S U RV E Y IN G B E N N U

RESEARCH ARTICLE SUMMARY

◥

ASTEROIDS

Bright carbonate veins on asteroid (101955) Bennu:
Implications for aqueous alteration history
H. H. Kaplan*, D. S. Lauretta, A. A. Simon, V. E. Hamilton, D. N. DellaGiustina, D. R. Golish,
D. C. Reuter, C. A. Bennett, K. N. Burke, H. Campins, H. C. Connolly Jr., J. P. Dworkin, J. P. Emery,
D. P. Glavin, T. D. Glotch, R. Hanna, K. Ishimaru, E. R. Jawin, T. J. McCoy, N. Porter, S. A. Sandford,
S. Ferrone, B. E. Clark, J.-Y. Li, X.-D. Zou, M. G. Daly, O. S. Barnouin, J. A. Seabrook, H. L. Enos

Regolith Explorer) spacecraft have shown that
carbon-bearing materials, including organics
and/or carbonates, are widespread on the surface of near-Earth asteroid (101955) Bennu. To
understand the composition of these carbonbearing materials and their implications for
Bennu’s aqueous alteration history, we examined visible–near-infrared spectra obtained
at resolutions of ~4 m in the region around the
mission’s primary sampling site, Nightingale.
We compared these spectra with laboratory
spectra of organics and carbonates. Broadband panchromatic images of the Nightingale
region at pixel scales of ~1.4 cm allowed us to
search for surface features that could contextualize the spectral data.

RATIONALE: Global spectral observations by
the OSIRIS-REx (Origins, Spectral Interpretation, Resource Identification, and Security–

RESULTS: On the basis of the wavelength position and shape of spectral absorption features,
the closest matches to a subset (~15%) of

53 cm

8 cm

CONCLUSION: The observed bright veins on

Bennu are most likely dominantly composed
of carbonates. The detection of these metersized, putative carbonate veins indicates that
extensive water flow occurred in a chemically
open hydrothermal system on the larger parent
asteroid of Bennu, before the catastrophic disruption of the parent asteroid led to Bennu’s
reaccumulation as a rubble pile. Kinetic modeling assuming a calcite vein composition shows
that a hydrothermal system kilometers in size,
with alteration likely taking place over thousands to millions of years, would have been
needed to create veins of the dimensions preserved in the constituent boulders of Bennu.
Some CM- and CI-group meteorites have
very small (micrometers to millimeters) carbonate veins or presumed vein fragments;
veins on the scale that we observe on Bennu
are not present in meteorites. It is possible
that such veins are present on other carbonaceous asteroids that have not been observed
by spacecraft. We predict that the sample of
Bennu’s surface material that is planned to be
returned to Earth by the OSIRIS-REx spacecraft will contain carbonates and that they will
be distributed with a structure and scale distinct from those that occur in meteorites.

▪

OSIRIS-REx panchromatic image (~1.4 cm pixel–1) showing a boulder with a bright vein on Bennu.
This linear feature is more than twice as bright as the surrounding rock. Its most plausible composition is
carbonate, suggesting that a large, long-lived hydrothermal system operated on Bennu’s parent asteroid.
The image was collected by the PolyCam imager on 26 October 2019 at 61.60°N, 50.57°E.
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early in Solar System history and experienced
varying degrees of aqueous (water-rock) and
thermal alteration. Most models of the evolution
of these asteroids suggest that aqueous alteration was driven by hydrothermal convection.
However, it is debated whether this alteration
occurred in a chemically closed or open system.
The bulk chemical compositions of the carbonaceous chondrite meteorites imply that the
system was closed. Models predict that largescale fluid flow in an open system took place on
at least some asteroids. In this scenario, fluids
would have flowed through fractures from the
interior, and minerals would have precipitated
into these fractures, forming veins.

INTRODUCTION: Carbonaceous asteroids formed

spectra collected in the Nightingale region
are the carbonate minerals calcite, dolomite,
and magnesite, with calcite being the most
prevalent. These minerals are found in the
highly aqueously altered CM- and CI-group
carbonaceous chondrites, proposed meteorite analogs of Bennu.
Bright, centimeters-thick, roughly meterlong veins are apparent in images of some
boulders near the Nightingale site. The veins
have albedos of 10% to at least 19%, much
brighter than Bennu’s average of 4.4%. These
albedos are consistent with the veins being
filled by carbonates with minor abundances
of opaque materials such as magnetite and
organics. The albedos are too high for the
veins to be dominantly composed of organics
or any other material that has been identified
on Bennu, except carbonates.
There are only a few bright vein-filling materials found in meteorites, and carbonate is
the only one of these that is plausibly present
on Bennu. Linear mixture modeling suggests
that only a small fraction of a spectrometer
field of view (<1%) needs to contain carbonate to
explain the observed spectral signatures, which
is consistent with the observed extent of the veins.
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T

he Origins, Spectral Interpretation, Resource Identification, and Security–Regolith
Explorer (OSIRIS-REx) mission to asteroid
(101955) Bennu is designed to return a
carbon-rich sample of the asteroid to Earth
(1). Bennu, a 500-m-diameter near-Earth asteroid, was chosen as the mission target because of its spectral similarity to primitive and
organic-rich carbonaceous chondrite meteorites (2). Primitive chondritic meteorites formed
in the early Solar System, so they may record the
materials, processes, and events that occurred
during that period.
The OSIRIS-REx spacecraft entered orbit
around Bennu in December 2018. Throughout
2019 and early 2020, the spacecraft acquired
images and spectra to characterize Bennu’s
surface properties, composition, and relationship to meteorites, in advance of sample
collection.
Bennu is spectrally classified as a B-type
asteroid on the basis of its blue (negative)
spectral slope. B-types are a subset of the
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larger C-complex of primitive asteroids, sonamed for their presumably carbonaceous
compositions. Bennu’s surface contains abundant, widespread hydrated minerals (3), has
widespread magnetite (3, 4), and is dominated
by boulders up to ~100 m in longest dimension (5). Near-infrared spectra of Bennu’s surface exhibit an absorption feature due to
hydroxyl in hydrated clay minerals; the band
minimum is 2.74 mm, most consistent with
hydrated Mg-bearing phyllosilicates (3, 6).
Thermal infrared spectra exhibit silicate
stretching and bending modes consistent
with volumetrically dominant phyllosilicates,
as well as absorptions attributable to magnetite near 18 and 29.4 mm (555 and 340 cm–1)
(3). These observations demonstrate that Bennu
is mineralogically similar to the carbonaceous
chondrite meteorites that show evidence of
water-rock interaction (i.e., aqueous alteration),
with the closest meteorite analogs being the
most heavily altered members of the CM and
CI groups. Aqueous alteration of these meteorites likely took place on a large parent
asteroid, >30 km in diameter (7), early in
Solar System history (8). Dynamical analyses
suggest that Bennu, a rubble pile asteroid,
consists of fragments of a parent body of
~100-km diameter that reaccumulated after
a catastrophic disruption (9–11).
Establishing Bennu’s relationship with specific groups of meteorites—whether CI, CM, or
others—would provide insight into the geologic
processes that Bennu’s parent body experienced. The CI and CM groups record diverse
scenarios of parent body aqueous alteration.
All known CI chondrites are categorized on
the basis of their mineral and rock properties
as petrologic type 1 (CI1) (12). This classifies the
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Spectra of carbon species on Bennu

