
bonate signals. 

4. Results 

4.1. Spectral matching 

Our method finds high-quality matches between OVIRS data and 
laboratory spectra of both carbonates and organics (Figs. 3 and 4 and 5). 
To gauge the robustness of spectrally matching the laboratory data to 
the OVIRS data, we test the consistency of example matches. In Fig. 4A, 
we show that 27 consecutive calcites are matched with an OVIRS 

spectrum before an organics spectrum is matched. In Fig. 4D, we show 
that 12 organics are best-matched with an OVIRS spectrum before a 
dolomite spectrum has the next lowest k-parameter. Fig. 4D also cor-
responds to the spectrum shown in Fig. 5A. In terms of Fig. 4, the more 
separated each endmember curve is from the others, the less ambiguous 
the identification, and vice versa. In Fig. 4A, the calcite is a strongly 
preferred identification, whereas the dolomite and organics matches are 
roughly the same quality as each other, and both are far below the 
calcite match. 

With this illustration, we see that the strength of the identification 
depends on the number of library spectra within each mineral class. We 
have 14 organic, 15 magnesite, 25 dolomite, and 44 calcite laboratory 
spectra. Therefore, it is important to consider the irregular sampling of 
our spectral library in determining the strength of any single detection. 
Despite having the smallest number of laboratory endmembers, the 
highest-quality fits tend to be with the organics (see Discussion). For 
example, the lowest k-parameter value for an organic fit is 0.0103, 
whereas the lowest k-parameter for a carbonate fit is 0.0134 (see Fig. 5). 
We show 16 examples of our matching results in Fig. 5, where the top 
two rows display some of the best matches in the data set, and the 
bottom two rows show matches for which we have less confidence (k =
0.025 to 0.04). 

Fig. 4. The cumulative number of times an input spectrum would be identified as carbonate or organic, as a function of k-parameter. A lower k-parameter value 
indicates a better-quality fit. The more separated each endmember curve is from the others, the less ambiguous the identification for that spectrum. The point 
markers identify a new match of a laboratory spectrum to an OVIRS spectrum, where each plot is a different OVIRS spectrum as indicated by the timestamp identifier. 
The text on each plot indicates the name of the best-fitting laboratory sample, the minimum k-parameter value, the date and time of the OVIRS observation, the 
classification (organic or carbonate) of the OVIRS spectrum, and the rank of the best fit in the data set. We provide an example of each of the following cases, for 
comparison: (A) consistent calcite match (meaning that 27 calcite matches are made before a single organics match is made); (B) consistent dolomite match; (C) 
consistent magnesite match; (D) consistent organic match; (E) weak yet consistent organic match given that the lowest k-parameter value is high (~0.04); (F) an 
initial organic match but ambiguous thereafter because the subsequent matches are dolomites and organics at a much higher k-parameter value than the first match. 
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The k-parameter appears to be reliable as a goodness-of-fit metric for 
matching laboratory data to the OVIRS data. The test accounts for band 
width, band minimum position, and the doublet shape associated with 
the carbonate spectra and the shoulder associated with the organic 

spectra. For example in Fig. 5 panels (C) and (D), the OVIRS spectrum 
has a long-wavelength shoulder that dips low and appears to be similar 
to the doublet shape associated with carbonates; however, this feature is 
narrower in width than carbonate features, therefore it is more closely 

Fig. 5. The range of spectral matches found between laboratory spectra (shown in black) and the OVIRS spectra (shown in blue). Spectra are identified by name in 
the legends shown at the bottom left of each panel. The top two rows show the best six matches; the third row shows the lower end of the match threshold with k- 
parameter values just below 0.025; and the bottom row shows matches with k-parameters between 0.025 and 0.04. We consider these last matches to be lower- 
quality than the best matches but superior to the worst (non-detections) exemplified by Fig. 3b. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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associated with the organics. The spectra of panels (E), (F), (H), and (I) 
demonstrate the doublet shape associated with carbonates. 

After examination of Figs. 4 and 5, we defined our highest- 
confidence carbonate and organic detections as falling within the top 
5% of the OVIRS–laboratory spectral matches (789 out of 15,585 spec-
tral matches with k-parameter <0.025). Fig. 5 illustrates how we set this 
threshold. The third row of Fig. 5 shows examples of spectral tests that 
represent the lower limit of quality (but are still within the top 5% of 
matches). After the third row, the spectral matches do not align well 
with the laboratory data. Beyond the top 5% (789 spectra with k- 
parameter <0.025), the fits are ambiguous. That is, the OVIRS data may 
represent mixtures of carbonate and organics, or may be too noisy to 
categorize. We refer to the top 5% as the best matches. Henceforth, we 
use only the OVIRS observations that are better (have a lower k- 
parameter) than this limit. 

It is important to interpret the numerical value of the k-parameter 
from one fit to another. For instance, the difference between the k- 
parameter values of the first and second best fits of the data set is 0.002, 
which is larger than the difference between the second and third 
(0.0003). This gives us confidence that the very best fit is better than the 
second. Beyond setting our threshold at 5%, we consider only the rank of 
each spectral match and do not make quantitative statements of how 
much better one fit is than another. That is, if the rank of the k- 
parameter match is within the top 5% of the data set, then we trust our 
detection as a carbonate or as an organic. If not, we cannot reliably 
differentiate between them. 

