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Abstract—The S(IV)-type asteroid 6 Hebe is identified as the probable parent body of the H-type ordinary
chondrites and of the IIE iron meteorites. The ordinary chondrites are the most common type of meteorites
falling to Earth; but prior to the present study, no large mainbelt source bodies have been confirmed. Hebe is
located adjacent to both the v¢ and 3:1 resonances and has been previously suggested as a major potential
source of the terrestrial meteorite flux. Hebe exhibits subtle rotational spectral variations, indicating the
presence of some compositional variations across its surface. The silicate portion of the surface assemblage
of Hebe is consistent (both in overall average and in its range of variation) with the silicate components in the
suite of H-type chondrites. The high albedo of Hebe rules out a lunar-style space weathering process to
produce the weakened absorption features and reddish spectral slope in the S-type spectrum of Hebe. Linear
unmixing models show that a typical Ni-Fe metal spectrum is consistent with the component that modifies an
H-chondrite spectrum to produce the S-type spectrum of Hebe. On the basis of the association between the H
chondrites and the IIE iron meteorites, our model suggests that large impacts onto the relatively metal-rich
H-chondrite target produced melt bodies (sheets or pods) that differentiated to form thin, laterally extensive
near-surface layers of Ni-Fe metal. Fragments of the upper silicate portions of these melt bodies are
apparently represented by some of the igneous inclusions in H-chondrite breccias. Alternately, masses of
metal could have been deposited on the surface of Hebe by the impact of a core or core fragment from a
differentiated parent body of H-chondrite composition. Subsequent impacts preferentially eroded and
depleted the overlying silicate and regolith components, exposing and maintaining large masses of metal at
the optical surface of Hebe. In this interpretation, the nonmagmatic IIE iron meteorites are samples of the
Ni-Fe metal masses on the surface of Hebe, whereas the H chondrites are samples from between and/or

beneath the metal masses.

INTRODUCTION

The ordinary chondrites constitute approximately three-fourths
of the modern meteorite falls. The Antarctic meteorite collections
indicate that their dominance of the terrestrial meteorite flux has
been maintained for at least the past few hundred thousand years.
On the basis of analysis of reflectance spectra and other remote
sensing data, mineralogically plausible asteroidal parent bodies have
been found for most meteorite types (e.g., Gaffey et al., 1993a). On
the basis of the additional criterion of an appropriate dynamical
delivery process, probable parent bodies have been previously
identified for two meteorite classes: asteroid 4 Vesta as the source
of the HED (howardites—eucrites—diogenites; basaltic achondrites)
suite (Binzel and Xu, 1993) and 3103 Egar (and the Hungaria family)
as the source of the aubrites/enstatite achondrites (Gaffey et al., 1992).
(In the present paper, we draw attention to the distinction between
"plausible parent bodies"—asteroids with the appropriate surface
mineralogy for a particular meteorite type—and "probable parent
bodies"—asteroids with the appropriate surface mineralogy and
whose orbital locations allow delivery of fragments in abundances
comparable to the fall frequency of the particular meteorite type.)

However, among nearly 2000 main belt asteroids surveyed, only
a single main belt asteroid (3628 Boznemcova; Binzel ef al., 1993)
is currently recognized as having an ordinary chondrite-like spectrum.
(Although several near-Earth asteroids appear to be composed of
ordinary chondrite assemblages, their main belt source is not yet
identified.) The apparent paradox between the abundance of the
ordinary chondrite falls and the rarity of unambiguously similar

assemblages among large bodies in the asteroid belt has been a
major point of discussion within and between the asteroid and
meteorite communities. Various resolutions to this paradox have
been proposed, including: (1) that the interpretations of S-type
asteroid spectra as mostly differentiated bodies are incorrect due to
space weathering effects (e.g., Wetherill and Chapman, 1988;
Chapman, 1996); (2) that ordinary chondrites derive from a few rare
but favorably situated parent bodies (e.g., Gaffey et al., 1989, 1993b);
(3) that ordinary chondrites come from a residual population of
small, unheated mainbelt asteroids (Bell et al., 1989); (4) that shock
effects darken ordinary chondrite parent body surfaces, disguising
them as C-type asteroids (Britt and Pieters 1991, 1994); and (5) that
ordinary chondrites come from inner solar system planetesimals
ejected to the Oort cloud during planetary accretion and have been
recently perturbed into Earth-crossing orbits (Gaffey, 1984).

