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Abstract

The surprisingly low S/Si ratio of Asteroid 433 Eros measured by the NEAR Shoemaker spacecraft probably reflects a surface depletion
rather than a bulk property of the asteroid. The sulfur X-ray signal originates at a depth < 10 pm in the regolith. The most efficient process
for vaporizing minerals at the heliocentric distance of Eros are sputtering by solar wind ions and hypervelocity impacts. These are the same
processes that account for the changes in optical properties of asteroids attributed to ““space weathering™ of lunar surface materials, although
the relative importance of sputtering and impacts need not be the same for the Moon and asteroids. Troilite, FeS, which is the most important
sulfide mineral in meteorites, and presumably on S-type asteroids like Eros, can be vaporized by much less energy than other major minerals,
and will therefore be preferentially lost. Within 10° years either process can remove sulfide from the top 10100 pm of regolith. Sulfur will
be lost into space and some sulfur will migrate to deeper regolith layers. We also consider other possible mechanisms of surficial sulfur
depletion, such as mineral segregation in the regolith and perhaps even incipient melting. Although we consider solar wind sputtering the
_most likely cause of the sulfur depletion on Eros, we cannot entirely rule out other processes as causes of the sulfur deficiency. Laboratory
simulations of the relevant processes can address some of the open questions. Simulations will have to be carried out in such a way that
potential sulfur loss processes as well as resurfacing can be studied simultaneously, requiring a large and complex environmental chamber.
© 2004 Elsevier Inc. All rights reserved.

1. Introduction ments, McCoy et al. (2001) suggested §/51 = 0.014, with an
uncertainty that was greater than the value.

The S/Si weight ratio in CI chondrites, which closely
matches the spectroscopically determined solar ratio, is
0.528 (Dreibus et al., 1995). It is characteristic of chondrites
that ratios of major elements to Si show only modest de-
viations from the CI value. Unweathered chondrites have
S/Si ratios at most 4 times lower than CL and for other ma-
jor elements the depletion or enrichment factors are even
smaller. By contrast, the S$/Si values of Nittler et al. (2001)
and McCoy et al. (2001) for Eros are less that CI values by
factors of 11 and 38, respectively.

Since other element ratios are chondritic, it would seem
unlikely that the low sulfur abundance is a bulk property of
Eros. Thus sulfur has apparently been lost from the top layer
of the regolith. Here we review possible mechanisms for the
Ton'esponding author. Current address: Ames Laboratory (USDOE), dep]e“(m of sulfur on the Eros surface, partiCUlaIly the en-
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Asteroid 433 Eros is the only small planetary body for
which we have direct measurements of surface chemistry.
Arguably the most surprising result obtained by the NEAR
Shoemaker spacecraft was the lower than expected S/S1 ra-
tio (Nittler et al., 2001). Other element ratios determined by
the X-ray ‘anql y-ray spectrometers on the spacecraft are in
the range of ordinary chondrites (McCoy et al., 2001). De-
termination of S/Si on Eros was only possible during some
of the solar flares because sulfur remains below the detec-
tion limit during “quict Sun” conditions. From an aggregate
of all determinations Nittler et al. (2001) derived an upper
limit of §/Si = 0.05 by weight. Based on the same measure-
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firm conclusion about the mechanism of sulfur depletion,
and we argue that short of revisiting the asteroid the best
way to make further progress on interpreting the NEAR data
is to carry out laboratory simulations of asteroid surface
processes.

2. Sulfur depletion on Eros

The depletion process may be physical, such as den-
sity segregation, or chemical, such as decomposition of FeS
and loss of sulfur. Troilite, stoichiometric FeS, is the most
common sulfur-bearing mineral in almost all anhydrous me-
teorites. This includes all meteorite classes potentially re-
lated to S-type asteroids (Gaffey et al., 1993a), and therefore
whatever sulfur is or was present on Eros should be mostly
contained in troilite.

The melting point of troilite is 1468 K. It forms a cu-
tectic with metallic nickel-iron with which it 1s often in
contact that melts at 1261 K. The addition of Ni further
lowers the melting point. Sulfide eutectic is the lowest tem-
perature melting assemblage of all major components of a
chondritic mineralogy and there are meteorites in which sul-
fides and a minor silicate component melted (McCoy et al.,
1996, 1997; Benedix et al., 1998, 2000). Asteroids on which
this occurred were called partially differentiated parent bod-
ies by Kracher (1985). Since the taxonomy of S asteroids
relies primarily on the high-melting minerals pyroxenc and
olivine, which are largely unaffected by partial differentia-
tion, the spectra of partially differentiated asteroids might be
practically indistinguishable from chondritic objects.

In the case of Eros segregation due to endogenous heat-
ing is unlikely. Both the chemical data (McCoy et al., 2001)
and the uniform density (Miller et al., 2002) suggest that
Eros is not fully differentiated, unlike Vesta, for example.
However, the density data do not rule out the possibility of
a partially differentiated “raisin bread™ structure, in which
lumps of sulfide or sulfide-metal exist scattered throughout
the interior. Burbine et al. (2001) find that primitive achon-
drites, 1.e., meteorites that come from partially differentiated
parent bodies, are not a good spectral match for Eros. Fur-
thermore, it is hard to imagine how a sulfur-depleted surface
could have formed without leaving other evidence of the
segregation process. It is therefore unlikely that Eros is a
primitive achondrite body.