To gauge the relative distribution of the organics and carbonates on 
the surface, we plot the fraction of carbonate-like and organic-like 
spectra as a function of the ranked best fit, shown in Fig. 6. Calcites 
represent between 50 and 78% of the best matches, whereas organics 
represent 20 to 35% of the best matches. When all 15,585 spectra are 

Fig. 6. (A) The distribution of matches as a 
function of the ranked best fit and as a 
function of the fraction of the total 15,585 
spectra. For example, at x = 0.05 (top 5% of 
the dataset; 789 spectra with k-parameter 
<0.025), 70% of the best matches are 
calcite, 23% are organics, 5% are dolomite, 
and 5% are magnesite. The shaded region at 
the left indicates the top 5%. (B) Each curve 
normalized to the different number of 
spectra tested per mineral group (44 calcites, 
25 dolomites, 15 magnesites, and 14 
organic). We integrate under each curve to 
calculate the total relative proportions, as 
listed in the legend.   

Table 2 
The differences in distribution of organic-like spectra versus carbonate-like 
spectra across the main regions of interest. These values are calculated by 
integrating the distribution of fits as a function of the fraction of the total data as 
shown in Fig. 6. (k-parameter <0.025) integrates under the shaded area, while 
(all) integrates over all observations. Num indicates the number of observations.  

(k param <0.025) Calcite Dolomite Magnesite Organic Num 

Sandpiper 82.0% 2.1% 3.0% 12.1% 100 
Osprey 61.0% 2.4% 4.8% 31.6% 200 
Kingfisher 79.4% 2.9% 2.5% 14.7% 164 
Nightingale 60.0% 3.1% 4.5% 31.4% 97 
Minokawa Crater 42.8% 1.6% 12.0% 40.3% 33 
All Recon A 70.7% 2.4% 3.8% 23.1% 789  

(all) Calcite Dolomite Magnesite Organic Num 
Sandpiper 57.3% 9.3% 5.4% 28.0% 1790 
Osprey 53.8% 7.6% 5.6% 33.0% 3713 
Kingfisher 60.1% 7.7% 3.7% 28.5% 3170 
Nightingale 47.7% 9.8% 8.1% 34.4% 2169 
Minokawa Crater 43.5% 9.1% 8.6% 38.8% 647 
All Recon A 55.0% 8.3% 5.7% 31.0% 15,585  
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categorized, 77% of observations are more carbonate-like and 23% are 
organic-like. We report these values in Table 2. 

To further examine the effect of our spectral library containing 
different numbers of spectra for different minerals, we perform a sec-
ondary check by calculating the weighted distribution of mineral 
abundances accounting for the unequal number of spectral samples per 
mineral. We do this by normalizing each mineral distribution curve from 
Fig. 6a by the number of samples per mineral. For example, we divide 
each of the calcite abundance values of Fig. 6a by 44, the number of 
calcite samples. We do this for each mineral, as shown in Fig. 6b. In the 

normalized plot, if spectral matching occurred randomly, we would 
expect calcites, dolomites, magnesites, and organics to be evenly 
distributed each at 25%. Instead, we find the distribution for all obser-
vations with k < 0.025 to be [45, 3, 7, 45] %, respectively. This suggests 
that finding more frequent matches to calcites than organics is a sta-
tistically meaningful result, and not simply an artifact of having more 
calcite endmembers in our spectral library. What is more, applying this 
normalized statistic would be valid if and only if matching between 
OVIRS and laboratory spectra occurred randomly. Since this is not the 
case, as shown in Fig. 4, this establishes the lower and upper bounds of 

Fig. 7. Box-and-whisker plots of the VIS-IR spectral properties of our top 5% (789 spectra with k-parameters less than 0.025) of organic and carbonate matches. The 
box width spans the first and third quartile of each data set. The orange line shows the median value. The whisker lengths are 1.5 times the length of the range 
between the third and fourth quartile. The white circles are data points beyond this range. The boxes in (G) are oddly shaped because the OVIRS channels are 
quantized into channels of 5 nm. We find no statistical differences in spectral properties between the groups of calcite, dolomite, magnesite, and organics. 
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the frequency of matches. I.e. the lower bound of calcite matches being 
roughly 45.0% while for organics the upper bound being, coincidentally, 
45%. 

We also examine what happens when we bin the best matches ac-
cording to their location (Table 2). We find more organics-matching 
observations from the Nightingale, Osprey, and Minokawa Crater 
areas than the two other locations observed during Recon A, Kingfisher 
and Sandpiper. Conversely, we find that Kingfisher and Sandpiper have 
more carbonate-matching observations. The observed regions extend 
beyond the boundaries of the candidate sample sites and include all 
OVIRS observations within the observation sequence as shown in Fig. 1. 