Although none of these possibilities can yet be rigorously
excluded, recent investigations have suggested that the resolution of
the apparent paradox lies in some combination of the first three
options. Spectral surveys of small mainbelt asteroids (e.g., Xu et al.,
1995) are underway that will test the third option. The discovery of
an ordinary chondrite-like spectrum for the small (~8 km) mainbelt
asteroid 3628 Boznemcova is a result of this survey (Binzel et al.,
1993).

The first option has gained support by the observation of spectral
and albedo effects attributable to space weathering on the surfaces of
the Galileo asteroid flyby targets, Gaspra and Ida-Dactyl. It is ob-
served that the lower albedo regions have a weaker 1 um absorption
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feature and a steeper spectral slope (Chapman et al., 1995). It was
concluded that these observations, plus the deep band depth of
Dactyl relative to the high albedo regions on Ida, indicate the action
of a lunar-style space weathering process (which attains a lesser
degree of maturity) on asteroid surfaces. This could help to reconcile
the steeper spectral slope and weaker absorption features of undif-
ferentiated S(IV)-type asteroids with ordinary chondrite substrates.

The present paper explores the second option. Based upon
mineral compositions derived from the analysis of survey spectra,
Gaffey et al. (1993b) subdivided the S-asteroid class into seven
subtypes based on silicate mineralogy. The survey of the S-type
asteroids indicated that the S(IV) subtype of this class has silicate
compositions within the ordinary chondrite range (Gaffey et al,
1993b), although most S-asteroids could be rigorously excluded as
ordinary chondrite parent bodies on mineralogical criteria. Hebe was
classified as a member of subtype S(IV). This subtype exhibits
surface silicate assemblages that are either undifferentiated (i.e.,
chondritic) or only slightly differentiated (i.e., partially differentiated,
primitive achondrites such as acapulcoites and lodranites; Takeda et
al., 1994; Mittlefehldt ez al., 1996, McCoy et al., 1997a,b). The S(IV)
subtype was identified as the only subgroup among the S-asteroids
that might include ordinary chondrite parent bodies. However, it
was noted that such a conclusion did not constitute an identification
of S(IV) objects as ordinary chondrite assemblages but only allowed
for that possibility. The S(IV)-objects are concentrated near the 3:1
proper motion resonance at 2.5 AU, which provides an efficient
escape into Earth-crossing orbits for fragments ejected from objects
adjacent to the resonance (e.g., Wisdom, 1985).

Unfortunately, for a simple resolution of the ordinary chondrite
parent body question, S(IV) spectra exhibit weaker silicate features
and redder spectral slopes than ordinary chondrite assemblages.
Although significant uncertainties remain, optical alteration of asteroid
surfaces (interpreted from the Galileo images of Ida and Gaspra) has
been suggested as a means of reconciling some (or all) of the
spectral mismatch between ordinary chondrite and S(IV)-asteroids
(option 1). Among the S(IV)-asteroids, and based upon spectral
slope, the best candidates for ordinary chondrite parent bodies are
asteroids 3 Juno, 6 Hebe, and 7 Iris (Gaffey et al., 1993b). The
present paper discusses the results of the spectral evaluation of the
leading candidate, 6 Hebe.

ASTEROID 6 HEBE

Hebe is the sixth largest of the 93 member S-asteroid class
(Tedesco et al, 1989) with an IRAS diameter of 185 *+ 3 km
(Tedesco et al., 1992). It has a rotation period of 7.274 h and a com-
plex low amplitude lightcurve (Lagerkvist et al., 1987, 1989). Hebe
has an IRAS albedo (0.268 =+ 0.008; Tedesco et al., 1992) that is the
fourteenth highest of the 93 objects included in Tedesco's S-type
class (mean = 0.214, range = 0.127-0.305). Hebe has the fourth
lowest UV color and the third lowest v-x color among the 93
S-asteroids. Therefore Hebe is near the limits of the S-asteroid field
in these parameters and is a relatively atypical member of the S-type.

Hebe is not a typical S(IV) object. Among the eleven S(IV)-
asteroids, Hebe has the second highest albedo (S(IV) range = 0.180—
0.277), the lowest UV color, the second lowest v-x color, and the
second lowest 0.7-1.5 um spectral slope (Gaffey et al., 1993b).
Hebe is nearly an end member of the S(IV) subtype.

