






primarily by changes in the abundance of Fe,
Ca, Al, Ti, and Mg (9). In the absence of H, dio-
genites, with relatively low Fe, Ca, and Al abun-
dances, produce higher TPE neutron counting
rates than that of basaltic eucrites, which have
higher abundances of these elements.

For any H-free composition, increasing [H]
causes the TPE and BLPe counting rates to de-
crease in a predictable way (Fig. 4, red trend
lines). GRaND data do not follow a single H trend
line, indicating that neutron absorption is not uni-
formonVesta’s surface. Pointswithin theRheasilvia
basin cluster to the right of the howardite trend
line in Fig. 4, toward cumulate eucrites and diog-
enites. This is consistent with measurements of
pyroxene band centers by Dawn’s Visible-Infrared
mapping spectrometer (VIR) (22), which show
that Rheasilvia is more diogenitic than is the rest
of Vesta. Hubble Space Telescope observations
demonstrated the presence of the Rheasilvia basin,
which was inferred to have excavated the lower
crust or upper mantle (23); however, the multi-
color camera data were interpreted to indicate
high-Ca pyroxene and/or olivine and not the low-
Ca pyroxene characteristic of diogenites detected
with VIR.

Using Eq. 1 and assuming [H] = 0 mg/g for the
maximum epithermal counting rate in Rheasilvia,
the distribution of H on Vesta (Fig. 5) was deter-
mined frommapped epithermal neutron counting
rates (Fig. 3A). This procedure gives a robust,
lower bound on [H] at each map location, with
uncertainties of ~50 mg/g. The global average [H]
was 180 mg/g. Thus, Vesta’s regolith contains at
least 2.4 × 1011 kg of H within the 150 g/cm2

depths sensed by GRaND. For a density like that
of lunar soil, 1800 kg/m3, Vesta’s regolith would
contain an average of 0.3 kg/m3 of H in the
approximately 80-cm-thick regolith layer sensed
byGRaND.On the basis of comparisonwith data
acquired with GRaND at Mars (12), the average
[H] on Vesta could be higher: 800 mg/g. However,
this estimate is very uncertain (T400 mg/g).

The map of [H] is compared with an albedo
map in Fig. 5. The highest abundances of H
correspond to the lowest-albedo regions. [H] and
albedo are anticorrelated, with a linear Pearson
correlation coefficient of –0.73 (12), suggesting
that a dark, H-bearing component is mixed into
the surface. Deviations from this correlation may
arise from the large differences in the spatial res-
olution of the [H] and albedo maps and other
sources of albedo variation, such as particle size
or the presence of dark, H-free materials (such as
impact melt or dewatered carbonaceous chondrites).

Hydrogen content is roughly associated with
surface age, with the lowest [H] found in the
younger Rheasilvia basin and the highest corre-
sponding to dark, older units relatively uncon-
taminated with Rheasilvia ejecta (17, 24). The
young crater, Marcia (190E, 10N), a comparative-
ly high-albedo feature within the dark equatorial
region, is associated with a local minimum in [H]
(Fig. 5). Another local minimum in [H] extending
from Rheasilvia into the northwestern part of a

basin containing Oppia is associated with rela-
tively low crater density.

HEDmeteorite compositions show that Vesta
accreted from volatile-poor materials and is
similar to the Moon in its abundance of moder-
ately volatile elements such as Na (25) and thus
would have been very H-poor. Consequently,
the H measured with GRaND does not have an
endogenous source. Two exogenous sources are
possible: implantation of solar wind H in regolith
grains and the infall and survival of hydrous ma-
terial from meteoroids.