Regardless of the nature of the process, the removal
of sulfur from the surface layer requires energy. Energetic
processes were apparently plentiful during the first 100 Myr
or so of Solar System history, as indicated by early meta-
morphism and differentiation of meteorite parent bodies.
However, currently the only processes that deliver sufficient
energy to an asteroid surface for decomposing anhydrous
minerals are solar wind irradiation and high-velocity im-
pacts. Physical separation can be achieved with low energy
processes such as outgassing of volatiles, and we will con-
sider this possibility separately.

Like all asteroids imaged from spacecraft so far, Eros
is covered by ubiquitous regolith (Veverka et al., 2001;
Robinson et al., 2002). According to observational data as-
sembled from previous studies by Chapman (1995) and
Murchie and Picters (1996), Eros is an S(IV) asteroid. This
subtype. as proposed by Gaffey et al. (1993a), is thought
to be the type most similar to ordinary chondrites (OCs).
The OC-like bulk chemistry expected for Eros on the basis
of this classification was verified for most elements deter-
mined by NEAR Shoemaker, but the measured S/Si ratio
proved a glaring exception (Nittler et al., 2001; McCoy et
al., 2001). Regardless of the details of regolith formation on
small bodies, the age of the surface layer on Eros is much
younger than the age of the Solar System. An energy source
that operated only during the early times of the Solar Sys-
tem could not account for the sulfur depletion of the Eros
surface, unless it had affected the composition of the en-
tire body, so that each successively excavated surface was
similarly deficient in sulfur. Since there are no chondritic
meteorites that show evidence of such a strong depletion,
we will assume that it is unlikely that early Solar System
processes produced bulk material of such a highly fraction-
ated kind. Correlations of S/Si with other element ratios
such as K/Si (Fig. 1) and Fe/Si (Fig. 2) show, even with
the fairly large uncertainties of the XRS and GRS experi-
ments on NEAR Shoemaker, that the composition of Eros
does not fall on an extension of the trend represented by ma-
jor chondrite groups. The axes of Figs. 1 and 2 are scaled
so that the solar composition, represented by CI chondrites,
is at unity. The spread in K/Si among chondrites (Fig. 1)
is primarily due to a fractionation of volatiles, that in Fe/Si
(Fig. 2) to metal/silicate fractionation. Note that the mete-
orites that appear to plot on a trend from CI to Eros in
Fig. 1 plot far away from such a trend in Fig. 2, and vice
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Fig. 1. 8/8i versus K/Si in major chondrite groups and Eros. Meteorite data
from Wasson and Kallemeyn (1988) and Dreibus et al. (1995). Eros data
from Evans et al. (2001) and McCoy et al. (2001). The K value for Eros
was obtained in contact with the surface, possibly in one of the structures
known as ponds.
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Fig. 2. 5/8i versus Fe/Si in major chondrite groups and Eros. Meteorite data
from Wasson and Kallemeyn (1988) and Dreibus et al. (1995). Eros data
from Nittler et al. (2001) and McCoy et al. (2001).

versa. This supports the contention (McCoy et al., 2001;
Kracher et al., 2003) that the S/Si ratio observed on Eros
is not simply a more severe case of the kind of [ractionations
common to chondrites.

It has been suggested that elements such as Na and K
(Wilson and Keil, 1991) and sulfur (Keil and Wilson, 1993)
may be depleted from a parent body by explosive volcanism,
but this would only apply to asteroids that are extensively
differentiated. Even if the controversial volcanism model of
Keil and Wilson (1993) is correct for other asteroids, it does
not apply to Eros. Therefore the most likely energy source
for sulfur depletion on Eros is one that is operative today.

Taken together, these lines of evidence make it very likely
that the sulfur depletion determined by NEAR Shoemaker is
a surface phenomenon rather than a bulk property of Eros.
For the purpose of the following analysis we will assume
that the bulk S/Si ratio of Eros is approximately that of OCs,
~ .13 by weight or ~ 0.11 as atomic ratio. This is ap-
proximately 4 times lower than the ratio in CI chondrites
(Dreibus et al., 1995) or the solar photospheric ratio (Anders
and Grevesse, 1989). Based on this assumption and the S/Si
weight ratios of 0.05 (upper limit of Nittler et al., 2001) and
0.014 (nominal value of McCoy et al., 2001), between 60
and 90% of this amount of sulfur is missing from the surface
of Eros.