In global observations of Bennu collected
during the Detailed Survey–Equatorial Stations campaign of the OSIRIS-REx mission
(25 April to 6 June 2019) (1), the OSIRIS-REx
Visible and InfraRed Spectrometer (OVIRS)
(17) detected a ubiquitous infrared absorption feature near 3.4 mm (18), a spectral region
associated with carbon-bearing species. OVIRS
measures reflected light at wavelengths from
0.4 to 4.3 mm with a circular, 4-mrad field of
view (17). Between 3.2 and 3.6 mm, there are at
least five absorption minima attributed to
organic molecules, including symmetric and
asymmetric stretching modes of methyl (–CH3)
and methylene (–CH2) groups (i.e., aliphatic
CH), and an aromatic CH stretch. Carbonates
have overlapping absorption features in this
wavelength region from overtones (absorptions
occurring at higher-energy multiples of the
fundamental frequency) and combinations of
the fundamental stretches in CO3.
The global data have a spatial resolution of
~30 m in the direction of spacecraft motion
(along-track) and 20 m in the perpendicular
direction (cross-track), with coverage of nearly
the entire asteroid surface (18). The complex
spectral features near 3.4 mm in this dataset
are attributed at the global scale to mixtures
of organics and carbonates (18). The spectral
shape in this wavelength region is repeatable
to <1% across multiple observations of the same
surface spot, indicating that instrumental and
illumination effects do not cause the observed
absorption complexity (18).
We analyzed higher-spatial-resolution OVIRS
observations that were collected in October 2019
during the first Reconnaissance (Recon A)
phase of the OSIRIS-REx mission, which entailed more detailed investigations of candidate sampling sites. We used data from the
region around Nightingale crater, the mission’s
1 of 12
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The composition of asteroids and their connection to meteorites provide insight into geologic processes
that occurred in the early Solar System. We present spectra of the Nightingale crater region on nearEarth asteroid Bennu with a distinct infrared absorption around 3.4 micrometers. Corresponding images
of boulders show centimeters-thick, roughly meter-long bright veins. We interpret the veins as being
composed of carbonates, similar to those found in aqueously altered carbonaceous chondrite
meteorites. If the veins on Bennu are carbonates, fluid flow and hydrothermal deposition on Bennu’s
parent body would have occurred on kilometer scales for thousands to millions of years. This suggests
large-scale, open-system hydrothermal alteration of carbonaceous asteroids in the early Solar System.

CIs as heavily hydrated, and they contain the
highest abundances of volatile elements of any
meteorites (13). CM chondrites span a broader
range of degrees of aqueous alteration, from
petrologic type 1 to 2 (14, 15). The CM chondrites are depleted in volatiles relative to the
CIs. Although the CM1 and CI1 meteorites are
both highly aqueously altered, they have distinct bulk chemistry and textures (15). There
are other carbonaceous chondrites that cannot
be classified into any of the known groups and
are therefore termed “ungrouped” (16). Grouping chondrites together implies that they likely
originate from the same geologic context; if
a carbonaceous chondrite is ungrouped, it is
possible that it has a distinct geologic origin.
We consider recent observations of asteroid
Bennu within this meteorite framework, to
constrain its geologic history and make predictions for the sample that will be returned
to Earth.
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Fig. 1. Spectral features in OVIRS data compared to laboratory carbonate spectra. (A to C) Black
points show the original OVIRS spectrum of Bennu from three different locations in Nightingale, and the
thick black lines are the spectrum smoothed with a 3s Gaussian. The carbonate laboratory spectra (colored
lines as indicated in the legends) are natural, terrestrial samples with variable cation content (table S1).
All spectra have had their continuum removed and are offset.

primary sampling site, to provide context for the
sample return. These observations have spatial
resolutions of ~4 m cross-track and 9 m alongtrack for each OVIRS footprint.
The shapes of the 3.4-mm feature in the
Nightingale observations differ from those in
the global observations (18), indicating that it
may be possible to distinguish compositions at
higher spatial resolution. To discriminate between organics and carbonates, we use a chisquare goodness of fit test, band minima
positions, and visual inspection (19). The goodness of fit test uses a set of 220 laboratory
spectra of carbonates and organics with a
range of compositions to assess how closely
these laboratory data match the shape of the
OVIRS data (table S1). Uncertainties were
determined by adding noise to the laboratory
spectra to mimic the OVIRS signal-to-noise
ratio (SNR) near 3.4 mm (19). We find that chisquare values of <1 can identify either carbonate minerals or organics with >99% confidence
(>95% confidence for chi-square < 2) (table S1).
Organic and carbonate spectral features differ in terms of number of minima, minima
positions, and absorption widths. We identify
some OVIRS spectra with 3.4-mm features that
are consistent with carbonates and others that
are consistent with organics (Figs. 1 and 2).
The OVIRS spectral shapes consistent with
organics are similar to those previously detected
near 3.4 mm in asteroids [e.g., (20–22)] and meKaplan et al., Science 370, eabc3557 (2020)