Solar wind cannot explain the high-H con-
tents (up to 400 mg/g) found in some areas. The
lunar regolith contains far less H; 16 to 60 mg/g
for soils and 11 to 116 mg/g for regolith breccias
(26). Lunar soils contain 15 to 123 nmoles/g solar
wind 20Ne, and regolith breccias contain 56 to
335 nmoles/g (12). Kapoeta, a regolithic how-
ardite (7), contains only 0.04 to 1.28 nmoles/g of
20Ne in solar wind–dominated samples (27). Cor-
recting the solar wind flux for heliocentric dis-
tance, the data show that Kapoeta had a shorter
exposure than did lunar regolith breccias and can-

not contain more than 100 mg/g solar wind H and
likely much less (12).

The infall of carbonaceous chondritic material
containing OH-bearing phyllosilicates is a viable
alternative (9). A weak detection of an OH ab-
sorption feature in Earth-based infrared spectral
measurements has been interpreted as arising from
carbonaceous chondritic debris on Vesta (28), al-
though this detection was not confirmed by other
Earth-based observations (29). Admixture of car-
bonaceous chondritic material is one of two hy-
potheses advanced to explain lower-albedo regions
seen in Dawn Framing Camera images (30).

Incorporation of hydrous carbonaceous chon-
dritic debris in the regolith can quantitatively ex-
plain the measured concentrations of H and the
association of H with low-albedo material. Chon-
dritic clasts have been found in the HEDs, mostly
in howardites (12). Most clasts are CM or CR
chondrites; ~80% are CM (31). Modal abun-
dances of clasts are typically 2 to 5% by vol-
ume, but an exceptional sample contains up to
60% clasts (32). Some clasts have been partially
dehydrated during impact (31). The average H
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content of CM chondrites is 1.2 weight percent
(33), and CR chondrites have comparable H
contents (34). The abundances of carbonaceous

chondrite clasts translate to 240 to 600 mg/g H
for bulk howardites, assuming little dehydra-
tion has occurred, which is similar to abundances

found on Vesta. Volatilization of hydrogen-bearing
materials by high-velocity impacts may have re-
sulted in the formation of pitted terrain (35); one

Fig. 4. Contributions from H and neutron absorption are
distinguished by a scatterplot of the mapped epithermal
(BLPe) and thermal + epithermal (TPE) counting rates (Fig. 3).
Representative error bars are shown. The data are compared
with simulated neutron counting rates for HED whole-rock
compositions (12). Counting rate trends with [H] are shown
for selected compositions. [H] is indicated for selected points
along the Howardite +H trend line. Both themodels and data
were arbitrarily normalized for this comparison.
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such terrain corresponds to the low-[H] region
around Marcia crater.

The extensive region on Vesta with elevated
H content is not plausibly due to a localized en-
hancement in meteoroid flux or a single isolated
impact—for example, fragments of the Veneneia
basin impactor. Regolithic howardites such as
Kapoeta contain CM, CR, andCI chondrite clasts
(31) in modest abundance (12), which suggests
accumulation over time from numerous impactors
and asteroidal dust (36). Thus, the H-rich region
of Vesta probably reflects a zone of more ancient
regolith, on which the accumulation of chondritic
debris has had a longer history. If Rheasilvia ejecta
blanketed this region, it was much thinner than
elsewhere on Vesta, so that subsequent gardening
has mixed in more of the underlying ancient, car-
bonaceous chondrite-rich regolith.

The deposition of exogenic material is time-
dependent, with H accumulating gradually on
exposed surfaces. Accumulation is reset by im-
pact excavation, volatilization, and mantling by
ejecta. Thus, the [H] measured with GRaND pro-
vides a measure of the relative age of the vestan
regolith on a global scale.

References and Notes
1. T. B. McCord, J. B. Adams, T. V. Johnson, Science 168,

1445 (1970).
2. R. P. Binzel, S. Xu, Science 260, 186 (1993).
3. D. W. Mittlefehldt, T. J. McCoy, C. A. Goodrich,

A. Kracher, Rev. Mineral. Geochem. 36, 4.1 (1998).
4. M. J. Drake, Meteorit. Planet. Sci. 36, 501 (2001).

5. H. Y. McSween, D. W. Mittlefehldt, A. W. Beck, R. G. Mayne,
T. J. McCoy, Space Sci. Rev. 163, 141 (2011).

6. K. Keil, in Asteroids III, W. F. Bottke, A. Cellino,
P. Paolicchi, R. P. Binzel, Eds. (Univ. Arizona Press in
collaboration with the Lunar and Planetary Institute,
Tucson, AZ, 2002), pp. 573–584.