To examine the relationship between carbon species and OVIRS 
spectral parameters, we show the visible slope, infrared slope, band 
depth and band minimum position of the 3.4-μm and 2.7-μm hydration 
bands, and the albedo at 550 nm for only the best-matched 789 spectra 
(top 5%) with k-parameter values below 0.025. (Fig. 7). We find no 
statistical relationship between carbon species and these spectral pa-
rameters. The frequency of values for dolomite-like and magnesite-like 
spectra differ from the organic-like, carbonate-like, and non-matched 
spectra. We attribute this to the small number of data points used to 
constrain the distribution (N = 25 for dolomite and N = 30 for 
magnesite). The carbonates and organics have the same general distri-
bution as the global distribution, namely, single-peak and skewed dis-
tributions. For example, albedo skews toward darkening and slope 
skews toward reddening (Barucci et al., 2020). 

In Table 3 we show the average spectral parameter values for each 
location observed in Recon A. These statistics include regional data 
around the named sites shown in Fig. 1. We find that the slope, albedo, 
and band minimum positions of the 3.4- and 2.7-μm bands do not 

significantly differ from site to site. We made this table to search for 
correlations between organic/carbonate detections and other spectral 
parameters. As discussed previously, the results in Table 2 demonstrate 
differences between the regions in frequency of carbonate and organic 
detections. However, the regional average spectral parameters trend 
toward the global average. This result is different from that presented by 
Barucci et al. (2020), who found differences in spectral slope and albedo 
for each candidate sample site. This is because we include all regional 
data around each of the sites, whereas Barucci et al. look at only the sites 
themselves. We chose to examine all the regional data in the Recon A 
dataset because there are not enough spots in our 5% threshold dataset 
to make meaningful statistical statements about each individual site. 

Throughout our discussion thus far, our approach has been to cate-
gorize each OVIRS observation as being carbonate-like or organic-like. 
Assessing the quality of these associations in terms of k-parameter 
values, we have said that we are confident in our categorization of at 
least 789 spectra. That leaves a large number; 13,796 spectra that are 
more ambiguous, and harder to categorize. However, because both 
carbonates and organics are ubiquitous on Bennu, the majority of the 
OVIRS spectra may record mixtures of carbonates and organics. A full 
analysis of this possibility should examine intimate mixtures of these 
components, in various proportions, to study the systematics of their 
occurrence, which is beyond the scope of the present paper. Instead, in 
Fig. 8 we illustrate a typical example of an OVIRS spectrum (the same 
OVIRS spectrum as in Fig. 5L, but shown with a different dolomite 
laboratory spectrum) that was not categorized as either carbonate-like 
or organic-like, and we show that a simple linear mixture of 65% 
dolomite and 35% organics, does a credible job of reproducing the major 
features of a 3.4-μm band observed on Bennu. This suggests that many of 

Table 3 
Average values from OVIRS data obtained during Recon A passes over each region of interest. Errors are one standard deviation from the mean for each measurement. 
BMP is the band minimum position in microns, BD is band depth expressed as a fraction from the continuum. REFF is reflectance factor. *Indicates the average of the 
entire region shown in Fig. 1 (not restricted to the named site or crater at the center).   

REFF @ 
550 nm 

Visible slope 
(1/μm) 

Infrared slope 
(1/μm) 

3.4 μm band 
depth (Δ reff) 

3.4 μm band minimum 
position (μm) 

2.7 μm band 
depth (Δ reff) 

2.7 μm band minimum 
position (μm) 

Sandpiper* 0.023 ±
0.003 

− 0.002 ±
0.001 

− 0.0001 ±
0.0004 

0.035 ± 0.01 3.45 ± 0.04 0.19 ± 0.01 2.74 ± 0.03 

Osprey* 0.023 ±
0.003 

− 0.002 ±
0.00 

− 0.0001 ±
0.0004 

0.035 ± 0.01 3.45 ± 0.04 0.191 ± 0.009 2.74 ± 0.02 

Kingfisher* 0.023 ±
0.003 

− 0.002 ±
0.001 

− 0.0001 ±
0.0004 

0.035 ± 0.01 3.45 ± 0.04 0.191 ± 0.009 2.738 ± 0.007 

Nightingale* 0.023 ±
0.003 

− 0.002 ±
0.001 

− 0.0001 ±
0.0004 

0.034 ± 0.01 3.45 ± 0.04 0.191 ± 0.008 2.739 ± 0.007 

Minokawa Crater (#6 in  
Deshapriya et al., 2021)* 

0.023 ±
0.003 

-0.002 ±
0.001 

-0.0001 ±
0.0004 

0.035 ± 0.01 3.45 ± 0.04 0.191 ± 0.009 2.74 ± 0.03  

Fig. 8. Normalized and stretched spectra for (left panel) laboratory samples of dolomite and organics and (right panel) a mixture of 65% dolomite and 35% organics, 
compared with a typical spectrum of Bennu. This example illustrates that a simple linear mixture of carbonates and organics does a credible job of reproducing the 
major features of a 3.4-μm band observed on Bennu. The Bennu spectrum covers Lon 56.4E Lat 45.5 N, and was obtained on 2019-10-26. The dolomite shown is 
CaMg(CO3)2 with filename: mineral.carbonate. None.fine.tir.c-5c.jpl.nicolet. The organic shown is from the C2-ungrouped meteorite Bells. 
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Fig. 9. The first column shows the best matches for carbonates with the k-parameter <0.025 (carbonates), whereas the second shows the matches for organics with 
the k-parameter <0.025 (organics), and the last column shows spectra that are not identified as either carbonate or organic. The footprint size is determined by the 
field of view of the spacecraft, not the extent of the detected material. Each row corresponds to a region of interest, from top to bottom: Sandpiper, Osprey, Kingfisher, 
and Nightingale. Calcites are shown in blue, magnesites in yellow, and dolomites in red (purple when dolomite and calcite detections overlap). Organics are shown in 
magenta and non-matches in white. Note that overlap of red and blue footprints creates purple in the first column, but these are all carbonates (not organics). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the remaining 13,796 spectra in our dataset are likely to be consistent 
with mixtures of carbonates and organics. A smaller number are too 
noisy due to low signal to be useful. 