By “surface” we mean in this context the depth of regolith
from which the X-ray signal of sulfur reaches the NEAR
X-ray spectrometer. The signal in this case is S Ko radiation
(2.307 keV) excited by solar X-rays and cosmic radiation.
Measurable intensities of S Ko were only detected during
solar flares (Nittler et al., 2001). The solar spectrum “hard-
ens,” 1.e., becomes more energetic, during these events, so
that excitation occurs to some depth in the regolith. How-
ever, the comparatively soft § Kee X-rays emerge from only
a shallow layer. The approximate depth from which the S

Ko signal originates can be estimated by using the concept
of attenuation length. The characteristic attenuation length
of X-rays refers to the thickness of absorber necessary to
reduce the signal to 1/e of its original intensity. This can be
calculated for different compositions by summing the effects
of absorbing elements, which have been tabulated by Henke
ctal. (1993).

A regolith of the composition given by McCoy et al.
(2001) would have a characteristic attenuation length for §
Ka radiation of about z = 10/D pm, where D is the den-
sity of the absorbing medium. Assuming a highly porous
regolith of D = 1.6 gem™, z & 6 pm. The depletion factors
bracketing the presumed sulfur loss, 60 to 90%, correspond
o roughly one to two characteristic absorption lengths (63
and 86% attenuation, respectively). One caveat is that these
parameters apply to homogeneous absorbers, whereas the re-
golith is granular on this scale. In fact, its typical particle size
may well be larger than the characteristic absorption length.
This would mean that only sulfide grains present at the very
surface contribute to the sulfur X-ray signal. or at best buried
sulfide grains that have an unobstructed “view” of the XRS
detector through void space. Thus the depletion necessary
for the sulfur signal to become undetectable need be no more
than a single layer of regolith particles.

We will consider the loss of sulfur in two steps, the in-
put of energy by impact or by solar wind sputtering, and the
energy necessary to cause the loss of sulfide by vaporization.

3. Space weathering

Space weathering refers to “any surface modification
process (or processes) that may tend to change the appar-
ent traits (optical properties, physical structure, chemical or
mineralogical properties) of the immediate, remotely-sensed
surface of an airless body from analogous traits of the body’s
inherent bulk material” (Clark et al., 2002). If the bulk Eros
S/Si ratio is higher than that measured at the surface by
NEAR, the process responsible for the difference would, by
this definition, be considered “‘space weathering,” regardless
of its nature. For our purposes we want to ask, however,
whether this process is the same. or at least similar, to the
space weathering process that, for example, Hapke (2001)
and Pieters et al. (2000) envisage as responsible for the dif-
ference between the optical spectra of meteorites and those
of asteroids. Both hypervelocity impacts and solar wind
sputtering contribute to this phenomenon. It must be empha-
sized, however, that the relative importance of sputtering and
impacts need not be the same for changes in optical proper-
ties and sulfur removal.

The concept of space weathering was originally devel-
oped on the basis of studies of the lunar regolith. The op-
tical changes associated with soil maturation on the Moon
are a significant reduction in albedo. reddening of the vi-
sual and near infrared (vis—-NIR) spectrum, and a weak-
ening of the silicate absorption features in the NIR (e.g.,
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Matson et al., 1977). It has subsequently been found that
these changes are due to the formation of metallic parti-
cles, a few nanometers to hundreds of nanometers in size.
This component is referred o as nanophase reduced iron,
oncO (Picters et al.. 2000) or submicroscopic metallic iron,
SMFe (Hapke, 2001). It primarily it resides on grain surfaces
(Hapke, 2001), presumably in the form of vapor deposits
(Hapke et al_, 1975; Keller and McKay, 1993, 1997), but can
also be distributed throughout agglutinates.

Originally the kind of space weathering that affects the
lunar regolith was thought not to occur asteroids (Matson
et al., 1977). However, laboratory measurements of vis—
NIR spectra of meteorites (Gaffey, 1976) and vis—IR ob-
servations of asteroids (e.g., Chapman and Salisbury, 1973;
McCord and Chapman, 1975) revealed a “mismatch™ be-
tween their optical properties. Although the spectra of the
common S-type asteroids and ordinary chondrites showed
similar features due to olivine and pyroxene, their spectra are
not identical. Gaffey et al. (1993b) suggested that comminu-
tion was responsible for the differences, since some S-type
asteroids have spectra that differ from those of powdered or-
dinary chondrites in similar ways that mature lunar soil have
spectra that differ from those of powdered samples of its
source rock. Similarly, Chapman and Salisbury (1973) sug-
gested that impact vitrification, or more generally some dif-
ference in physical state between asteroid surfaces and chon-
drites, was responsible for the spectral mismatch between
- S asteroids and ordinary chondrites, but later dismissed the
idea. Thus for a number of reasons there was consider-
able reluctance to conclude that surface-altering processes
were important on asteroids (e.g., Matson et al.. 1977;
Bell et al., 1989). The various arguments in the controversy
are recounted in Chapman (1996).