teorites (23) (Fig. 2). These features have a
narrow minimum at 3.42 mm or a broad, flat
feature centered at 3.42 mm [e.g., (24)]. The
OVIRS spectral signature consistent with
carbonates is primarily identified by an absorption feature with two minima near 3.4 mm
(Fig. 1). The band positions vary by tens of
nanometers, consistent with known changes
in wavelength of carbonate absorptions with
varying cation composition (Fig. 3). The OVIRS
spectra that are best fitted with carbonate laboratory spectra (Fig. 2) are poorly fitted with
organic laboratory spectra (fig. S1).
The carbonate-matching OVIRS spectra include features similar to those of calcite
(CaCO3), siderite (FeCO3), magnesite (MgCO3),
dolomite [CaMg(CO3)2], and/or breunnerite
[(Mg,Fe,Mn)CO3] (Figs. 1 and 2). We cannot
distinguish calcite and siderite at the spectral
resolution and SNR of the OVIRS data near
3.4 mm; however, Fe in siderite would produce
a broad absorption near 1 mm, which is not
detected (fig. S2). Siderite is rare in carbonaceous chondrite meteorites, whereas calcite is
abundant (24). We therefore conclude that
calcite is the most likely carrier responsible
for these carbonate-matching spectra. Aragonite
has the same composition as calcite (CaCO3)
with a different crystal structure; its spectral
properties are similar to those of calcite at
wavelengths <2.5 mm (25), but appropriate
laboratory spectra are not available, so it is
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not included in our analysis. Spectra that
we identify as dolomite could alternatively
be due to Fe-rich breunnerite, which has an
absorption feature at a similar wavelength.
For more Mg-rich forms of breunnerite, we
expect the band position to shift toward shorter
wavelengths, similar to magnesite. We have
not found a 3.4-mm feature on Bennu that
corresponds to natrite (Na2CO3), which was
detected in the brightest regions of dwarf
planet Ceres and has minima at longer wavelengths than calcite (26).
In addition to the feature at 3.4 mm, carbonates are expected to produce an absorption
near 4 mm. OVIRS has an SNR of 50 at 3.4 mm,
but the signal decreases rapidly beyond ~3.6 mm,
with an SNR of only 15 at 4 mm. Low SNR
reduces our ability to detect the expected
carbonate absorption near 4 mm, but we do
find a possible absorption feature in this region that is correlated with the 3.4-mm feature
(fig. S2). Overtones at ~2.35 and, possibly, 2.55 mm
are also observed in the OVIRS spectrum (fig. S2)
and may be due to carbonate and/or Mg or Fe
phyllosilicates. However, these features have
<2% band depth, the strength of the absorption
feature compared to the continuum, and any
variation in band depth is within the uncertainty.
Thermal infrared spectra from the OSIRISREx Thermal Emission Spectrometer (OTES)
(27) exhibit a spectral feature near 7.04 mm
(1420 cm–1) that may be attributable to carbonates (28), but this feature has not been definitively assigned (3). Another carbonate
feature, the n3 (third fundamental) absorption,
is expected at ~6.35 to 6.75 mm (1500 cm–1) and
has been observed in laboratory and remotesensing data (28, 29); however, it has not been
identified in OTES global spectral observations (spatial resolutions of 20 to 40 m). Nor
have other expected carbonate features, including the narrow, n2 fundamental absorption
near 11.3 mm (886 cm–1) and a large, broad,
fundamental absorption between ~25 and
33 mm (~400 to 300 cm–1). Detection of spectral
features in the thermal infrared depends on
SNR, temperature, physical conditions (e.g.,
roughness or cavities), phase abundance, the
compositions of the other phases that are
present, spectral resolution, and particle size
(19). These factors may explain the nondetection
of these carbonate bands, despite the higher
SNR of the OTES data relative to that of the
OVIRS data.
We mapped a ~0.03-km2 area surrounding
the Nightingale sample site (~56.04° latitude,
42.05° longitude), within which ~1% of the 3396
OVIRS spectra have a chi-square < 1 match to
laboratory spectra of carbonates, rather than
organics or mixtures, and ~15% have chi-square
< 2 (Fig. 2) (19). Organics account for <1% (chisquare < 1) or 8% (chi-square < 2) of the spectra based on these goodness of fit tests. The
spectral signatures with chi-square < 1 match
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Fig. 2. Goodness of fit tests for laboratory carbonate spectra compared to OVIRS spectra. (A to D) Four different OVIRS spectra in the 3.4-mm region fit that
are best fitted with laboratory spectra of calcite, dolomite, magnesite, and meteorite insoluble organic matter, respectively. (E) The cumulative count of all OVIRS
spectra best fitted with either a calcite, dolomite, magnesite, or organic laboratory spectrum ordered by the chi-square value of the model. We discuss matches with
chi-square < 2 (gray-shaded region) in the text.

to carbonates are strongest at the rim of Nightingale crater and on individual boulders in the
area. Some of these same surface features are
also associated with the strongest absorptions
at 3.2 to 3.6 mm, though many are not (Fig. 4).
The majority (~64%) of the carbonate signatures
have band positions that are consistent with
calcite, followed by magnesite/Mg-rich breunnerite (~24%) and dolomite/Fe-rich breunnerite
(12%) (Figs. 2 and 3).
Bright vein-like features and mottling
in boulders

To provide geologic context for the spectral
observations, we examined high-resolution
(~1.4 cm pixel–1) images of the Nightingale
region acquired by the OSIRIS-REx Camera
Suite (OCAMS) PolyCam imager (30, 31) during
Recon A. We found centimeter- to meter-scale
features on boulders that are distinctly brighter
Kaplan et al., Science 370, eabc3557 (2020)

than the surrounding host rock. Some of these
features are elongated and linear, whereas
others are irregularly shaped. They are apparent in the raw camera images, with digital
number (DN) values between 1.4 and 1.9 times
the average value of the host rock (table S3),
indicating higher reflectance than the average
Bennu surface.
To quantify the brightness and morphology
of these features, we focused on three host
boulders (Fig. 5). We radiometrically calibrated
the images using the mission’s standard calibration process (31). This process converts
raw DN values to reflectance (also known as
radiance factor or I/F), the ratio of incident
solar radiation that is reflected from the asteroid to that which would be reflected from
an ideal Lambertian surface normally illuminated by the Sun. The reflectance values are
then used to determine the bright material’s

