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Abstract The Origins, Spectral Interpretation, Resource Identiﬁcation, and Security‐Regolith Explorer
(OSIRIS‐REx) mission observed the Moon during the spacecraft's Earth gravity assist in 2017. From the
spacecraft view, the lunar phase was 42°, and the in‐view hemisphere was dominated by anorthositic
highlands terrain. Lunar spectra obtained by the OSIRIS‐REx Visible and InfraRed Spectrometer show
evidence of several candidate absorption features. We observe the 2.8‐μm hydration band, conﬁrming the
spectral results from other missions, but detected in full‐disk spectra. We also tentatively identify weak
spectral features near 0.9 and 1.3 μm, consistent with lunar regolith containing a mixture of plagioclase and
orthopyroxene minerals, as expected for highlands terrain.
Plain Language Summary:

The Origins, Spectral Interpretation, Resource Identiﬁcation, and
Security‐Regolith Explorer mission obtained observations of Earth and the Moon during a 2017 gravity
assist maneuver. The Origins, Spectral Interpretation, Resource Identiﬁcation, and Security‐Regolith
Explorer Visible and InfraRed Spectrometer acquired several spectra that covered the fully illuminated
portion of the Moon. These spectra show absorption features consistent with the mineral mixtures expected
in the lunar Highlands terrains. Near‐simultaneous images show that the side of the Moon that was visible is
dominated by this type of terrain. In addition, an infrared absorption, consistent with water‐bearing
minerals, is also observed, conﬁrming the spectral identiﬁcations made by previous missions that have
observed the Moon.

1. Introduction
The Origins, Spectral Interpretation, Resource Identiﬁcation, and Security‐Regolith Explorer (OSIRIS‐REx)
spacecraft ﬂew by the Earth‐Moon system in 2017, completing a gravity assist en route to the asteroid
(101955) Bennu (Lauretta et al., 2017). This ﬂyby gave an opportunity for testing operational scenarios
and conﬁrming instrument calibration. It also allowed for science observations of Earth and the Moon by
the OSIRIS‐REx Visible and InfraRed Spectrometer (OVIRS). OVIRS produces point spectra of a 4‐mrad circular ﬁeld of view (FOV) using ﬁve linear variable ﬁlters from 0.4 to 4.3 μm and was designed to detect spectral absorption features down to 2.5% band depth (Reuter et al., 2018). The Moon was observed on 25
September, when it partially ﬁlled the OVIRS aperture. Although the Moon was only partially illuminated,
sufﬁcient signal was obtained to produce spectra that can be compared with observations from previous missions, including EPOXI, Chandrayaan, and Cassini.
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2. Observations
On 25 September 2017, three days after OSIRIS‐REx completed its Earth gravity assist, the spacecraft executed four east‐west and four north‐south scans across the Moon from a distance of 1.166 × 106 km. The
scans were designed to provide overlap in the OVIRS FOV with 2‐mrad lateral separation between scans
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(Figure 1). At this distance, the Moon subtended 3 mrad, and the maximum possible OVIRS area ﬁll factor was ~0.56. The phase angle was
42.3°, so the lunar disk was not fully illuminated.
As these scans were designed, in part, to determine the absolute pointing
of the spectrometers, the OVIRS FOV scanned rapidly across the Moon
and surrounding area. Most scans have no lunar signal, and only a few
spectra from the eight scans show full signal equivalent to the 0.56 ﬁll factor. We chose the two best spectra (those with the maximum ﬁll factor)
and averaged them for all subsequent analyses (Reuter et al., 2019).
Because the pointing changed throughout a scan, the two adjacent spectra
had slightly different geometries, giving an average subspacecraft latitude
and longitude of 21.4° and 122°, respectively. A near‐simultaneous image
by the OSIRIS‐REx Camera Suite shows the portion of the lunar surface
that was visible and illuminated (Figure 1).