Hebe is located in the inner asteroid belt (orbital elements: a =
2.426 AU, i = 14.8°, e = 0.203) near the 3:1 proper motion resonance
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with Jupiter at 2.50 AU (Wisdom, 1985) and the wvg (or
g = gg) secular resonance (located near i = 15-16° at a = 2.426 AU;
Williams and Faulkner, 1981). Williams (1973) pointed out that a
relatively low ejection velocity (280 m s~1) can place Hebe ejecta
into the secular resonance and, thence, into Earth-crossing orbits in
<106 years. Moderate ejection velocities of a few hundred meters
per second can deliver relatively large amounts of Hebe fragments
into the chaotic zones associated with either of these resonances
from whence they can rapidly be transferred into Earth-crossing
orbits, which suggests that Hebe is a significant source of meteorites
(Farinella et al,, 1993a). Based upon the relative efficiency of
delivery of impact ejecta to these "escape hatches," Farinella et al.
(1993b) estimated that Hebe could contribute ~10% (with an uncer-
tainty factor of ~10) of the meteorite flux to the Earth and suggested
that this asteroid may be the source of one of the major ordinary
chondrite groups. Morbidelli et al. (1994 ) calculated the subsequent
orbital evolution of fragments ejected by asteroids located near the
v resonance and confirmed that Hebe should be the most (or one of
the most) important contributors to the terrestrial meteorite flux.
Migliorini et al. (1997) argued from spectral and dynamical con-
siderations that Hebe may be the source of a significant fraction of
the ordinary chondrites.

Thus, asteroid 6 Hebe appears to be the best of several potential
candidates as one of the long-sought, large, mainbelt ordinary chon-
drite parent bodies. Dynamical models suggest that Hebe should be
a major mainbelt contributor to the terrestrial meteorite flux.
Spectral studies indicate that Hebe also has a surface assemblage
that allows (or more precisely, does not exclude) an ordinary chon-
drite affinity.

Observations and Data Reduction

Hebe was observed in 1979 June with the University of Hawaii
2.24 meter telescope atop Mauna Kea using a 2-beam photometer
system, a GaAs-C photomultiplier tube, and 25 filters covering the
spectral interval 0.33-1.00 um. The 0.90, 0.93, and 0.96 um filters
were duplicated at the beginning and end of the filter sequence.
This photometer is described by McCord (1968). The procedures
for reducing the observational data to reflectance spectra and for
calibrating and verifying these spectra are discussed in Gaffey (1997).
The 1979 observations produced 131 spectra spread throughout the
rotational period of Hebe. The average normalized reflectance
spectrum of 6 Hebe from these observations is shown on Fig. 1.
Figure 2 shows the lightcurve obtained from those data.

The 1979 data showed the presence of rotational spectral varia-
tions. Figure 3 shows the relative spectral variations of Hebe for a
series of lightcurve segments. The relative spectrum for a nonvarying
object would lie along the horizontal line at 1.0 in each case. It is
evident that the intensity of the 1 um absorption feature varies by
~4%—being weakest (above the line) at rotational aspect 0.044-0.165
and strongest (below the line) at rotational aspect 0.379-0.517. The
profile of the absorption feature is also changing, because the
observed variation is not a simple copy or mirror image of the 1 um
feature shown in the spectrum (Fig. 1).

Chapman et al. (1973) observed an equivalent B-V color change
of at least 0.05 magnitude and slope changes across the 0.3 to 0.9 um
interval. However, they were not able to determine the lightcurve
phasing of these variations. Gehrels and Taylor (1977) showed a
0.02 magnitude (2%) variation in the UV color (~0.43/0.53 um) in
which Hebe was most blue (lowest numerical value of UV color)
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FIG. 1. Average 0.33-1.0 um reflectance spectrum of 6 Hebe from 131
observations obtained on 1979 June 1-3. The spectrum has been normalized
at 0.56 um. Individual spectra were corrected for lightcurve flux variations
prior to averaging. Error bars (standard error of mean) are plotted for all
points but are smaller than the plotting symbol. Duplicate measurements of
the 0.90, 0.93, and 0.96 um filters are plotted separately. The primary fea-
ture of interest is the mafic silicate absorption feature longwards of 0.76 um
and centered near 0.90-0.93 z«m.
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optical polarization of Hebe and reached a similar conclusion. All
of the available data sets indicate the presence of reproducible color
and spectral variations across the surface of Hebe. Assessment of
the compositional significance of these variations requires extended
spectral coverage.