6 November 2020

normal albedo, defined as the reflectance at
normal observing conditions (0° solar incidence, 0° solar phase, and 0° emission angles).
We registered the calibrated images to digital
terrain models (DTMs) of the boulders, previously produced from OSIRIS-REx Laser Altimeter (OLA) data with an average facet size of
~7 cm (19, 32). We estimated the observed
photometric angles by ray tracing from the
registered position and orientation of the camera to the DTMs. We used the derived angles
as inputs to the Robotic Lunar Observatory
photometric correction (33) to compensate
for the reflectance variations resulting from
changing viewing and illumination conditions.
We then measured the absolute difference in
normal albedo between the bright features and
their host rocks.
The median normal albedo of Bennu, ~4.4%,
is among the lowest of any object in the Solar
3 of 12
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Analysis of their colors is published elsewhere
(37). They have higher thermal inertias than
the dark boulders, which may indicate lower
porosity (38), as we expect for precipitation
of vein-filling materials in fractures and void
spaces.
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Fig. 3. Band minima positions of OVIRS signatures compared to laboratory spectra of carbonates. The
positions of two carbonate band minima near 3.4 mm are plotted for Bennu (empty black circles), along
with values for laboratory spectra (colored solid symbols; see legend and table S1). The OVIRS minima
positions indicate a range of compositions on the surface. Circles are scaled to show the number of spectra
represented, as indicated in the legend.

System (5, 34). Analyses of the photometrically
corrected images show that the bright features
have normal albedos of at least 10 to 19% (Fig. 5
and table S3). The mean normal albedo of the
host boulders varies between 6.0 and 7.6%
(table S3), which is also brighter than Bennu’s
global average.
We performed further analysis of one of the
bright feature–bearing boulders (labeled VBR13 in Fig. 5, where VBR stands for vein-bearing
rock) to assess the uncertainty and variability
of the derived normal albedo values. This
boulder was identified in 13 images taken at
varying resolutions and observation geometries (table S3). In images with pixel scales
ranging from 1.3 to 4.8 cm pixel–1, the normal
albedo of the bright material ranges from
14 to 19% (±2.2%, 1s) (table S3). We rule out
textural and observation geometry effects
and conclude that the bright features are
high-reflectance material included in the
host rocks.
The three illustrative examples of the
elongated, linear bright features are 3 to 15 cm
thick and vary in length from 50 to 150 cm,
though smaller examples exist (Fig. 6). These
occur at sharp edges of boulders so may be
small exposures of a larger internal layer. We
interpret all these features as veins—narrow,
linear features formed when an aqueous solution flows through a rock, depositing minerals
by precipitation, usually within preexisting fractures. Shock processes can also create linear or
planar features, and melt veins created by shock
Kaplan et al., Science 370, eabc3557 (2020)

events are found in some meteorites (35). Shock
melt veins are darker than the surrounding
meteorite matrix, whereas the veins on Bennu
are brighter than their host rocks.
The irregularly shaped bright features in
darker host rocks produce a mottled appearance (Fig. 6). Similar mottled boulders occur
on another C-complex asteroid, (162173) Ryugu
(36). The irregular features on Bennu are typically >10 cm in the longest dimension, range
from angular to rounded, and can occur individually or in clusters.
The host rocks of the veins and irregular
features span a range of albedos and sizes but
tend to have similar morphologies. The host
boulders appear to be part of a previously identified population that has a distinct, brighter
albedo distribution (though not as bright as the
veins and irregular features they host) relative
to the dark boulders that dominate Bennu’s
surface, and a more negative spectral slope at
ultraviolet (UV) wavelengths (37). These brighter
boulders also have a different texture, appearing
smoother and more angular than the dark
boulders on Bennu. The former exhibit fractures and pits and appear to be harder and
less easily broken down than the other, more
hummocky observed boulder morphologies.
The largest bright boulder is ~10 to 12 m; all
of the largest boulders (≳20 m) on the asteroid
are dark (5). In many cases, boulders that host
bright veins or irregular features do so only on
a single face. A few small boulders have bright
material that dominates an entire face (fig. S3).
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Although meteorites are a biased sample of
the asteroids from which they are derived,
comparison may offer insight into the possible
carbonate mineralogy and vein-filling materials on Bennu. We therefore searched previously
published studies for evidence of carbonate
minerals and bright veins in the carbonaceous
chondrite meteorites.
The carbonate mineralogy of carbonaceous
chondrites is a function of their alteration
history. CM chondrites contain on average
<4 vol % carbonate (39–41). The least altered
CM chondrites contain calcite as the dominant
carbonate mineral (39, 42). With increasing
degrees of alteration, dolomite appears, followed by breunnerite (42–44). In the most
altered samples, dolomite, breunnerite, and
calcite are replaced (in that order) by Fe-rich
serpentine, Fe–Ni sulfides, and Mg-rich serpentine (39). In CM chondrites of all subtypes, a
second generation of calcite forms after the
sulfides and phyllosilicates by replacement
of remaining anhydrous silicates and dolomite (39).
The carbonate mineralogy of the CI chondrites is similar to that of the most altered
CMs. CI meteorites contain four types of
carbonates (dolomite, breunnerite, calcite,
and siderite) comprising an average of 5 vol %
of the samples (24). However, the abundance
of carbonates in some individual lithic fragments of CIs exceeds 10 vol %. A lithic fragment in Ivuna (a CI) has calcite as the only
carbonate, which accounts for more than
20 vol % (24). Another clast has 21.5 vol %
carbonate (45). A dark matrix clast in Orgueil,
another CI, contains ∼35 vol % of pure calcite
(46). CIs have greater diversity in carbonate
cations than CMs, including more Mg in
breunnerite and magnesite. In CIs, dolomite
is the most abundant carbonate phase, with
breunnerite and calcite being much less abundant (24, 44, 47). Siderite is extremely rare,
with only one grain reported (24).
Similar to the highly altered CMs and the
CIs, the ungrouped carbonaceous chondrite
Tagish Lake has a carbonate-rich lithology with
calcite, dolomite, and Fe- and Mg-rich breunnerite spread diffusely through the matrix (48).
The CR chondrites also have carbonates up to
5.7 vol % (49).
Most carbonates in CI and CM chondrites
occur as grains 10 to 50 mm in diameter distributed throughout the matrix. However, carbonates in some carbonaceous chondrites
occur as veins or vein fragments (39, 50). For
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Fig. 4. Maps of carbonate-like spectral signatures at the Nightingale site and surrounding area. OVIRS
footprints [colored ellipses, as indicated in the legend in (B)] of differing carbonate compositions are
plotted over a panchromatic image (A) and over a map of band area from 3.2 to 3.6 mm (B). The band area
does not distinguish between organics and carbonates but demonstrates overall contribution to the spectrum
from carbon-bearing species. The Nightingale sample collection site is indicated with a black dot.