Observations of Asteroids 951 Gaspra and 243 Ida by
the Galileo spacecraft in 1991 and 1993 changed this situa-
tion. Gaspra, although only 12 km in diameter, is likely to be
covered by regolith, and on Ida the spectral properties of dif-
ferent terrains differ in the way expected for lunar-type space
weathering. Areas recently excavated by cratering appeared
less “weathered” than the more mature regolith (Chapman,
1996). The results from Gaspra, Ida, and Eros show that as-
teroids tens of Kilometers in size are covered with material
that resembles the lunar regolith, although it may differ in
grain size and does differ in composition. Laboratory studies
summarized by Hapke (2001) have demonstrated that ex-
posure to a simulated solar wind can change the vis—NIR
spectra of chondrites and make them resemble those of S-
type asteroids, notwithstanding some differences (Clark et
al., 1992).

Gaffey et al. (1993a) subdivided the S-type asteroids and
identified subtype S(IV)as those most closely resembling
OCs. While this focused the search for potential OC-like
objects as well as for mechanisms which might explain the
remaining spectral mismatch, other authors (Sears, 1998
Meibom and Clark, 1999) warned that the quantitative preva-
lence of OCs among meteorite falls was likely to be a con-

sequence of stochastic events and sampling bias, and did not
reflect a prevalence of OC-like asteroids in the inner main
asteroid belt.

Although a main motivation for studying space weather-
ing comes from the desire to explain the spectral mismatch
between chondritic meteorites and asteroids, the abundance
or scarcity of OCs in the main belt is a separate issue that
will not be addressed in this paper. Even if it turns out that
no S-type asteroids have OC compositions, the question re-
mains as to how their surfaces differ from the interior, and
what conclusions we can and cannot draw from remote sens-
ing data. Chondrite types other than OCs have similar sulfur
abundances (cf. Figs. 1 and 2), and the arguments about sul-
fur depletion of Eros would apply to other bulk compositions
as well, as long as the entire body was chondritic and undif-
ferentiated.

The effects of regolith maturation or “space weathering™
on the Moon are caused by two phenomena, hypervelocity
impacts and exposure to solar wind, which we will now dis-
cuss as causes for the sulfur depletion on Eros.

4. Tmpacts

Hypervelocity impacts are a major cause of space weath-
ering on the Moon (Hapke, 2001). However, typical impact
energies in the main belt are lower than on the Moon and
only marginally sufficient to produce melting (Horz and Cin-
tala, 1997). This may account for the virtual absence of ag-
glutinates from meteoritic regolith breccias (McKay et al.,
1989). Although at the current orbit of Eros impact energies
are higher, it is still only a high-velocity tail in the velocity
distribution of impactors that is responsible for most of the
space weathering. Therefore our initial assumption was that
sputtering was more likely to be responsible for sulfur loss
than impacts.

Killen (2003) has recently concluded that impacts are ca-
pable of removing sulfide much more efficiently than other
minerals and calculated erosion rates for a range of condi-
tions. The calculated erosion rates are roughly equivalent to
removing sulfide from the top 10 to 100 pm of the soil col-
umn in 10° years, assuming that sulfide is eroded nine times
faster than average regolith. This seems rather high since be-
low we suggest that there is only a factor of two difference
in the dissociation energy of FeS and silicates. We there-
fore suggest that Killen’s (2003) estimate represents an up-
per bound of impact erosion which probably overestimates
the actual difference between sulfide and silicate erosion.
Killen also implies this by stating that the resistance of mi-
nor phases to preferential erosion has not been taken into
account in her calculation.

Impacts not only erode the surface. The larger impacts
also overturn the top layers and bring fresh material to the
surface. The composition of the top layer of the regolith, to
the depth visible to optical spectrometry and X-ray analysis,
is therefore the result of a dynamic balance between erosion
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and resurfacing. This situation has not yet been analyzed in
detail.

In the case of Eros there is also the question how much
surface modification happened at its current location and
how much is inherited from its main belt history. There
is a suggestion in the optical spectra that the balance be-
tween space weathering and resurfacing is different in the
main belt from near-Earth orbits. The main belt asteroids
Ida and Gaspra, which appear to be compositionally similar
to Eros, differ from Eros in the spectral features associated
with craters. Whereas Ida shows considerable differences
in color (band depth and shape of the spectral continuum)
with only small changes in albedo (Sullivan et al., 1996),
Eros regolith is highly variable in albedo with only small
color changes (Clark et al., 2001; Murchie et al., 2002;
Thomas et al., 2002). This difference is tentatively ascribed
by Clark et al. (2002) to “different rates of the competing
processes of surface maturation and impact cratering be-
tween near-Earth orbits (Eros) and the asteroid main belt
(Gaspra and [da).”

5. Sputtering

The solar wind is a stream of charged particles with an
average velocity at | AU of 400 km s—!, but varying over
time from 260 to 750 kms ! (Russell, 2001). The aver-
age particle density at 1 AU is ~ 5 cm™3, which gives
an average flux of 2 x 10% jonss™! cm~2. The velocities
of solar wind particles at Eros are not substantially differ-
ent from velocities at 1 AU, but the flux is approximately
50% of the 1 AU value. About 96% on the ions are pro-
tons, ~ 3.8% are He?*, ~ 0.08% are C, N, and O ions, and
~ (0.05% are heavier nuclei. The kinetic energy of a pro-
ton at 400 kms™! is 0.8 keV. Since the velocity of all ions
is approximately the same, their kinetic energy is roughly
proportional to their mass. The regime of a few keV per
atomic mass unit (1 keV amu_') is the most efficient en-
ergy range for ion-induced sputtering (Betz and Wehner,
1983). The ionization state of heavy 1ons, which is a function
of the coronal electron temperature, corresponds to about
1 keV total ionization energy. As a result typical ion charges
are, for example, Si®* and Fe'%* (von Steiger et al., 2000;
Bochsler, 2000), with some variation over time that is unim-
portant in the present context.