5. Characterizing the scenes in each spectral footprint 

Here we assess whether our spectral classification groups are asso-
ciated with surface features or properties independently measured by 
the MapCam imager. Bennu's surface has craters, an equatorial bulge, 
small discontinuous regolith-covered regions, and boulders of various 
sizes (e.g., Walsh et al., 2019). OVIRS spectra best matched by carbon-
ates and those best matched by organics are typically distributed across 
a site rather than clustered in any given area (Fig. 9). 

In Fig. 10 we explore the distribution in and around Osprey of the 
organic- and carbonate-like spectra as a function of the threshold k- 
parameter value. We find that increasing the k-parameter threshold 

increases the numbers of locations showing matches, as expected, but 
does not reveal any patterns that are clearly related to the surface fea-
tures visible in the images. Specifically, carbonates and organics are 
located within and around craters and boulders, showing no obvious 
preference. There is one possible exception, however: magnesite car-
bonates are detected on Strix Saxum in many OVIRS spots. This is an 
intriguing result that may merit follow-up study. Despite this, these 
matches do not meet our threshold k-parameter, thus while this is an 
interesting result we are not so confident as to claim that Strix Saxum is 
especially abundant in carbonates. 

The Recon A OVIRS spectra that we analyze here were obtained 
when the spacecraft was slewing and periodically staring at the same 
place for the purposes of colour imaging. Fig. 11 shows how the spectra 
from a single “stare” compare with each other. In the example sequence 
shown, only the spectrum shown in blue met the threshold requirements 
we set for identifying the best matches (k-parameter <0.025); however, 

Fig. 10. As in Fig. 9, but for the distributions of carbonates (left) and organics (center) as a function of k-parameter value for the Osprey site. Non-matches (right) 
are just as frequent as matches. (Top) With a threshold k-parameter value at <0.025, 5 to 6% of the dataset meets the criterion and the map is sparsely populated. 
(Center) With a threshold k-parameter value at <0.030, 15% of the dataset meets the criterion. (Bottom) Similarly, a k-parameter value of <0.040 results in a map 
of 50% of the dataset. 

S.M. Ferrone et al.                                                                                                                                                                                                                              



Icarus 368 (2021) 114579

12

the other spectra in the sequence (k-parameter between 0.025 and 
0.040) also show the carbonate spectral feature. The fact that the band 
shape for each observation is similar testifies to the reliability of the 
OVIRS instrument. This demonstrates that setting the detection 
threshold at a k-parameter <0.025 is a conservative assumption, and 
detections made above (lower k-parameter) this threshold are reliable. 

Because carbonates are known to be bright minerals, as compared 
with organics, it is reasonable to ask if our best carbonate detections, 
made spectrally, are associated with brighter materials visible in the 
MapCam imagery. To answer this question, we seek a statistically 
meaningful comparison of the brightness of all MapCam pixels in 
carbonate-detected OVIRS footprints and the brightness of all MapCam 
pixels in organic-detected OVIRS footprints. Fig. 12 shows values we 
calculated from the image data within each OVIRS footprint for our top 
spectral matches. As a basis of comparison, we include data for the 
spectral footprints for which organic or carbonate detections occur at k- 
parameter values >0.025. Numerically, there are 15,585–789 = 14,796 
spectra with either no detections or weak detections. Very few of these 
spectra have band depths of zero, so most of these are likely to be 
mixtures, noisy data, and/or a result of our decision to use a conserva-
tive threshold value. Fig. 12 also shows that no statistically significant 
brightness differences (measured in units of radiance factor at 550 nm) 
are found between carbonate-detected OVIRS footprints and organic- 
detected OVIRS footprints. This result could be telling us that, on 
average, these materials are well mixed below the spatial resolution of 
the spectrometer footprint, and possibly also below the spatial resolu-
tion of the MapCam pixels. 

It is also reasonable to ask if the MapCam pixel values we show in the 
boxes in Fig. 12 are correlated with other properties of their associated 
OVIRS spectra. For example, are the MapCam pixel values for organics- 
detected footprints correlated with spectral slope, or band depth at 3.4 
μm? In Fig. 13, we investigate whether our three compositional group-
s—carbonates, organics, and non-detections—show any correlations 
between spectral properties measured by OVIRS and reflectance prop-
erties measured by MapCam. We measured the following spectral 
quantities from the OVIRS spots: visible slope from 0.4 to 0.7 μm, 
infrared slope from 1.0 to 2.5 μm, band depth of the 2.7-μm hydration 

feature, and band depth of the 3.4-μm carbonate/organic feature. We 
find no statistical relationships between any of these parameters for any 
of the three compositional groups. Thus, there is no discernable 
connection between the surface morphological expressions and car-
bonate or organic grouping at the spatial scales we have sampled 
(OVIRS, 4 to 9 m/footprint). This supports the finding that the carbon-
ates and organics are ubiquitous across the surface of Bennu at OVIRS 
spatial scales (Simon et al., 2020a). 