7. P. H. Warren, G. W. Kallemeyn, H. Huber, F. Ulff-Møller,
W. Choe, Geochim. Cosmochim. Acta 73, 5918 (2009).

8. K. R. Housen, L. L. Wilkening, Annu. Rev. Earth
Planet. Sci. 10, 355 (1982).

9. T. H. Prettyman et al., Space Sci. Rev. 163, 371 (2011).
10. T. Usui, H. Y. McSween Jr., D. W. Mittlefehldt,

T. H. Prettyman, Meteorit. Planet. Sci. 45, 1170 (2010).
11. C. T. Russell et al., Science 336, 684 (2012).
12. Descriptions of data and methods are available as

supplementary materials on Science Online.
13. T. H. Burbine, T. J. McCoy, J. L. Hinrichs, P. G. Lucey,

Meteorit. Planet. Sci. 41, 1139 (2006).
14. B. E. Clark et al., J. Geophys. Res. 109, (E2), E02001 (2004).
15. E. A. Cloutis et al., Meteorit. Planet. Sci. 45, 1668 (2010).
16. D. W. Mittlefehldt, Meteorit. Planet. Sci. 40, 665 (2005).
17. P. Schenk et al., Science 336, 694 (2012).
18. R. Jaumann et al., Science 336, 687 (2012).
19. E. Asphaug, Meteorit. Planet. Sci. 32, 965 (1997).
20. W. C. Feldman et al., J. Geophys. Res. 106, (E10), 23231

(2001).
21. A. Colaprete et al., Science 330, 463 (2010).
22. M. C. De Sanctis et al., Science 336, 697 (2012).
23. P. C. Thomas et al., Science 277, 1492 (1997).
24. S. Marchi et al., Science 336, 690 (2012).
25. D. W. Mittlefehldt, in Treatise on Geochemistry,

D. H. Heinrich, K. T. Karl, Eds. (Pergamon, Oxford, 2007),
pp. 291–324.

26. R. Bustin, E. K. Gibson Jr., in The Second Conference on
Lunar Bases and Space Activities of the 21st Century,
W. W. Mendell, Ed. (NASA, Washington, DC, 1992),
pp. 437–445.

27. L. Schultz, L. Franke, Meteorit. Planet. Sci. 39, 1889 (2004).
28. S. Hasegawa et al., Geophys. Res. Lett. 30, 2123 (2003).

29. A. Rivkin, L. McFadden, R. Binzel, M. Sykes, Icarus 180,
464 (2006).

30. V. Reddy et al., Science 336, 700 (2012).
31. M. E. Zolensky, M. K. Weisberg, P. C. Buchanan,

D. W. Mittlefehldt, Meteorit. Planet. Sci. 31, 518 (1996).
32. J. S. Herrin, M. E. Zolensky, J. A. Cartwright,

D. W. Mittlefehldt, D. K. Ross, Proc. Lunar Planet.
Sci. Conf. 42, 2806 (2011).

33. K. Lodders, B. J. Fegley, The Planetary Scientist’s
Companion (Oxford Univ. Press, New York, 1998).

34. J. F. Kerridge, Geochim. Cosmochim. Acta 49, 1707 (1985).
35. B. Denevi, Science (2012).
36. M. Gounelle, M. E. Zolensky, J.-C. Liou, P. A. Bland,

O. Alard, Geochim. Cosmochim. Acta 67, 507 (2003).
37. J.-Y. Li et al., Icarus 208, 238 (2010).

Acknowledgments: We thank the Dawn team for spacecraft
and instrument operations at Vesta. Portions of this work were
performed by the Planetary Science Institute under contract
with the Jet Propulsion Laboratory (JPL), California Institute of
Technology; by JPL under contract with NASA; and by the
NASA Dawn Participating Scientist Program. D. Bazell and
P. Peplowski of Johns Hopkins University Applied Physics
Laboratory assisted in fast-neutron data analysis. The Dawn
mission is led by the University of California, Los Angeles, and
managed by JPL under the auspices of the NASA Discovery
Program Office. The Dawn data are archived with the NASA
Planetary Data System.