At these energies both sputtering and ion implantation oc-
curs at the target. Since the majority of ions in the solar wind
are protons, it was originally assumed that the formation of
metallic Fe is due to a chemical reduction process. How-
ever, Hapke (2001) argues that chemical effects do not play
a significant role in the formation of SMFe from Fe-bearing
silicates and the experiments of Dukes et al. (1999) confirm
this. Dukes et al. (1999) bombarded San Carlos olivine with
1 kV HT and 4 kV He™ ions while observing the X-ray pho-
toelectron (XPS) spectrum. In both cases a Fe" signal was
observed, but it was much stronger under He bombardment.

This is probably due to both the higher energy of the He™
ions and the fact that each ion—atom collision can transfer
a larger amount of energy. A similar conclusion has been
reached by Bibring et al. (1974) and Maurette and Price
(1975) who report that He™ is ~ 100 times more efficient
that H" in producing macroscopically visible changes in
mineral grains. Since sputtering is not a classical process,
a “billiard ball” analysis is only a very rough approximation,
but it nonetheless indicates that a 4 kV He™ ion transfers
some 12-15 times as much energy onto a target atom of
mass 3 16 as a 1 kV HT ion. The higher thermal energy
of the sputtered atoms and ions may be responsible for a
more efficient escape of sputtered oxygen, and hence an in-
creased production of Fe’. This would indicate that alpha
particles, which account for ~ 4% of the solar wind parti-
cles, or ~ 13% of its total energy, contribute significantly to
space weathering.

The ion energies used by Dukes et al. (1999) correspond
to velocities of about 450 kms™!, typical of the average ve-
locity in the solar wind (Russell, 2001). However, helium
ions in the experiment were He™, whereas the solar wind
contains He?*, which we expect to be even more efficient in
sputtering, since they carry additional energy in the form of
ionization. However, we know of no experiments that com-
pare sputtering yields of ions with the same kinetic energy
but different ionization states in this mass and energy range.

Solar wind protons apparently do not produce H,O, and
we assume that they do not produce H;S. However, oxy- -
gen in Fe-bearing silicates and sulfur in FeS might behave
very differently during sputtering. Solar wind energies and
Eros surtace temperatures generally fall in the regime called
“chemically enhanced physical sputtering” (Roth, 1983), in
which some molecule formation may take place (true chem-
ical sputtering only occurs at target temperature > 500 K).
The proton flux at Eros could destroy at most 0.5 nm FeS
per year by removal of HaS, if the process were 100% ef-
ficient. Although Hapke (2001) considers this mechanism
improbable, this value is similar to the erosion rate by phys-
ical sputtering estimated below. Therefore our conclusions
do not depend on the particular mechanism by which solar
wind interacts with surficial sulfide.

There remains, however, a major uncertainty in how solar
wind contributes to chemical changes on asteroid surfaces.
So far we have only considered the major species H and He.
Even though ions with Z = 2 are much less abundant than
protons and He’™ ions, they carry considerable energy, and
are likely to be much more efficient in sputtering than pro-
tons. We will return to this issue at the end of the following
section.

6. Energetics of erosion
One way of estimating the effect of any energetic surface

process on mineral abundances is to ask the question how
much energy it would take to destroy a given volume, for ex-
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Table 1
Specific dissociation enthalpies of major minerals in meteorites

AHPS Econy Ediss MW p Vo Egiss/ Vo E}

KImol—! kI mol ™! kI mol™! gmol ™! em? klem™3 K kg™!
Mg2SiOy 2170 174 3911 140.69 3.21 43.79 80.32 27800
Fe,Si0y 1497 2278 3775 203.78 4.39 46.39 81.38 18530
MgSiO; 1548 1345 2892 100.39 3.19 31.47 91.91 28810
MgCaSi;Og 3211 2720 5031 216.55 3.28 66.09 89.74 27390
NaAlSiy0g 3935 3781 1716 262.22 2.62 100.09 77.09 29430
CaAl;Si»0g 4243 3731 7974 278.21 2.76 100.79 79.12 28660
Fe 415.5 4155 55.85 7.874 7.093 58.58 7440
FeS 101.0 692.7 793.6 87.91 4.74 18.55 42.79 9027

AH}gx—slandard enthalpy of formation from the elements (Robie et al., 1978). Econv—enthalpy of conversion from element standard state to monoatomic

vapor (Lide, 1996). Egjss—dissociation enthalpy: sum of AH ff-’s and Egony. MW—formula weight. p—specific gravity. Vy—molar volume (Robie et al.,

1978, or calculated from densities in Troger, 1979). Egjy/ Vo;\-ulume-nnrmalir.ed dissociation enthalpy. E3

ample a 1 cm? cube, of each major mineral. One may think
of this as “energy density (J cm 2) required for 1 cm of ero-
sion.” We can then compare the required energy to various
processes, including those responsible for space weathering.