6. Discussion 

Overall, we find that the Kolomogorov-Smirnov method works well 
in terms of capturing the shape details of an absorption feature (band 
width and doublet shape). We suggest that this technique is a viable 
means of classifying and/or interpreting spectra, particularly for ab-
sorption features with compound structure. Our results compare very 
well with those of Kaplan et al., 2020a for the region of overlap 
(Nightingale), and we suggest that each study supports the other. Some 
of the drawbacks of the method that we used are that we do not capture 
band depth information, and we restrict our analysis to a limited 
wavelength range, ignoring the overall behavior of the spectrum. The 
advantages of this method over the linear least squares classification 
method used in Kaplan et al. are that the Kolomogorov-Smirnov method 
has greater fidelity to the doublet shapes and overall width of the bands. 
The linear least squares method treats all data points as equally 
important and allows the algorithm to smoothly average through the 
data points, whereas the Kolomogorov-Smirnov method insists on the 
specific shape of the features and does not allow smoothing. 

Because our dataset does not represent complete coverage of the 
surface of Bennu, we cannot study relative abundances of carbonates vs. 
organics as a function of location on the surface. We can say that, of the 
locations observed, calcite-matching spectra are most common. 

We have constrained the range of spectral matches given the unequal 
number of spectra per mineral type in our spectral library by normal-
izing the number of detections of each mineral type tested by the 
number of samples of each mineral. If the spectral matching procedure 
were random, we would expect a ~ 25% detection rate for each of the 

Fig. 11. In this example sequence of OVIRS observations at Sandpiper, only the blue spectrum met the threshold requirement of k-parameter <0.025 for an excellent 
match. However, the other spectra in the sequence also seem to show the carbonate spectral feature, or a mixture of carbonates and organics, and their k-parameter 
values are within the range 0.025 to 0.040. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

S.M. Ferrone et al.                                                                                                                                                                                                                              



Icarus 368 (2021) 114579

13

four mineral types tested. Because we find calcites and organics at a 45% 
detection rate and dolomites and magnesite at a 5% rate, the spectral 
matches with Bennu spectra are not random. For example, if an OVIRS 
spectrum matches a calcite, the next best matches are also calcites. By 
combining the detection rate of normalized and non-normalized results, 
we constrain the detection rates of calcites to be 45–70%, while organics 
are 30–45%, and dolomite and magnesite are 5–10% each. Thus, we 
conclude the higher rates of detection for calcites and organics are 
meaningful and representative of the surface of Bennu, whereas dolo-
mites and magnesites are less abundant. This is consistent with other 
studies that found evidence for aqueous alteration of the surface mate-
rials on Bennu (Hamilton et al., 2019; Simon et al., 2020a; Kaplan et al., 
2020a; Praet et al., 2020). 

We also notice that the highest-quality fits are for organics. A 
possible reason for this is that the carbonate doublet shapes are smaller 
than the instrumental noise in this region, whereas the organics have 
simple and symmetrical band features. This means that the organics 
features are easier to fit (more likely to have lower k-parameter values), 
given the random nature of the noise. 

We did not investigate other spectral bands on Bennu's surface to 
search for organics and carbonates. However, Simon et al. (2020b) 
found that many of the minor bands in the 0.5- to-2.5 μm region are 
diagnostic of magnesium- and iron-bearing phyllosilicates. As indicated 
in Simon et al. (2020b), an absorption band observed at 0.55 μm is best 
attributed to magnetite, which indicates past aqueous alteration. Some 
carbonate species also exhibit a 3.9-μm absorption feature. We did not 
include the 3.9- to 4.2-μm region of the OVIRS data in our analysis due to 

low signal-to-noise ratio. However, in the supplemental materials of 
Kaplan et al. (2020a), the band depths of the 3.4 and the (more noisy) 
3.9-μm band (attributed to calcites) are shown to trend together with an 
R2 of 0.4. 

According to Kaplan et al. (2020a) and references therein, we should 
expect to detect more carbonates than organics on Bennu, because even 
if they started out in equal proportions, in the presence of solar radia-
tion, organic molecules are more prone to break down and disaggregate 
than carbonate minerals. However, our methods do not allow us to 
translate the number of detections we find into abundance estimates. 