instance, the CM chondrite SCO 06043 is
crosscut by dolomite veins hundreds of micrometers in length (39). LON 94101, another
CM chondrite, contains calcite that occurs
as millimeter-sized veins (50). Carbonate aggregates (~100 mm across) resembling fracture
fillings have been observed in the Orgueil and
Alais CI chondrites (24, 51). These have been
interpreted as vein fragments that were mechanically disrupted and dispersed during
breakup of the host rock (24). Veins up to
~300 mm in length are observed in Belgica
7904, a chondrite with similarities to both the
CI and CM groups (52). Veins of carbonates
also occur in some CR chondrites, such as in
Renazzo and GRO 95577 (40, 53).
Other vein-filling minerals are found in meteorites. Fractures ≤500 mm long are filled with
Kaplan et al., Science 370, eabc3557 (2020)

smectite-chlorite in the ungrouped carbonaceous
chondrite Y-82162 (54). Phyllosilicate–magnetite
structures and “trains” of magnetite crystals in
Orgueil have been interpreted as recrystallized
veins (55). Sulfate and phyllosilicate veins occur
in some CIs (44), and sulfate and Fe-rich veins
are found in CMs (56). At least some of the sulfate
veins are thought to be terrestrial weathering
products (57).
The presence of bright, carbonate-filled veins
in meteorites suggests a connection between
our observations of carbonate-matching spectra
and bright veins in the Nightingale area. The
carbonate compositions that best match the
spectral signatures on Bennu are similar to those
of the CI chondrites and the most aqueously
altered CM chondrites (24, 39, 43, 58), which are
sometimes expressed as veins.
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In addition to the spectral evidence indicative
of carbonates (calcite, magnesite, dolomite,
and breunnerite) that we present, known
phases on Bennu’s surface include Mg-rich
phyllosilicates (3), the Fe-oxide magnetite
(3, 4), aliphatic organic molecules (18), and
a few pyroxene-rich boulders likely originating from the Vesta asteroid family and
delivered by impact (59). We consider whether
any of these other phases could be potential
vein-filling minerals.
Phyllosilicate veins in meteorites have similar compositions to that of their host rock (54)
and therefore are unlikely to have distinct
albedos from that of their surroundings,
which is inconsistent with the bright veins
and irregular features that we observe in host
boulders. The exogenous pyroxene-bearing
boulders have brighter normal albedos of ~10
to at least 26% (59). However, they have distinctive spectral features in the 1- and 2-mm
region that we do not observe in OVIRS spectra covering the bright features. Sulfates are
present in Bennu-analog meteorites, but the
signatures observed in meteorite spectra (i.e.,
Ca-sulfate: distinctive features at ~1.4, 1.75,
1.9, and 2.1 to 2.2 mm) (60) are not detected in
the OVIRS spectra. Magnetite and organics
are optically opaque and unlikely to have the
normal albedos of 10 to at least 19% observed
for the bright features and veins (23, 61).
Thus, although the 3.4-mm feature in some
OVIRS spectra could be attributable to organics rather than carbonates (Fig. 2), the
low albedo of organic-rich material means
that it is not a plausible candidate for the
dominant composition of bright veins on
Bennu.
We conclude that carbonate is the most
likely bright vein-filling material. Magnetite, sulfides, and organic phases may also be
present in smaller abundances. These phases
are commonly associated with carbonates in
carbonaceous chondrites (45). Pure carbonates have albedos approaching 100% (62),
but minor abundances of opaque minerals
(e.g., magnetite and sulfides) can reduce
albedo to the level of the bright features on
Bennu (63). Coarser grain size can also reduce albedo (64).
Reciprocally, the bright veins and irregular
high-reflectance features in boulders on Bennu
are the most likely source of the carbonatematching spectral signatures that we detected
in the higher–spatial resolution OVIRS data.
Hereafter, we refer to these 3.4-mm spectral
signatures as carbonate signatures.
However, even at the highest spatial resolution available, OVIRS footprints are too
large to isolate individual bright features. For
instance, the veins in Fig. 6 only account for
<0.1% of an OVIRS footprint (~28 m2), and
their host boulders account for 7 to 35% of a
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Fig. 5. Images and albedos of bright veins and irregularly shaped features on Bennu. Photometrically corrected PolyCam images (see text) of three boulders
in the Nightingale region that host bright veins and irregular features. Transects across the bright features are indicated with red dotted lines, and normal albedos
along the transects are plotted in the panels on the right. Albedos exceed 10%. VBR-10 is located at 51.56°N, 58.34°E; VBR-13 at 61.60°N, 50.57°E; and VBR-14
at 62.88°N, 71.55°E. Further images of the VBR-13 are shown in fig. S4.

footprint. Previous work has shown that
OVIRS is highly sensitive to bright material,
even in cases where it accounts for <1% of the
instrument field of view (59). Changes in
viewing geometries and outcroppings could
block carbonate from the view of the spectrometer, explaining the variable strength of
the carbonate feature in the spectral data
(fig. S4).
We used a linear mixture analysis to assess
whether carbonates, sequestered in veins comprising <0.1% of an OVIRS footprint, could
Kaplan et al., Science 370, eabc3557 (2020)

account for the spectral signatures that we
observe (19). We found that very small fractions of carbonate, typically <0.5%, are enough
to reproduce the features seen in the OVIRS
spectrum (Fig. 6).
Near the Nightingale site, most of the
OVIRS spots that cover veins (Fig. 6) have a
calcite signature, which is the most common
carbonate spectral signature on Bennu (Figs.
2 and 3). Signatures that may indicate more
Mg-rich carbonates (dolomite, magnesite,
breunnerite) are commonly associated with
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larger, bright boulders (up to ~10 m), sometimes without visible evidence for veins or
mottling (Fig. 4). Some areas have carbonate
signatures with no visible veins or bright irregular features, but where small boulders
consistent with the vein-hosting type are
present. We attribute these detections not
associated with a visible feature to more
diffuse carbonate material, as would be expected in boulders or regolith where carbonate
deposition may have occurred in micropores or
fine veinlets, veins may have been brecciated
6 of 12
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Nightingale region. (B) OVIRS spectra of footprints that include each of these boulders have features near 3.4 mm that may be attributable to carbonates. Dashed
vertical lines indicate the positions of band minima for calcite (red), dolomite/breunnerite (green), and magnesite (yellow). (C) Linear mixture models (orange and
blue lines) reproduce the observations (black data points) using a small fraction (<1%) of carbonate. The extent of the OVIRS footprints is shown in fig. S6, and
spectral model endmembers are in fig. S7.