If we assume that the main product of the energetic
process is the production of monoatomic vapor (Hapke,
2001), we can approximate the required energy for each min-
eral by adding up its enthalpy of formation from the standard
states of the constituent elements, plus the enthalpy required
for converting the standard state to a monoatomic gas (disso-
ciation enthalpy). This value does not include the additional
thermal energy imparted on the vaporized atoms, but it quan-
tifies at least approximately the process of erosion by vapor-
ization. Using formation enthalpies and molar volumes for
silicates and FeS tabulated by Robie et al. (1978) and disso-
ciation enthalpies from Lide (1996, 9-63), we calculate that
volume-normalized dissociation energies for typical mete-
oritic silicates fall within a narrow range of 77 klJ cm 3 for
NaAlSiz0g to 92 kJ cm™> for MgSi03 (Table 1). The dis-
sociation energy of olivine, ~ 89 kJem™, is only weakly
dependent on Fe content. The energy required to vapor-
ize 1 cm® of Fe$S is much smaller than these values, only
42.8 kJ. Thus it takes only about half the energy to vaporize
a given volume of troilite compared to the same volume of
olivine. Expressed in terms of erosion, a mineralogically un-
specific energetic process could remove troilite twice as fast
as olivine. The conclusion is that any energetic process act-
ing at the regolith surface can potentially erode sulfide to a
greater depth than any other mineral (Fig. 3). This applies to
metal as well, pure Fe requiring 58.6 kJ cm - for conversion
to a monoatomic gas at room temperature. Erosion and rede-
position of metal does not involve any change in chemistry,
although it may change the optical properties of the regolith.
Since our concern here is mostly with chemistry, we will ig-
nore the behavior of metal.

Actual erosional processes may not be entirely unspecific.
For example, some fraction of Si may be sputtered or va-
porized as S10 rather than separate Si and O atoms, which
would reduce the energy required for eroding olivine by up
to ~ 20%. But this is a small change compared to the fac-

—weight-normalized dissociation enthalpy.
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Fig. 3. Depth of erosion for different minerals caused by expending 100 kJ
on complete dissociation.

tor of two difference between olivine and troilite, and does
not alter the conclusion that any process capable of vaporiz-
ing surface material may act more efficiently on FeS than on
any other major mineral in the regolith.

7. The solar wind as energy source

The total energy available from the solar wind can only be
roughly estimated. Although there is considerable informa-
tion from the SOHO and Ulysses spacecrafts, and more re-
cently from Genesis, these measurements have shown strong
variations in velocity, flux, and ionization state of solar
wind particles (von Steiger et al., 2000; Bochsler, 2000;
Russell, 2001). What is relevant for space weathering is the
average encrgy flux over 10* to 10° years, whereas the data-
base for direct measurements does not even cover one com-
plete solar cycle.

Nonetheless we can make a conservative estimate of the
energy deposited by the various components of the solar
wind by making some simplifying assumptions. First, the
flux and energy of protons given above amounts to an energy
flux of 0.3 to 0.6 Jem~2yr~! at the heliocentric distance
of Eros. Assuming that all ions have the same velocity, and
hence kinetic energy is proportional to mass, the kinetic en-
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ergy of He®t contributes roughly 13%, C, N, and O ions
aboul 1%, and all heavier ions (Z = 8) also about 19%.

From Fig. 3 the dillerence in erosion depth between sil-
icates and FeS for a given amount of energy expended on
dissociation is ~ 0.1 umJ~' cm™2. A comparison of sputter-
ing yields for ions of various energies with average binding
energies per atom, which are 4-6 eV, indicates that the en-
ergy conversion factor, i.e., the fraction of the kinetic energy
of incident ions expended on dissociation of target material,
varies from a few times 107% to 1072, Maurette and Price
(1975) estimate the erosion rate of lunar mineral grains at
0.5 x 10~* umyr~!. Although some other authors have esti-
mated lower rates, summarized by Hapke (2001, Table 2),
this value corresponds to a reasonable energy conversion
factor of roughly 0.1%, assuming a typical energy flux of
0.5 Jem~=2yr~!. At the location of Eros the erosion rate
would be roughly half’ of the lunar case. If sulfide is de-
stroyed twice as fast as silicate, it would be lost from the
top 25 um of regolith in 10° years, provided the erosion
process is coupled with efficient transport of the ensuing
vapor phase, either into space or into decper layers of the
regolith. Considering the uncertainties in our assumptions,
the erosion rate of sulfide in the regolith by sputtering is in
the same range of 10 to 100 pm in 106 years as the erosion
rate for impacts.