The fact that we do not detect any notable correlations between the 
carbonate/organic detections and other spectral properties suggests that 
the factors that control variations in those spectral properties (such as 
visible-near infrared spectral slope, albedo, and depth of the 2.7-μm 
band) are independent of the compositional factors that control which 
species (carbonates or organics) dominate the 3.4-μm band region. This 
could mean that the spectral slope and albedo variations we observe are 
sensitive to variations in physical properties on Bennu, such as rough-
ness, texture, grain size, and porosity variations, whereas the 3.4-μm 
region is sensitive to composition only. Additionally, the OVIRS spot size 
is too large to spatially resolve organics from carbonates, even though 
the instrument can detect both phases. Because carbonates and organics 
are mixed below the spatial resolution of the OVIRS spectrometer, 
OVIRS is seeing the mixture. (We also know that carbonaceous chon-
drites have very fine-grained mixtures of these components.) Typically, 
carbonates have a very high albedo, and organics have a very low al-
bedo. However, while it is true that a few percent of carbon lampblack 

Fig. 12. Distributions of metrics obtained for image data in units of I/F: minimum, median, mean, maximum, and standard deviation of all pixel values within each 
OVIRS footprint. The magnesite and dolomite distributions appear to be less favored; however, this may be a result of the small number of matches. Calcites, or-
ganics, and OVIRS spectra without a detection have similar distributions for each of these quantities. Data are in units of I/F (a.k.a. radiance factor, at 550 nm): 
minimum, median, mean, maximum, and standard deviation of all pixel values for each of the calcite, dolomite, magnesite, and organic groups. 
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can dramatically reduce the albedo of a substrate, it is not true that a few 
percent of carbonate can increase the albedo of the same substrate to the 
same degree. 

According to DellaGiustina et al. (2020), boulders are the primary 
source of heterogeneity on Bennu. While the darker rougher boulders on 
Bennu appear in size ranges up to 95 m diameter, the brighter and 
smoother boulders are <10 m in diameter (DellaGiustina et al., 2020). 
Given the spatial scale of the OVIRS footprint (4 to 9 m in diameter), 
only boulders larger than this size can fill the OVIRS field of view, and 
these are relatively rare in the Recon A data because that mission phase 
targeted the more regolith-rich surface regions on Bennu for the pur-
poses of sample acquisition. This means that most of the OVIRS spots fall 
on mixtures of smaller rocks of both types, and spots that are fully filled 
by a single boulder type are rare, making a statistical study beyond our 
reach. While DellaGiustina et al. (2020) are able to describe the prop-
erties of spatially resolved individual boulders at the spatial resolution 
of MapCam (<30 cm/pixel), such a study with OVIRS data remains 
elusive. This mismatch between the spatial resolutions of the two in-
struments (MapCam and OVIRS) is visible in the analyses we show in 
Figs. 9 to 13. Our OVIRS spots are too large to assess a correlation be-
tween carbonate/organic detection and boulder type. 

7. Conclusions & future work 

Organics and carbonates are found at each of the locations studied on 
asteroid Bennu during the Recon A phase of the OSIRIS-REx mission, 
which offered sufficient resolution to distinguish these carbon-bearing 
species. The carbon-species classifications of spectrometer spots in this 

dataset do not seem to correlate with quantitative metrics of surface 
properties measured with either OVIRS or OCAMS. Specifically, we find 
no statistical associations between organics and spectrally red or dark 
locations on Bennu. We find no statistical relationship between carbon 
species and continuum slope, band minimum position, or band depth. 
This could mean that either (1) carbonates and organics are ubiquitous 
across the surface or (2) our spectral data do not have sufficiently high 
spatial resolution to draw meaningful associations between surface 
features and carbon species (in other words, the connections may occur 
at spatial scales smaller than 4–9 m). This finding could help to constrain 
areal mixing studies. 

Are the five locations studied distinct with respect to their carbonates 
and organics? We find that more organic-spectral matches occur in the 
Nightingale, Osprey, and Minokawa Crater regions than the other lo-
cations observed during Recon A. Organic molecules are known to break 
down in the presence of solar wind (Simon et al., 2020a), perhaps 
providing a relative age relationship for dating craters on Bennu. Higher 
concentrations of organics at the Nightingale, Osprey, and Minokawa 
Crater regions could indicate that these areas were more recently 
exposed, perhaps by recent crater formation. If this interpretation is 
correct, then the samples obtained by OSIRIS-REx at Nightingale may be 
richer in organics than the average Bennu surface. 

Seventy percent of the best matches between OVIRS spectra and 
laboratory measurements are carbonates, and 30% of best matches are 
organics. Once we account for the different numbers of laboratory 
spectra that are tested (84 carbonates and 14 organics), this ratio gets 
closer to 49:51. This means that when we are able to detect a carbon 
species, carbonates are detected between 49 and 70% of the time, and 

Fig. 13. (A to D) Scatter plots comparing 
OVIRS spectral quantities (y-axis) with 
OCAMS (MapCam) reflectance median 
values at 0.55 μm (x-axis). The x-axis of 
each plot is the median MapCam pixel value 
within the FOV of the corresponding OVIRS 
observation. The y-axes are spectral quan-
tities observed from OVIRS, including the 
visible slope from 0.4 to 0.7 μm, the 
infrared slope from 1.0 to 2.5 μm, the band 
depth of the 2.7-μm hydration feature, and 
the band depth of the 3.4-μm carbonate/ 
organic feature.   
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organics are detected between 30 and 51% of the time. In other words, 
our method is more sensitive to carbonates than organics. What this 
means in terms of relative abundance on Bennu is difficult to say because 
we have not considered cases where both carbonates and organics may 
be detected or mixed. 