3. Analyses
All OVIRS spectra pass through an automatic calibration pipeline to convert from raw counts to physical radiance units (W/cm2/sr/μm), following
the method described in Simon et al. (2018). The ground testing‐derived
radiometric calibration and out‐of‐band removal coefﬁcients were
adjusted after the Earth gravity assist and again on approach to (101955)
Figure 1. Origins, Spectral Interpretation, Resource Identiﬁcation, and
Bennu. The lunar data were then recalibrated using these latest Bennu‐
Security‐Regolith Explorer Visible and InfraRed Spectrometer (OVIRS)
approach calibration ﬁles to produce the average radiance spectrum.
scans of the Moon. The approximate geometry during the lunar observation
Out‐of‐band (IR signal in all shorter wavelength ﬁlters) leakage is coris shown, with an OVIRS ﬁeld of view (FOV) overlain on a near‐simultaneous panchromatic image from the Origins, Spectral Interpretation,
rected using OVIRS ground calibration data of single temperature blackResource Identiﬁcation, and Security‐Regolith Explorer Camera Suite. The
body sources with a wavelength‐independent emissivity of 0.992 (Simon
blue circles indicate the scan that crossed the Moon.
et al., 2018). The correction assumes only the sum of 2.8 to 3.95‐μm
photons contribute to the out‐of‐band signal, with a linear response at
wavelengths below 2.8 μm only dependent on blackbody temperature. Thus, observed sources with a more
complex IR signature do not completely correct, and this effect generally appears on the short wavelength
ends of the ﬁlters, (i.e., 1.7, 1.07, .66, and.4 μm). Although obvious residual out‐of‐band signal is a small contribution (<1%) in the lunar spectra, it was corrected by ﬁnding each ﬁlter's average radiance at short wavelengths where it overlapped with the next ﬁlter and removing a linear slope to align them. This results in a
corrected average radiance (Figure 2, top); there is still some radiometric calibration uncertainty in the 2‐ to
3‐μm region where the Bennu and Earth signals are lowest.
To determine reﬂectance, we ﬁrst subtracted a thermal tail from the radiance (Figure 2, blue curve). Owing to
the phase angle and full‐disk view, multiple surface temperatures are present in the FOV, but the highest temperature locations will have the largest radiance and dominate the thermal emission. The thermal tail was
simulated by ﬁtting the long wavelength radiance spectrum using a single blackbody temperature and
wavelength‐independent emissivity, ε. This results in a best ﬁt blackbody temperature of 382.5 K with
ε = 0.167. Given the local time of day, this is not an unreasonable maximum temperature (Williams et al.,
2017). The very low emissivity reﬂects the fact that most of the visible surface is much cooler and acts as a
temperature ﬁll factor of sorts. The reﬂectance is then calculated by dividing the thermal‐subtracted radiance
by a phase angle‐scaled solar spectrum and adjusting it for the FOV ﬁll factor. To correct for phase angle, we
used a wavelength‐independent limb darkening factor of 0.019 magnitudes per degree (McEwen, 1996),
which gives a reﬂectance adjustment of ~0.48, in rough agreement with Hapke et al. (2012). Finally, we
smoothed any remaining noise using a 5‐point running mean (Figure 2, bottom, black line).
The resulting reﬂectance values are approximately consistent with the Apollo 16 lunar soils, and anorthositic highlands terrain, which dominate the illuminated portion of the surface in Figure 1 (e.g., Kieffer &
Stone, 2005; Ohtake et al., 2009; Pieters, 1999). The global reﬂectance spectrum shows a distinct absorption
feature, the 2.8‐μm hydration band, consistent with O‐H and water‐bearing minerals (e.g., Clark, 2009;
Sunshine et al., 2009). The approximate band depth is indicated by the gray area in Figure 2 (bottom),
SIMON ET AL.

6323

Geophysical Research Letters

10.1029/2019GL083341

using the same wavelength tie points for the continuum as Clark (2009).
The larger scatter in the OVIRS data at 2.85 to 2.95 μm is where ﬁlter segments overlap and is probably due to uncorrected out‐of‐band effects.

4. Discussion
We can rule out any internal instrument contamination as a source of the
observed band, as decontamination heaters were used between launch
and the Earth encounter to drive off any residual water condensation.
Additionally, internal instrument calibration sources were observed during thermal vacuum testing after a hot bake out (50 °C) and during cruise
to show no instrument performance changes have occurred in this wavelength region. The internal blackbody sources, in particular, show no evidence of a 2.8‐μm absorption band.

Figure 2. Origins, Spectral Interpretation, Resource Identiﬁcation, and
Security‐Regolith Explorer Visible and InfraRed Spectrometer average
lunar spectrum from 0.5 to 4.0 μm. Top, radiance spectrum showing each
pixel (red points) and overlain with the resampled spectrum (spectral resolution of 2 nm at wavelengths <2.4 μm and 5 nm at wavelengths from 2.4 to
4.0 μm; outlying bad pixels removed; black curve). A thermal tail (blue
curve) is removed for all subsequent analyses. Bottom, reﬂectance spectrum
from each pixel (red points) and from resampled radiance, smoothed with a
5‐point running mean (black curve). The gray area indicates the 2.8‐μm
hydration feature from 2.68 to 3.15 μm.