The sputtering efficiency assumed here comes mostly
from experiments with single charged primary ions. Highly
charged ions, such as the heavier components of the solar
wind, have been found to be much more efficient in sput-
lering, in some cases by more than an order of magnitude
for the energies and charge states relevant to the solar wind
(Arnau et al., 1997). Thus the erosion rates on asteroid sur-
faces may well be higher than our conservative estimate.
Killen (2003) also estimates similar erosion rates for sputter-
ing and impacts, although she considered only sputtering by
protons. Since this significantly underestimates the effects of
sputtering and her impact erosion rate is probably an upper
limit, we conclude that sputtering is most likely the domi-
nant process that removes sulfur from the upper layer of the
Eros regolith. '

There are, however, problems with this simple picture of
sulfide erosion. The layer within which FeS is destroyed may
be relatively shallow, but within this layer the change in bulk
chemistry is massive. If we assume that the primary erosion
process is the conversion of FeS into metallic iron and some
volatile species of sulfur, at least 2.4% Fe’ would be added
to the regolith. This amount of metal cannot be present as
SMFe in the asteroid regolith. Hapke (2001) has developed
a model for the influence of SMFe on regolith spectra (e.g.,
Fig. 26 in Hapke, 2001). For amounts of SMFe on the or-
der of 0.1% the spectra show the convex-upward curvature
in the visual quantified in asteroid spectra by McCord and
Chapman (1975) and used by Chapman (1996) to infer the
extent of asteroid space weathering. At higher SMFe con-
tents, however, the spectrum becomes saturated, absorption
bands disappear completely, and reflectance in the visual

range is uniformly depressed (curves for 0.5 and 2% SMFe
in Fig. 26 of Hapke, 2001). Measurements of lunar samples
and a lunar soil analog essentially confirm the validity of
Hapke’s model (Noble et al., 2001). Even the most mature
lunar soils contain less than 1% by weight of SMFe (np]-"f:0
of Noble et al., 2001), and absorption features of silicates are
entirely obscured at SMFe contents of 0.5% or less in both
actual lunar soil and simulant (Fig. 10 of Noble et al., 2001).
This is very different from the actually observed spectra of
Gaspra, Ida, and Eros. Even if the lunar situation with its dif-
ferent energy environment and grain sizes should lead us to
overestimate the effect of SMFe on asteroid spectra, a con-
tent of 2.4% SMFe is simply not realistic for Eros regolith.

Metal might of course be present in the form of much
larger grains which would have less effect on the optical
spectrum than surface-correlated SMFe. This presents a dif-
ferent problem, however. The evidence from macroscopic
lunar metal and sulfide indicates that sulfur is not readily lost
from millimeter-sized particles. Blau and Goldstein (1975)
studied metal grains from the lunar soil between 50 um and
5 mm in diameter, and prepared laboratory analogs. They
found that many of the lunar particles contained, and some
were mantled by, Fe—FeS eutectic. The source of the sulfide
was presumably an impacting meteorite. The average sul-
fur content of their metal particles of 2.74% by weight is
similar to bulk sulfur abundances in ordinary chondrites and
typical iron meteorites. Although it is impossible to quantify
impact-induced chemical changes from the very rare metal ~
particles in the lunar soil, these results indicate that sulfur
loss from macroscopic metal-sulfide particles may be ineffi-
cient under conditions of the lunar surface.

8. Physical separation

Remote sensing of asteroid surfaces has to contend with
the question of how surfaces relate to bulk properties (Nittler
etal., 2001), or by the definition given by Clark et al. (2002)
how they are affected by space weathering. However, not
all processes that change the surface composition are due
to “weathering” in the commonly understood sense, i.c.,
changes in the properties of individual regolith particles in-
duced by energetic processes. Particle properties may be un-
changed, but the relative abundance of minerals may be dil-
ferent on the surface from the bulk abundance. Since this is
a fundamentally different process from the changes induced
by impact vaporization and solar wind sputtering, it should
perhaps not be included in the category of “space weath-
ering” processes, even though it does change the remotely
sensed surface composition relative to the bulk asteroid.

Huang et al. (1996) and Akridge and Sears (1999) have
considered the role of aerodynamic effects due to volatiles in
the accretion and evolution of asteroids. Volatiles escaping
from the interior of a chondritic body can produce sorting
of the regolith, particularly metal/silicate fractionation, by a
process known as fluidization (Kunii and Levenspiel, 1991).
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Whether the surface becomes enriched or depleted in metal
depends on the size ratio of metal and silicate particles.

Fluidization is not the only process that can lead to min-
eral sorting. Nittler ct al. (2001) and Asphaugh et al. (2001)
consider size-dependent sorting, known as brazil nut effect
and reverse brazil nut effect, and seismic shaking. Benoit et
al. (2003) carried out experiments showing that the effect of
shaking can be opposite to that of fluidization.

What these processes have in common is that they can
change the apparent composition of an asteroid as deter-
mined by remote sensing without requiring energy levels
that actually break chemical bonds. The net energy change
of the system is merely the difference in potential energy be-
tween two different arrangements of particles, and since the
gravity on asteroids is low, potential energy differences are
quite small, In fact when metal segregates to the bottom of
the regolith the system attains a lower energy state. There-
fore physical segregation is not subject to the time scale
constraints that apply to processes like solar wind irradia-
tion, which require a sufficient time-integrated energy flux
to induce the chemical changes ascribed to them. It remains
to be seen, however, whether mineral separation can occur
over the entire asteroid surface to the extent indicated by the
low S/Si ratio on Eros.