Data availability 

OVIRS spectra (Reuter et al., 2019) and MapCam images (Rizk et al., 
2019) from Recon A are available via the Planetary Data System. Map-
Cam images used in this work are reported in Table 1. The global SPC 
shape model v42 is available in the Bennu section of the Small Body 
Mapping Tool (http://sbmt.jhuapl.edu/). Data from the analyses and 
calculations are provided in Ferrone et al. (2021b). Spectral data used in 
this study are available from the following facilities: The ECOSpeclib 
JPL Facility: https://speclib.jpl.nasa.gov/library; Kaplan et al. (2019); 

the USGS Spectral Laboratory: https://www.usgs.gov/labs/spec-lab; 
and the Keck/NASA Reflectance Experiment Laboratory (RELAB) at 
Brown University: http://www.planetary.brown.edu/relab/. See Ap-
pendix 1 for spectra filenames. 
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Appendix 1  

Mineral Source Sample File name 

Calcite RELAB CAL110 < 45 um CA-EAC-010_M1CA10 
Calcite RELAB CRB109 < 45 um CB-EAC-009-A_LACB09A 
Calcite RELAB CRB109 45–90 um CB-EAC-009-B_LACB09B 
Calcite RELAB CRB110 < 45 um CB-EAC-010-A_LACB10A 
Calcite RELAB CRB111 < 45 um CB-EAC-011-A_LACB11A 
Calcite RELAB CRB112 < 45 um CB-EAC-012-A_LACB12A 
Calcite RELAB CRB112 45–90 um CB-EAC-012-B_LACB12B 
Manganocalcite RELAB CRB113 < 45 um CB-EAC-013-A_LACB13A 
Manganocalcite RELAB CRB113 45–90 um CB-EAC-013-B_LACB13B 
Calcite RELAB CRB128 < 45 um CB-EAC-063-A_BKR1CB063A 
Calcite RELAB CRB130 < 45 um CB-EAC-064-A_BKR1CB064A 
Calcite RELAB CRB131 < 45 um CB-EAC-065-A_BKR1CB065A 
Calcite RELAB CRB131 < 45 um CB-EAC-065-A_BKR1CB065A 
Synthetic calcite RELAB PIG004 EC-EAC-004_LAEC04 
Calcite RELAB Calcite GR-CMP-001_CAGR01 
Calcite RELAB HYD-BLT-1a HM-JFM-001_C1HM01 
Calcite RELAB Lane calcite 63–90 JB-JLB-550_BKR1JB550 
Calcite RELAB Lane calcite 90–125 JB-JLB-551_1101S551 
Calcite RELAB Lane calcite 125–180 JB-JLB-552_1101S552 
Calcite RELAB Lane calcite 180–250 JB-JLB-553_1101S553 
Calcite RELAB Lane calcite 250–355 JB-JLB-554_1101S554 
Calcite RELAB Lane calcite 355–500 JB-JLB-555_1101S555 
Calcite RELAB Mazada calcite 45–75 um JB-JLB-E57-B_BKR1JBE57B 
Calcite RELAB Mazada calcite 75–90 um JB-JLB-E57-C_BKR1JBE57C 
Calcite RELAB Mazada calcite 90–125 um JB-JLB-E57-D_BKR1JBE57D 
Calcite RELAB Mazada calcite 125–250 um JB-JLB-E57-E_BKR1JBE57E 
Calcite RELAB Mazada calcite > 250 um JB-JLB-E57-F_BKR1JBE57F 
Calcite RELAB Big Timber calcite < 45 um JB-JLB-E58-A_BKR1JBE58A 
Calcite RELAB Big Timber calcite 45–75 um JB-JLB-E58-B_BKR1JBE58B 
Calcite RELAB Big Timber calcite 75–90 um JB-JLB-E58-C_BKR1JBE58C 
Calcite RELAB Big Timber calcite 90–125 um JB-JLB-E58-D_BKR1JBE58D 
Calcite RELAB Big Timber calcite 125–250 um JB-JLB-E58-E_BKR1JBE58E 
Calcite RELAB Big Timber calcite > 250 um JB-JLB-E58-F_BKR1JBE58F 
Calcite RELAB Red calcite PC-CMP-055_C1PC55 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.coarse.tir.c-3e.jpl.nicolet 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.coarse.tir.calcite_1.jhu.nicolet 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.coarse.tir.calcite_2.jhu.nicolet 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.fine.tir.c-3d.jpl.nicolet 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.fine.tir.c-3e.jpl.nicolet 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.fine.tir.calcite_1.jhu.nicolet 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.fine.vswir.c-3a.jpl.beckman 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.medium.tir.c-3d.jpl.nicolet 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.medium.tir.c-3e.jpl.nicolet 
Calcite ECO-Speclib CaCO_3 mineral.carbonate.none.medium.vswir.c-3a.jpl.beckman 
Dolomite RELAB CRB103 < 45 um CB-EAC-003-A_LACB03A 
Dolomite RELAB CRB103 45–90 um CB-EAC-003-B_LACB03B 
Dolomite RELAB CRB117 < 45 um CB-EAC-017-A_BKR1CB017A 
Dolomite RELAB Dolomite CC-JFM-005-B_F1CC05B 
Dolomite USGS Dolomite HS102 Dolomite_HS102.3B_NIC4bbb_RREF 
Dolomite RELAB Fe dolomite < 125 um JB-JLB-779_BKR1JB779 
Dolomite RELAB Selasvann dolomite < 45 um JB-JLB-E61-A_BKR1JBE61A 
Dolomite RELAB Selasvann dolomite 45–75 um JB-JLB-E61-B_BKR1JBE61B 