Following successful acquisition of 0.33—1.0 um data, attempts
to extend the rotational spectral coverage of Hebe to include the
critical 2 um mafic silicate feature were thwarted by weather and
instrument problems during four subsequent oppositions. In 1989
February, rotational coverage of Hebe across the 0.8-2.55 um spec-
tral interval was finally obtained with the PRIMO double CVF
spectrometer on the NASA Infrared Telescope Facility (IRTF) atop
Mauna Kea. The instrument and the data reduction procedure have
been described in Gaffey et al. (1992) and Gaffey (1997), respec-
tively. The observational parameters for both observing runs are
listed in Table 1.

The combined average normalized 0.33-2.55 um reflectance
spectrum of Hebe is shown on Fig. 4. In its general properties, this is
a typical S-type spectrum with broad weak absorption features
centered near 0.9 and 2 um, a steeply reddish (reflectance increasing
with wavelength) spectral curve between 0.33 and 0.75 um, a
shallower rise across the 1 um feature (between ~0.7 and ~1.4 um),
and a flattening or very shallow rise across the 2 um feature (be-
tween ~1.4 and ~2.5 um). The absorption features near 1 and 2 um
are due to the mafic silicate minerals, olivine and pyroxene, whereas
the reddish spectral curve and the weakness of the absorption

features has usually been attributed to spectrally abundant

(either physically abundant or finely divided to provide a

1.15 T T T T N T
large surface area) Ni-Fe metal. Some recent workers
1.10 F *a 7 (e.g., Hiroi et al., 1993; Clark and Hiroi, 1994; Clark,
"A“ 1995; Clark unpubl. data, 1996) have challenged the Ni-
x 1.05F o . ade :A‘:‘ o 7 Fe metal interpretation, but the issue remains unresolved.
:_:: o N o e 'R Y X4 We will return to this question for Hebe.
g 1.00Fs % &, . 5 - ] A primary test of whether Hebe is a differentiated or
K = bt IRy e undifferentiated assemblage utilizes the relative variations
E 005 » r “wia on » r* S £e Uit \ )
S A Y ~ s 4 in the abundances and compositions of mineral species of
0.90 F a h the different portions of the asteroid revealed by its
’ rotation (e.g., Gaffey, 1984). For present purposes, un-
0.85 1 1 1 1 1 differentiated (chondritic) assemblages can be considered
0.00 0.25 0.50 0.75 1.00 1.25 1.50 to have one free variable, oxidation state, such that the

Rotational Aspect

FIG. 2. The lightcurve of 6 Hebe obtained from the 1979 June 1-3 observations.
Individual lightcurve points are the average of 17 filters across the 0.40—0.93 xm spectral
The lightcurve has been normalized to unity at the overall average.
rotational aspect has been calculated based on the rotational period of 7.274 h with the
aspect set to 0.0 at 0 hours UT on 1979 June 1. The observations from 6/1, 6/2, and 6/3
are shown as solid squares, triangles, and circles, respectively. Points for rotational

interval.

aspect 0.0 to 0.5 are repeated at rotational aspects 1.0 to 1.5.

just past the primary lightcurve maximum (rotational aspect ~ 0.70—
0.85), somewhat less blue near the secondary maximum (r.a. ~0.20—
0.30) and reddest prior to the primary lightcurve maximum (r.a.
~0.35-0.50). Their observed color variation is approximately equal
to that seen between the equivalent wavelengths in Fig. 3. The
spectra of Migliorini et al. (1997) show similar variations in band
intensity and spectral slope at equivalent rotational aspects in their
0.48-0.96 um CCD spectra. Broglia et al. (1994) reported a
variation in the optical polarization of Hebe with rotation but
concluded that, although their data indicated optical variegation
across the surface, it did not require compositional variations.
Migliorini et al. (1997) also reported rotational variations in the

compositions and abundances of the major Fe-bearing
mineral phases are all correlated (e.g., McSween et al.,
1991). Thus, with increasing oxidation across the suite of
chondritic meteorites, olivine increases at the expense of
Fe metal (Fe®) and pyroxene, whereas the Fe (Fe2*)
content in the mafic silicates increases. The covariance
of the mineralogical parameters is expressed as a similar
covariance in the spectral parameters.