9. The need for laboratory simulations

A range of surface modifications of planetary bodies has
been studied by simulation experiments. Impact studies in-
clude experiments with hypervelocity guns, and micromete-
orite impact simulations have been conducted by laser irradi-
ation. Solar wind sputtering has been studied by irradiating
samples with ion beams. Impact experiments into porous
largets (e.g., Stoffler et al., 1975; Schaal and Horz, 1977;
Horz and Schaal, 1981) show that melting occurs at progres-
sively lower shock pressures as porosity increases. At im-
pact velocities typical of asteroids non-porous targets are not
shock-melted. Moderate melting may still occur in porous,
regolith-like targets at impact velocities around 5 kms™',
typical of the main belt (Horz and Schaal, 1981), and more
extensive melting at the higher kinetic energy in near-Earth
orbit.

Micrometeorite impacts have been simulated by laser ir-
radiation experiments of Mukhin et al. (1989), Moroz et al.
(1996), Yamada et al. (1999), and Sasaki et al. (2001, 2002).
The more recent of these papers stress the importance of
adjusting the conditions so that absorption depth and pulse
duration matches the size and time scale of energy dissipa-
tion in micrometeorite impacts. Even so laser experiments
cannot be entirely realistic in chondritic material that con-
tains a mixture of opaque and transparent minerals. Sugita
et al. (2003) have pointed out that laser irradiation produces
vapor that differs considerably in temperature and entropy
from impact-generated vapor. The closest analogy to laser

irradiation is collision with cometary debris at very high ve-
locity rather than impact in the typical main belt regime.

Fortunately the predominant source of space weathering
on asteroids is likely to be solar wind sputtering rather than
impact vaporization. Except for occasional collisions with
retrograde cometary debris it is unlikely that impacts on as-
teroids can efficiently produce lunar-style vapor deposits on
regolith grains (Horz and Cintala, 1997). Among the numer-
ous studies pertaining to sputtering by energetic atoms and
ions, the experiments summarized by Hapke (2001) are the
ones specifically designed to simulate solar wind. However,
space weathering simulations must take additional processes
into account. Since the balance between resurfacing and
surface alteration seems very sensitive, as indicated by the
difference between Ida and Eros (Clark et al., 2002), some
means of artificially resurfacing the simulant also needs to be
developed. The third possible class of processes, mechanical
grain sorting by shaking (Benoit et al.. 2003), fluidization
(Akrnidge and Sears, 1999), or similar phenomena, should
likewise be taken into account in realistic simulations.

This requires a fairly large environmental chamber that
will need to be evacuated to sufficiently low pressures to
carry out the sputtering experiments. The challenges posed
by these experimental requirements can be illustrated by
the following consideration. Irradiating a target area large
enough to carry out simultaneous resurfacing is likely to
require a distance of ~ 50 cm to the plasma source. As re-
alistic limit for the vacuum system of such a large chamber
we assume a pressure of 3 x 107> torr (4 x 107" times at-
mospheric pressurc). Under these conditions about 22% of
protons are deflected by collisions with residual gas mole-
cules.

Sputtering with plasma sources also has certain limita-
tions, because there is currently no simple way to carry out
laboratory experiments on regolith simulants with the highly
charged heavy ions that are part of the solar wind. Their con-
tribution to the overall sputtering process will have to come
from theoretical assumptions until suitable experimental se-
tups are designed.

10. Conclusions

Whatever the cause of the low sulfur abundance on Eros,
the low specific dissociation energy of FeS raises the possi-
bility that space weathering has preferentially removed this
mineral from the top layer of the regolith. Unlike the case for
oxygen, it is likely that the portion of sulfur missing from the
surface layer has migrated downward into the regolith rather
than having been lost into space. At present it is impossi-
ble to say whether this component is present as sulfide or in
some other chemical form.

Although both impacts and solar wind sputtering may
contribute to the sulfur deficiency of the top regolith layer,
we consider sputtering the dominant process. Micromete-
orite impacts probably play only a minor role. Note, how-
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cver, that this assessment is strictly limited to the causes of
sulfur loss, and does not imply that a similar relationship ob-
tains between impacts and sputtering as a cause for changes
in optical properties of the regolith.

However, problems with this hypothesis remain. Alter-
native explanations, such as partial melting or a primary
depletion should also be pursued. We will address the issue
of primary depletion and the validity of meteorite compar-
isons in a separate paper. With regard to space weathering,
micrometeorite impacts can be approximately simulated by
laser evaporation studies, and their effects inferred from ex-
trapolation of hypervelocity impact experiments. Solar wind
sputtering by hydrogen and helium can probably be success-
fully simulated in the laboratory, but the effect of heavier
ions has to be modeled theoretically.
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