and dispersed through impact gardening, or
carbonates may have formed by fine-scale alteration processes that did not cause development of veins. It is also plausible that there
is visible-scale carbonate-rich material within
a host rock that is simply not exposed on the
boulder face (e.g., VBR-14 in Fig. 5).
Kaplan et al., Science 370, eabc3557 (2020)

Conversely, we observe some veins in OVIRS
spots without a strong carbonate signature.
These spots tend to have spectral signatures of
organics or organic-carbonate mixtures, which
could indicate that a greater proportion of
organics is present that is obscuring the
carbonate signature, or that viewing geom-
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etry effects are depressing the carbonate
band depth (fig. S5) (19).
Carbonate abundances on Bennu

Though carbonaceous chondrites contain carbonate, they rarely show spectral evidence
of it in the visible–near-infrared (VIS-NIR)
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by impact. We expect high concentrations of
carbonate in meteorites if centimeter- and
meter-scale carbonate features are present on
their parent bodies.
Hydrothermal alteration on Bennu’s
parent body
Distance

Uninterrupted veins up to 150 cm long, such
as those that we observe in the OCAMS data,
are too large to have formed on Bennu itself
and thus must have survived from the parent
body. We interpret these veins as most likely
originating in the same aqueous system that
is responsible for the overall level of hydration observed on Bennu.
Models of carbonaceous asteroid thermal
evolution, based on meteoritic evidence, indicate that aqueous alteration was driven by
hydrothermal convection [e.g., (67)]. It is
unclear whether aqueous alteration occurred
in a chemically closed system, in which bulk
chemistry did not vary on the length scales of
the meteorites, or an open system in which
fluid flow promoted chemical fractionation
(50). The unfractionated bulk chemical compositions of the carbonaceous chondrites appear incompatible with fluid flow over the
large distances expected for open systems
(13, 68, 69). Closed-system models are consistent with carbonaceous chondrite unfractionated bulk chemical compositions and
their oxygen isotopes (14, 47, 67, 70, 71). The
latter models are supported by the low permeability of parent body interiors (72). Opensystem hydrothermal alteration scenarios
suggest that fluids flowed through fractures
from the interior to the exterior of the asteroid, and carbonate minerals precipitated
into these fractures as veins (24). Oxygen
isotope evidence has been alternatively interpreted as indicative of such open systems
with large-scale fluid flow (73, 74). Numerical
simulations of parent body evolution also
suggest asteroid-scale fluid mobility (75–78).
The putative carbonate veins that we observe on Bennu are orders of magnitude larger
than any known in meteorites. We used mass
balance constraints to estimate the size of the
hydrothermal systems required to produce the
observed veins on Bennu. Assuming that
the veins are pure calcite, they would contain 56 wt % CaO; this is an upper limit, given
the lower albedo of the veins relative to pure
carbonate. Previous analysis showed that the
bulk abundance of CaO in Orgueil, which has
major element abundances similar to the
solar photosphere and hence the bulk Solar
System, is 1.36 wt %, of which 0.63 wt % is
soluble (46). Thus, formation of calcite veins
requires a rock volume 41 times that of the
vein, if all of the Ca is removed from an
Orgueil-like host rock. If only the soluble
component is mobilized, then the alteration
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volume increases to 89 times that of the vein.
The largest observed vein on Bennu is 14 cm
thick. This thickness implies that a volume of
host rock extending between 288 and 622 cm
above and below the vein must have been
leached of Ca, if carbonate fills the vein. Thus,
hydrothermal alteration on Bennu would have
occurred on the scale of at least meters. However, this estimate is a lower limit, as it requires substantial elemental fractionation of
nearby host rocks, which is inconsistent with
bulk chondritic elemental abundances.
Carbonate formation during aqueous alteration in CM chondrites would have occurred
at moderate temperatures (<35°C) and pressures (<10 MPa) in the interior of a parent
asteroid (69). These conditions are consistent
with experiments of calcite vein formation
performed at temperatures of 22° to 23°C and
ambient atmospheric pressure (~100 kPa) (79).
These experiments indicated that a large volume of fluid is required to produce calcite
veins: typically, a fluid/calcite volume ratio of
105 to 106 for formation of thin short veins.
Applying these values to the thickest veins on
Bennu suggests fluid flow at the scale of 20 to
45 km on either side of the vein, implying a
nearly global, open hydrologic system on Bennu’s
~100-km-diameter parent body (11, 19).
Our calculations support the open-system
model of asteroidal aqueous alteration. In this
scenario, internal pressurization drove fluid
flow from the interior of Bennu’s parent asteroid through pore spaces to the asteroid
surface, where water could be lost into space.
As water ice melted, liquid water migrated
through high-permeability fractures created
by impact-induced brecciation (24, 39, 50, 58, 80).
Alternatively, crack propagation could have
been driven by overpressurization of gas
formed during alteration (81). The reactants
Ca and CO2 were leached from host rock and
transported over distances of meters to kilometers. As the hydrothermal solution cooled,
calcite crystals grew into open pore spaces
along the fractures, forming the veins that we
observe on Bennu. This mechanism is consistent with calcite in CM chondrites having
formed by cementation of fluid-filled fractures (50, 58).
Impact processing of the parent asteroid
regolith could have continued after vein formation. The catastrophic disruption of the
parent body and reaccumulation of rubble to
form Bennu likely fractured rocks along the
weak carbonate veins, potentially explaining
why they are sometimes exposed on apparently broken faces. Thus, the geologic expression of the veins on Bennu has been modified
by its violent history.
Time