Supplementary Materials
www.sciencemag.org/cgi/content/full/science.1225354/DC1
Supplementary Text
Figs. S1 to S27
Tables S1 to S4
References (38–442)

29 May 2012; accepted 13 August 2012
Published online 20 September 2012;
10.1126/science.1225354

Pitted Terrain on Vesta and Implications
for the Presence of Volatiles
B. W. Denevi,1* D. T. Blewett,1 D. L. Buczkowski,1 F. Capaccioni,2 M. T. Capria,2 M. C. De Sanctis,2

W. B. Garry,3 R. W. Gaskell,3 L. Le Corre,4 J.-Y. Li,3,5 S. Marchi,6 T. J. McCoy,7 A. Nathues,4

D. P. O’Brien,3 N. E. Petro,8 C. M. Pieters,9 F. Preusker,10 C. A. Raymond,11 V. Reddy,4,12

C. T. Russell,13 P. Schenk,14 J. E. C. Scully,13 J. M. Sunshine,5 F. Tosi,2 D. A. Williams,15 D. Wyrick16

We investigated the origin of unusual pitted terrain on asteroid Vesta, revealed in images from the
Dawn spacecraft. Pitted terrain is characterized by irregular rimless depressions found in and around
several impact craters, with a distinct morphology not observed on other airless bodies. Similar terrain
is associated with numerous martian craters, where pits are thought to form through degassing of
volatile-bearing material heated by the impact. Pitted terrain on Vesta may have formed in a similar
manner, which indicates that portions of the surface contain a relatively large volatile component.
Exogenic materials, such as water-rich carbonaceous chondrites, may be the source of volatiles,
suggesting that impactor materials are preserved locally in relatively high abundance on Vesta and
that impactor composition has played an important role in shaping the asteroid’s geology.

InJuly 2011, the Dawn spacecraft entered into
orbit around Vesta, the second-most massive
asteroid in the solar system. After initial Sur-

vey and High-Altitude orbits, Dawn spiraled
down to its ~210-km Low-Altitude Mapping Or-
bit (LAMO) (1), allowing for acquisition of
Framing Camera (FC) images (2) at pixel scales
of <20 m, as well as high-resolution views of
Vesta’s geology. LAMO clear-filter images cov-
er >70% of the surface (latitudes above ~55°N
were in shadow). In this data set, we identified

terrain with a distinct pitted morphology. Here,
we describe this terrain and its implications for
the presence and origin of volatiles on Vesta.

The most widespread occurrence of pitted ter-
rain is associated with Marcia crater (~70-km
diameter, Fig. 1A). Marcia is among the most
recent large impacts on Vesta; using the methods
of Marchi et al. (3), we estimate its age to be
~70 million years. Pitted terrain is found on other-
wise smooth deposits located on the crater floor
surrounding a small central peak, atop a slump ter-

race, and within portions of the continuous ejecta
blanket. Pits lack raised rims, and on the floor
they range in size from ~30 m (near the limit of
resolution at 17 m per pixel) to just over 1 km in
diameter (Fig. 1, B to D). Pits found in clusters on
the slump terrace and ejecta blanket are smaller
(largest sizes: ~250 m) and are often located
where ejecta fills topographic lows (Fig. 1, A and
F). On the floor, material that slumped down the
crater walls appears to bury the pitted terrain in
several areas; in others, pits may occur within the
slump deposits (fig. S1). Toward the center of the
floor where the deposit is probably thickest, pits
increase in size, and their shapes become more
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