The

Lightcurves and Relative Rotational Phase
for 1979 and 1989 Observations

Thus, for an asteroid that shows rotational spectral variations
(such as those discussed above and shown in Fig. 3), the relative
variations in the spectral parameters as a function of rotational
aspect provide a means of distinguishing between a differentiated
and an undifferentiated assemblage (e.g., Gaffey, 1984). To carry out
this test, it is necessary to combine the 1979 and 1989 data by
rotational aspect to have a complete 0.33-2.5 um spectra for
different faces of Hebe. This is not as straightforward as might be
expected. The relative rotational aspect for observations from the
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FIG. 3. The relative reflectance spectrum of 6 Hebe for eight lightcurve segments (Fig. 2). In each case, the average reflectance spectrum for the rotational aspect
has been divided by the overall average and plotted as the symbols. An object without surface spectral variegation would be unchanging and would plot along the
horizontal line at 1.0. The error bars represent the standard error of the mean. Duplicate measurements of the 0.90, 0.93, and 0.96 um filters have been plotted.
The 1 #m point has been omitted because it is considered unreliable due to the rapid falloff in detector sensitivity across the bandwidth of this filter.

earlier and later sets cannot be determined by simply dividing the  an uncertainty of a significant fraction of a rotation. Over a period
time interval between observations by the rotation period. The  of'ten years, the uncertainty would be several rotations.

rotation period of Hebe (and most asteroids) is known only to three Instead, we were forced to rely on matching features in the
decimal places. Over a period of several months, this translates to  lightcurve of Hebe to establish the rotational phase of individual
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TABLE 1. Circumstances of Hebe observations.

Date

RA.

Dec.

V Mag.

Phase
Angle

r(AU)

A(AU)

Ecliptic

Long.

Lat.

6/1/79
6/2/79
6/3/79

2/19/89
2/20/89

161
16h
16h

08"
08t

o9m
0gm
o7m

03m
02m

+01° 49'
+01° 49'
+01° 49'

+17° 12
+17° 21"

9.63
9.64
9.64

9.42
9.44

9.01
9.19
937

11.91
12.29

2.709
2.707
2.705

2.524
2.526

1.754
1.755
1.756

1.629
1.638

239.7
239.5
239.2

119.2
119.0

+22.3
+223
+222

-3.1
-3.0
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the other peaks in the 1979 data. The possible effects of
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T this ambiguity on our conclusions are discussed below.
Rotational Spectral Variations

For each of the rotational groups from the 1989 data,
the individual observations with corresponding rotational
aspects from the 1979 data were averaged together. In
4 several cases, duplicate rotational coverage from the nights
of 6/2/79 and 6/3/79 were separately combined with the
appropriate 1989 data. The combined 0.335-2.55 um
j spectra for each rotational group was then analyzed using

the procedures outlined in Gaffey et al. (1993b) and
Gaffey (1997). Band areas were determined, and the
relative areas of the 1 and 2 um absorption features were
calculated, using linear continuum segments tangential to

0.5 1.0 1.5 2.0
Wavelength (1 m)

FIG. 4. The average normalized reflectance spectrum of 6 Hebe from the 1979 and 1989
observations. The 1989 data has been normalized to the 1979 data in the overlap region

between 0.82 and 0.96 um. Open squares = 1979; filled squares = 1989.

observations from the two data sets. This is complicated by the fact
that the lightcurves from the 1979 and 1989 observation have
substantially different amplitudes, ~14% and ~5%, respectively.
This is not surprising because the lightcurve amplitude and form is
known from previous work to vary substantially for Hebe. Light-
curve shape and amplitude can vary with subearth latitude (e.g., a
feature located near the north rotation pole will not contribute to
lightcurves obtained at southerly subearth latitudes) and phase angle
(amplitudes increase with phase angle).

The lightcurves obtained in the present study are compared with
those from four previous studies on Fig. 5a. The subearth latitudes
(for four pole determinations, see figure caption) and phase angle of
each lightcurve set is indicated. These curves have been stacked in
order of subearth latitude from most northerly (top) to most southerly
(bottom). The relative changes between lightcurves appear to be
primarily a function of the subearth latitude rather than of the phase
angle. In general, the amplitude decreases from top to bottom, but
the overall features can be recognized between adjacent curves. All
curves have been shifted to place the primary lightcurve maximum
at rotation ~0.65.