(continued on next page) 
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(continued ) 

Mineral Source Sample File name 

Dolomite RELAB Selasvann dolomite 75–90 um JB-JLB-E61-C_BKR1JBE61C 
Dolomite RELAB Selasvann dolomite 90–125 um JB-JLB-E61-D_BKR1JBE61D 
Dolomite RELAB Selasvann dolomite 125–250 um JB-JLB-E61-E_BKR1JBE61E 
Dolomite RELAB Selasvann dolomite > 250 um JB-JLB-E61-F_BKR1JBE61F 
Dolomite RELAB 6521 Dolomite SH-SJG-077_NASH77 
Dolomite RELAB 6523 Dolomite SH-SJG-078_NASH78 
Dolomite RELAB 6528 Dolomite SH-SJG-079_NASH79 
Dolomite RELAB 6529 Dolomite SH-SJG-080_NASH80 
Dolomite ECO-Speclib Dolomite CaMg(CO_3)_2 mineral.carbonate.none.coarse.tir.c-5a.jpl.nicolet 
Dolomite ECO-Speclib Dolomite CaMg(CO3)2 mineral.carbonate.none.coarse.tir.dolomite_1.jhu.nicolet 
Dolomite ECO-Speclib Dolomite CaMg(CO3)2 mineral.carbonate.none.coarse.tir.dolomite_2.jhu.nicolet 
Dolomite ECO-Speclib Dolomite CaMg(CO3)2 mineral.carbonate.none.coarse.tir.dolomite_3.jhu.nicolet 
Dolomite ECO-Speclib Dolomite CaMg(CO_3)_2 mineral.carbonate.none.fine.tir.c-5a.jpl.nicolet 
Dolomite ECO-Speclib Dolomite CaMg(CO_3)_2 mineral.carbonate.none.fine.tir.c-5c.jpl.nicolet 
Dolomite ECO-Speclib Dolomite CaMg(CO_3)_2 mineral.carbonate.none.medium.tir.c-5a.jpl.nicolet 
Dolomite ECO-Speclib Dolomite CaMg(CO_3)_2 mineral.carbonate.none.medium.tir.c-5c.jpl.nicolet 
Dolomite ECO-Speclib Dolomite CaMg(CO3)2 mineral.carbonate.none.solid.tir.dolomite_3.jhu.nicolet 
Magnesite RELAB MGC 25–45 um BE-JFM-223_BKR1BE223 
Magnesite RELAB MGC 45–63 um BE-JFM-224_BKR1BE224 
Magnesite RELAB MGC 63–75 um BE-JFM-225_BKR1BE225 
Magnesite RELAB MGC 75–106 um BE-JFM-226_BKR1BE226 
Magnesite RELAB MGC 106–125 um BE-JFM-227_BKR1BE227 
Magnesite RELAB MGC 125–150 um BE-JFM-228_BKR1BE228 
Magnesite RELAB MGC 45–75 um BE-JFM-231_BKR1BE231 
Magnesite RELAB CRB106 < 45 um CB-EAC-006-A_LACB06A 
Magnesite RELAB CRB106 45–90 um CB-EAC-006-B_LACB06B 
Hydromagnesite RELAB CRB208 < 45 um CB-EAC-028-A_LACB28A 
Magnesite RELAB CRB144 < 45 um CB-EAC-070-A_BKR1CB070A 
Magnesite RELAB Brumado Bahia magnesite < 45 um JB-JLB-946-A_BKR1JB946A 
Magnesite RELAB Brumado Bahia magnesite 45–75 um JB-JLB-946-B_BKR1JB946B 
Magnesite RELAB Brumado Bahia magnesite 75–125 um JB-JLB-946-C_BKR1JB946C 
Magnesite RELAB Brumado Bahia magnesite < 125 um JB-JLB-946-E_BKR1JB946E 
Organic extract Kaplan ALH83100 ALH83100 
Organic extract Kaplan ALH85013 ALH85013 
Organic extract Kaplan Bells Bells 
Organic extract Kaplan Cold Bokkeveld Cold Bokkeveld 
Organic extract Kaplan GRO95566 GRO95566 
Organic extract Kaplan GRO95577 GRO95577 
Organic extract Kaplan LEW85311 LEW85311 
Organic extract Kaplan MET01070 MET01070 
Organic extract Kaplan Mighei Mighei 
Organic extract Kaplan Murchison Murchison 
Organic extract Kaplan Orgueil Orgueil 
Organic extract Kaplan Tag_UA_11h Tag_UA_11h 
Organic extract Kaplan Tagish_CCL Tagish_CCL 
Organic extract Kaplan Tagish_Lake Tagish_Lake 

Appendix 1 Notes: 
ECOSpeclib is a JPL Facility: https://speclib.jpl.nasa.gov/library 
Kaplan is: Kaplan et al., 2019. 
USGS is the USGS Spectral Laboratory: https://www.usgs.gov/labs/spec-lab 
RELAB is the Keck/NASA Reflectance Experiment Laboratory at Brown University: http://www.planetary.brown.edu/relab/ 
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