Aqueous alteration likely proceeded progressively in multiple phases or events. Several
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wavelengths covered by OVIRS (0.4 to 4.3 mm).
Carbonaceous chondrites with some of the
highest carbonate abundances exhibit a 4-mm
carbonate absorption [e.g., Tagish Lake, (23)],
but evidence of carbonate in the region from
3.2 to 3.6 mm is rarely found in meteorite
spectra. Among published carbonaceous chondrite spectra, <2% have evidence for carbonate
in this spectral region, with most either having
no absorption or an organic absorption feature
(table S4). There are no known organiccarbonate mixtures in carbonaceous chondrite spectra, suggesting that the abundances
and/or spectral mixing regime on Bennu are
distinct from that in the meteorites. Outcroppings of carbonate in meter-length veins
could produce such a distinct spectral mixing
regime, which would not be represented in
meteorites.
Because carbonate has not been definitively
detected in OTES spectra, we can place constraints on its abundance. For particles that
are larger than the wavelength of light, thermal
infrared spectra are the linear sum of the
spectral signatures of all component phases
in proportion to their abundance (65). Typically, such data are sensitive to individual
phases at volumetric abundances of a few
percent or more in laboratory and remotesensing mixtures (66). The absence of these
features suggests that, at global to regional
scales, carbonate is unlikely to constitute
more than a few percent of Bennu’s surface
mineralogy. At local scales (single to a few
spectra), OTES’s SNR is low at wavelengths
less than ~7.4 mm, making detection of the
n3 fundamental band challenging. At longer
wavelengths, there are no substantial differences from global and regional averages
in the features near 11.3 and 25 to 33 mm.
This is consistent with absolute abundances of a few percent or less at the scales of
most OTES global observations.
If carbonate is concentrated in the veins and
irregular bright features on Bennu, it would
account for only a percent or less of the area of
each OVIRS spot, or 0.5% of an OTES spot (fig.
S6). Such an abundance is consistent with the
lack of OTES detection and with our linear
mixture analysis, which indicates that only a
fraction of a percent of the surface needs to be
carbonate to account for the OVIRS signatures
(Fig. 6). OVIRS may be particularly sensitive to
carbonates if they are segregated from other
surface materials and bright compared to their
surroundings, as is the case for the pyroxenebearing boulders (59). Although outcroppings
of carbonate at the scales of veins observed on
Bennu are not represented in the meteorite
collection, the overall abundances of carbonate on Bennu may be similar to those of the
meteorites (a few vol % or less). The clasts with
high vol % carbonate found in some CI chondrites
could result from the breakup of larger features
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Does Bennu have a meteorite analog?

Spectral data from OVIRS and OTES collected
while approaching the asteroid indicated that
Bennu’s mineralogy and chemistry were consistent with the most aqueously altered CM
chondrites but did not rule out the presence of
some CI-like material (3). We build on that
analysis with the spectral and geologic features that we observe at Nightingale to further
constrain Bennu’s relationship to the carbonaceous chondrite meteorites.
Bennu’s observed global spectral properties
are broadly consistent with a highly altered
CM chondrite mineralogy (e.g., CM1): Bennu
has a hydration band minimum at 2.74 mm, a
position that is associated primarily with Mgserpentine (e.g., antigorite) but could incorporate some Fe-serpentine (cronstedtite) (3).
The CIs, however, have band minima at shorter
wavelengths (2.71 mm) associated with the
phyllosilicates saponite and Mg-serpentine
Kaplan et al., Science 370, eabc3557 (2020)

(lizardite and chrysotile) (6). The OTES data
suggest that Bennu’s surface is dominated
by phyllosilicates, consistent with the most
aqueously altered CMs (3).
Though calcite is the most common carbonate mineral that we identify on Bennu, at
least one-quarter of the carbonate detections
are more Mg-rich compositions based on the
wavelength of their 3.4-mm features (Fig. 3),
including likely dolomite, breunnerite, and
magnesite. Only calcite, breunnerite, and dolomite have been found in CM chondrites,
possibly because Mg is limited to dissolution
from olivine, which occurs in only the most
altered CMs (39, 43). Magnesite has only been
reported in the CIs (47, 86) and in some ungrouped carbonaceous chondrites (87), so the
presence of magnesite on Bennu could imply
a closer relationship to these meteorites.
However, calcites still account for the largest
individual fragments in the CIs (46), and veinfilling calcites are found in both CIs and CMs
(24, 39, 51).
CM and CI meteorites are usually assumed
to originate from different asteroid parent
bodies. The bright veins and irregular features on Bennu are associated with a specific
boulder morphology and reflectance range, so
they could have a different composition, and thus
a distinct source, from that of the other boulders
on Bennu. However, though the vein-bearing
boulders belong to a population with distinctive albedo and color (37), there is no indication
that the hydration band minimum position or
depth for these boulders is different from that
of the rest of Bennu (18), though much of the
spectral data have a spatial resolution too low
to isolate individual boulders of this type. Bennu’s
rubble-pile structure and diverse boulder morphologies are consistent with a mixture of
compositions from multiple locations within
its parent asteroid.
Bennu may bear the closest resemblance to
the ungrouped carbonaceous chondrite meteorites with similarities to both CMs and CIs.
For instance, the ungrouped carbonaceous
chondrite Tagish Lake has mineralogy, oxygen isotope, and bulk chemical composition
that fall between those of the CMs and CIs
(88). It has a carbonate-rich lithology that
contains both calcite and Fe,Mg-carbonates
intermixed with saponite and magnetite clasts
(88). Tagish Lake is dynamically and spectrally
linked to outer main belt C-complex asteroids
with red spectral slopes (89), so we do not
suggest that it is directly related to the bluesloped Bennu. However, Bennu may similarly
represent an ungrouped, intermediate composition of chondritic material. The bright
centimeter-scale irregular features and meterscale veins on Bennu, which are also not
represented in meteorites, may be characteristic of this particular material; alternatively, it may be common on carbonaceous
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chondrite parent bodies but only observed
on Bennu, where we are able to make observations at the outcrop scale. Mottled boulders
on Ryugu could be a similar expression of
bright, carbonate-bearing material; however,
this cannot be confirmed with the spectrometer on Hayabusa2, which does not cover the
3.4-mm region.
Vein fragments in carbonaceous chondrites
could be rare because most carbonate veins
have been broken up and scattered by impacts
(44, 51). Carbonate veins may be preferentially
destroyed by the ejection process and/or passage through Earth’s atmosphere, reducing
the likelihood of being represented in the
meteorite record. Meteorite collection parties
might not recognize carbonate-rich fragments
as possible meteorites.
Role of space weathering