Figure 5b directly compares the lightcurve from 1979 June to
that from 1989 February. The amplitude of the 1989 lightcurve has
been multiplied by a factor of 3 to make direct comparison easier.
The major features are repeated in both lightcurves. The above
procedure was used to establish the relative rotational phasing
between the individual observations in the 1979 and 1989 data sets
that were used in the subsequent analysis. Although this is the most
likely rotational phasing, there is the possibility that the actual
rotational phase of the 1989 data should be shifted to match one of
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the spectral curve outside the absorption features. The
minimum region in each continuum-removed absorption
feature was fitted with an N-th order polynomial to
determine the wavelength of the band center. The order
of the fitting polynomial was the value between 3 and 8
that produced the smallest root mean square residuals.
Uncertainties in the band positions were estimated from repeated
polynomial fitting of the feature with alternate selections of points
and with polynomials of orders other than that which produced the
minimum residuals. Due to the weakness of the 2 um feature (Band
II), the determination of its central position is more uncertain than
the determination of the position of the 1 um feature (Band I).

Figure 6 shows the distribution of values of the Band I and Band
II centers vs. the Band II / Band I area ratio (BAR). The solid line
polygons enclose the regions occupied by the ordinary chondrites
(OC) and the S(IV)-asteroids. For the Band I position vs. BAR plot
(Fig. 6a), the overall average (plotted as the large open square) falls
in the H-chondrite region of the OC/S(IV) field (see Fig. 7b). The
Band [ positions vs. the BAR for the individual faces and the
individual faces from different days are plotted as filled squares and
open circles, respectively. The points for these individual faces fall
within (or on) the boundary of the lower portion of the OC/S(IV) field,
although the uncertainties (especially in the BAR) extend beyond
the boundary of the field in some cases. For Band II (Fig. 6b), the
mean (large open square) falls in the lower right portion of the
OC/S(1V) field but within the H-chondrite region of the field (small
symbols). The individual rotation phases scatter above, within, and
below the field due to the relatively large uncertainties in the
parameter determinations for the weak 2 um feature.

As noted above, there is potential ambiguity in the relative
rotational phase of the 1979 and 1989 data. To check the effects of
this ambiguity, the 1989 data was shifted to match its lightcurve
maximum (at rotational aspect ~0.65) with the maxima in the 1979
lightcurve (at rotational aspects ~0.15 and ~0.30). The 1979 and 1989
spectra were then combined by rotational groups and the band
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FIG. 5. (@) The lightcurves obtained in the present study (6/1-3/1979 and 2/19-20/1989)
compared to previous lightcurves from 6/11-12/1968, 8/13-15/1968, 5/15-16/1971, and
2/5/1959 (Gehrels and Taylor, 1977). The observational subearth latitudes (SEL) for
each lightcurve have been calculated for four pole determinations (4, B) of Hebe (363°
and +60°:  Michalowski, 1988; 355° and +50°: Magnusson, 1986; 344° and +30°:
Zappala and Knezevic, 1984; 365° and +50°: Gehrels and Taylor, 1977). The phase
angle (@) is given for each lightcurve set. (b) Comparison of the lightcurves from 1979
June (open squares) and 1989 February (filled circles) for the rotational phasing used in
(a). The amplitude of 1989 lightcurve has been multiplied by a factor of 3 to make direct
comparison easier.

centers and areas determined. The derived band position for the 1 um
feature is plotted vs. the BAR on Fig. 6¢c. Although there is a spread
to higher BAR values (particularly for the ~0.65 (1989) equals ~0.15
(1979) rotational phasing) and the uncertainties in the band position
are often larger, the results are generally consistent with the previous
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data shown in Fig. 6a. The ~0.65 (1989) equals ~0.15
(1979) rotational phasing appears the least likely, since
most (5 of 7) determinations (solid circles on Fig. 6c)
have higher band area ratio values than the average
spectrum (for which rotational phasing ambiguity is
irrelevant).

Figure 7a shows the distribution of parameters for the
ordinary chondrite types within the OC/S(IV) field. The
H chondrites are toward the "toe" end of this sock-shaped
field, L chondrites are concentrated toward the "heel"
region, whereas the LL chondrites extend from the "arch"
of the foot up to the "ankle." Figure 7b—d shows the
distribution of metamorphic subtypes within each chon-
dritic type for parameters from the measured spectra of
Gaffey (1976). From H4 to H6, there is a shift from right
to left. The L4 to L6 points exhibit a similar behavior
displaced to the left of the corresponding H-types. The
shift from grade 4 to 6 for the LL meteorites is up and
left.