Figure 3. Origins, Spectral Interpretation, Resource Identiﬁcation, and
Security‐Regolith Explorer Visible and InfraRed Spectrometer (OVIRS)
hydration feature band depth, normalized at 2.65 μm. The OVIRS curve
(black) agrees well with EPOXI‐normalized spectra of the lunar highlands
(red and blue), both of which are deeper than Cassini Visible and Infrared
Mapping Spectrometer (VIMS) data (dashed purple line; from Clark, 2009,
spectrum S6).
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To compare the full‐disk 2.8‐μm band depth with prior spacecraft observations, we normalized the reﬂectance spectrum to the reﬂectance at 2.65
μm (Figure 3). From this, we can estimate the band depth at 2.8 μm, as
in Sunshine et al. (2009). We ﬁnd a 2.8‐μm band depth of 10 ± 2%, consistent with Deep Impact/EPOXI spectra of both maria and highlands at
afternoon local time locations (Sunshine et al., 2009). This band depth is
larger than what Clark (2009) found in polar and highlands spectra
(~4%) obtained by the Cassini Visible and Infrared Mapping
Spectrometer. Similar studies of Chandrayaan‐1 Moon Mineralogy
Mapper (M3) data initially found absorptions only near the poles
(Pieters et al., 2009). Subsequent analyses showed that with better thermal
tail subtraction, the 2.8‐μm absorption band was visible to M3 in other
regions as well but the band depth could not be calculated owing to the
spectral range (Clark et al., 2010). In the OVIRS spectra, the thermal tail
shape removal is likely imperfect, because of the multiple surface temperature in the FOV, and we cannot interpret the band shape differences
as meaningful. However, the band depth is most consistent with the M3
and EPOXI data, perhaps due to the hemisphere that was observed or differing viewing geometry, including local time of day (Clark, 2009).
Additionally, residual calibration issues may mean the OVIRS band is
actually slightly shallower than seen in Figure 3.
Typical spectra of lunar rocks and regolith as well as remote sensing
observations of the lunar surface include diagnostic mineral bands of pyroxene, plagioclase, and olivine (e.g., Pieters, 1986). To check for these signatures, we divided the reﬂectance by a smoothed continuum (using a
quadratic ﬁt; Figure 4, top). We observe two potential features near 0.9
and 1.3 μm, consistent with mixtures of plagioclase (the most abundant
mineral in anorthositic rocks) and orthopyroxene (Cheek & Pieters,
2014). This spectral signature is similar to M3 observations of a number
of lunar locations, including Orientale Basin's Inner Rook ring and the
Aristarchus, Tsiolkovskiy, and Langrenus craters, which have also been
identiﬁed as anorthositic materials with varying amounts of plagioclase
and orthopyroxene (e.g., Cheek & Pieters, 2014; Donaldson Hanna et al.,
2014; Horgan et al., 2014). Comparing with Kaguya Spectral Proﬁler data,
the OVIRS spectra are similar to Feldspathic Highlands Terrane spectra,
though the Spectral Proﬁler data have a deeper absorption around 0.9
μm and a shallower absorption shoulder around 1.25 μm (Lucey
et al., 2014).
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Figure 4. Origins, Spectral Interpretation, Resource Identiﬁcation, and Security‐Regolith Explorer Visible and InfraRed
Spectrometer (OVIRS) continuum‐divided reﬂectance spectrum. Top, comparison of OVIRS spectrum with
3
Chandrayaan M data, reproduced from Cheek and Pieters (2014), and Kaguya Spectral Proﬁler (SP) data, reproduced
from Lucey et al. (2014). Bottom, comparison of OVIRS spectrum with laboratory data of Apollo 16 bulk soil (Pieters, 1986)
and mineral mixtures (Cheek & Pieters, 2014). FHT = Feldspathic Highlands Terrane.

The OVIRS lunar spectrum shows an approximately 3% band depth in the 0.9‐μm orthopyroxene band and
5% in the 1.3‐μm plagioclase feldspar band. As shown in Figure 4 (bottom), this is a very good match with
laboratory spectra containing 98% plagioclase and 2% orthopyroxene (Cheek & Pieters, 2014). Apollo 16 soil
samples also show absorption near 0.9 μm, though none at 1.3 μm. We interpret the OVIRS spectrum as consistent with anorthositic rock, and highlands terrain, in good agreement with Lucey et al.'s (2014) map of
this region.

5. Summary
During the OSIRIS‐REx Earth‐Moon ﬂyby in 2017, OVIRS collected lunar spectra that show evidence of several candidate spectral features. The 2.8‐μm hydration band is observed in full‐disk spectra for the ﬁrst time
and is consistent with near‐IR spectral results from Cassini, EPOXI, and Chandrayaan‐1. This conﬁrms the
previous detections, while also validating our thermal tail subtraction method. The full‐disk detection of this
feature is likely due to the hemisphere that was viewed, which is dominated by the anorthositic highlands
terrain where this absorption is most often observed. We additionally identify shallow spectral features near
0.9 and 1.3 μm, with 3% and 5% band depths, respectively, conﬁrming OVIRS' ability to detect weak absorption bands. These features also consistent with regolith materials that include a mixture of plagioclase and
orthopyroxene minerals. At Bennu, the OVIRS‐optimized compositional observations occur at lower phase
angles and with cooler predicted surface temperatures, which maximizes the signal while minimizing the
thermal contribution. Based on the analysis techniques and sensitivity demonstrated with the lunar data,
we expect to be able to map compositional variations on Bennu's surface in ﬁne detail.
SIMON ET AL.
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