Space weathering can modify the spectrum of
an exposed surface, complicating comparison
between in situ spectra of Bennu and the
interiors of meteorites. The influence of space
weathering on Bennu’s spectral properties is
only partly understood. The bright boulder
population that hosts the veins and irregular
features appears more resistant to space
weathering than dark boulders on Bennu (37).
Irradiation experiments performed on meteorites indicate that a wide range of changes in
VIS-NIR spectral slope are possible (90). Space
weathering can destroy aliphatic organics (91),
which could explain the variable organic and
carbonate mixture signatures that we observe
with OVIRS. In this scenario, more recently
exposed surfaces would have stronger organic
absorptions that weaken with time. Bennu is
known to eject particles from its surface; the
mechanism is unknown but could expose material from the interior (92). The spectral signature of carbonate and mixtures, where
present, still implies either an unexpectedly
high abundance or, more likely, an unusual
outcropping of carbonate, compared to the
carbonaceous chondrite spectra.
OSIRIS-REx’s sampling mechanism is designed to collect the top several centimeters
of Bennu’s regolith (93), whereas the spectrometers only measure the top tens to hundreds of
micrometers. Thus, space-weathered material
may be in the minority of the collected sample,
unless regolith mixes on the centimeter scale
on time scales longer than the rate of space
weathering. Material attached to the spacecraft’s surface contact pads could distinguish
surface-exposed material from un–spaceweathered material in the near subsurface.
Thermal evolution and organics

Most aqueous alteration in the CIs and CMs
occurred at temperatures <150°C, but some
meteorites have experienced additional heating to higher temperatures (86). Carbonates
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episodes of alteration occurred on the CI
parent body (24). Coexisting calcites and dolomites in CM chondrites are not in equilibrium so also formed in distinct events (44, 80).
Dolomites typically form slightly earlier than
breunnerites. Extensive aqueous activity on
the Orgueil parent body occurred over a period of several million years, starting ~3 to
4 million years (Myr) after formation of the
Solar System (82). The probable difference
in age between dolomite and breunnerite indicates temporal variations in fluid composition
(82). Different carbonates (e.g., calcite, dolomite,
and breunnerite) are characterized by distinct
oxygen and carbon isotopic compositions [e.g.,
(83)]. Much of the calcite in CM chondrites
represents a second generation that formed
after the first-stage alteration that established
the dominant phyllosilicate mineralogy [e.g.,
(39)]. This scenario is consistent with our observations of bright, ostensibly calcite veins
hosted in fractures in phyllosilicate-rich boulders.
Carbonate precipitation time scales depend
on factors such as fluid saturation state, flow
velocity, vein dimension, and kinetic rate constants and reaction order. We apply a kinetic
model (79) to constrain the time necessary for
vein filling, finding that the veins on Bennu
developed on the parent body over thousands
to millions of years (19).
These time scales are consistent with the
timing of crystallization indicated by Mn-Cr
dating of carbonates in CI and CM chondrites.
Calcites and dolomites in four CM chondrites
þ0:4
Myr after
all have formation ages of 3:80:5
the formation of the oldest Solar System solids
(84). The crystallization ages of dolomite in
the QUE 93005 and Sutter’s Mill carbonaceous
chondrites indicate that aqueous alteration
occurred at a similar timing of 3.93 ± 0.23 Myr
(42) and 2.4 to 5.0 Myr after the birth of the
Solar System (85), respectively.
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Conclusions

Remote-sensing observations provide outcropscale information, on scales larger than meteorite samples. Bennu shares compositional
traits with aqueously altered CM and CI
meteorites, including the presence of Mgphyllosilicates, magnetite, and, we posit, carbonate mineralogy dominated by calcite, with
smaller amounts of magnesite, dolomite, and
breunnerite. However, the carbonate spectral
dominance in OVIRS data at 3.4 mm is unusual
compared to meteorite spectra. We observe
bright veins with thicknesses of 3 to 15 cm and
lengths that can exceed 1 m. We propose that
they are composed of the spectrally detected
carbonates. On the basis of the vein dimensions, which are much larger than any veins
found in meteorites, a hydrothermal system of
at least 89 times the volume of the veins, or an
amount of fluid at least 105 times the volume
of the veins, would have been required to
leach the elements from the surrounding host
rock. Fluid flow on Bennu’s parent body would
have taken place over distances of kilometers
Kaplan et al., Science 370, eabc3557 (2020)

for thousands to millions of years. We predict
that the returned sample could contain carbonates with structure and scale distinct from
those in the meteorites.
It remains unclear whether these differences
arise from material that would not survive
delivery to Earth as a meteorite, or because
Bennu’s parent body is distinct from the CM
or CI parent body. Bennu is unlikely to be the
only object of its kind in the asteroid population, as most asteroids have not been visited by spacecraft. Large-scale open-system
hydrothermal alteration may therefore have
occurred on carbonaceous parent bodies
more generally. Ceres, the only other known
carbonate-bearing asteroid that has been visited by a spacecraft, experienced extensive
hydrothermal alteration, beyond the degree
of the most hydrated (CI group) meteorites
(98). This extensive alteration along with more
recent geologic activity (99) may have obscured
evidence of the earliest stages of alteration, including vein formation. Whether distinct or
representative, the returned sample from Bennu
is likely to contain carbon-bearing species in
the form of organics and/or carbonates.
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2019-10-27. OCAMS (PolyCam) images from the Reconnaissance
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The complex history of Bennu's surface
The near-Earth asteroid (101955) Bennu is a carbon-rich body with a rubble pile structure, formed from debris
ejected by an impact on a larger parent asteroid. The Origins, Spectral Interpretation, Resource Identification, Security,
Regolith Explorer (OSIRIS-REx) spacecraft is designed to collect a sample of Bennu's surface and return it to Earth. After
arriving at Bennu, OSIRIS-REx performed a detailed survey of the asteroid and reconnaissance of potential sites for
sample collection. Three papers present results from those mission phases. DellaGiustina et al. mapped the optical color
and albedo of Bennu's surface and established how they relate to boulders and impact craters, finding complex evolution
caused by space weathering processes. Simon et al. analyzed near-infrared spectra, finding evidence for organic and
carbonate materials that are widely distributed across the surface but are most concentrated on individual boulders.
Kaplan et al. examined more detailed data collected on the primary sample site, called Nightingale. They identified bright
veins with a distinct infrared spectrum in some boulders, which they interpreted as being carbonates formed by aqueous
alteration on the parent asteroid. Together, these results constrain Bennu's evolution and provide context for the sample
collected in October 2020.
Science, this issue p. eabc3660, p. eabc3522, p. eabc3557
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