The general region within the S(IV) field occupied by
each of the ordinary chondrite types is a manifestation of
differences in their mineralogies. In addition, the variation
in trends of metamorphic grades for each OC type is a
function of systematic variations in mineralogy due to
oxidation during metamorphism (McSween and Labotka,
1993). Figure 7e shows the average spectral parameters
calculated from the mean mineral abundances and
compositions of the metamorphic subtypes of each OC
group measured by McSween and Labotka (1993), using
the relationships between spectral parameters and min-
eralogy derived by Cloutis et al. (1986). The calculated
spectral parameters shown in Fig. 7e¢ exhibit the same
spatial relationships and metamorphic trends shown by
the measured spectral parameters of the OC groups in
Fig. 7b-d. The calculated metamorphic ranges are
shorter than the trends in the measured data, because the
former is derived from averages, whereas the latter
represents individual specimens sampling some portion
of the range of variation within each type.

The Band II/Band I area ratios for the average
spectrum of Hebe—and for most of the individual faces
of Hebe (Fig. 6a)—overlie the H-chondrite region. The
spread in the BARs for Hebe spans the range from H4 to
H6 and extends somewhat beyond this range. The Band I
vs. BAR and the BII vs. BAR points for the average Hebe
spectrum fall in the H5/H6 portion of the H-chondrite
region (compare Fig. 6a to Fig. 7b and compare the
average Hebe point to the H-chondrite points in Fig. 6b).

Within the uncertainties of the measurements, the
silicate mineralogy of asteroid 6 Hebe appears consistent
with that present in the H-chondrite suite, in terms of
both the average and the variation. The data for Band II
(Fig. 6b) are consistent with this interpretation but are too
noisy to provide additional constraints. It is also evident
that the Hebe silicates are well distinguished from
basaltic assemblages (BAR = 1.55 to 2.7; Gaffey et al.,

1993b), which would be expected for a previous interpretation of the
short wavelength spectrum (0.4—1.1 um) of Hebe as indicating a
mesosiderite assemblage (Gaffey and McCord, 1979). In the Hebe
data, there is no persuasive indications of assemblages outside the H-
chondrite range, nor is there indication of magmatic differentiation.
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Reconciling the S-Type Spectrum of Hebe
with an H-Chondrite Assemblage

What progress have we made? Although the silicate fractions of
Hebe’s surface assemblage appear identical to those in H chondrites,
how do we account for the weak spectral features and reddened
spectral slope of Hebe? These characteristics of S-type spectra have
been long recognized as a barrier to identification of S-asteroids as
OC parent bodies (e.g., Chapman and Salisbury, 1973; McCord and
Gaffey, 1974; Gaffey and McCord, 1979; Feierberg et al., 1982;
Gaffey, 1986; Wetherill and Chapman, 1988; Bell et al., 1989,
Gaffey et al, 1989, 1993b). A number of models have been
proposed to reconcile S-type spectral properties with ordinary
chondrite assemblages, including abundant fine-grained metal in the
surface regolith produced by impact fracturing of metal grains (e.g.,
Feierberg et al, 1982) and a lunarlike space weathering process
(e.g., Wetherill and Chapman, 1988; Chapman, 1996). Although the
first alternative has been eliminated (e.g., Gaffey, 1986), the second
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FIG. 6. (a) Plot of Band I position vs. Band Area Ratio for seven
rotational aspects of Hebe are shown by the small solid squares. The
values derived from the overall average spectrum of Hebe is shown as the
large open square. Where available at several rotational aspects, separate
values for the nights of 6/2/79 and 6/3/79 are shown as small open circles.
The S(IV)-asteroid/ordinary chondrite region defined by Gaffey et al.
(1993b) is enclosed within the solid polygon. (b) Plot of Band II position
vs. Band Area Ratio for seven rotational aspects of Hebe are shown by
the small solid squares. The values derived from the overall average
spectrum of Hebe is shown as the large open square. The S(IV)/OC area
is outlined by the solid line. The smaller symbols (see Fig. 7b for key)
represent measured values for samples of the various petrologic types of
H chondrites. The basaltic achondrite area is outlined by the dashed line.
(c) Same as Fig. 6a but for two alternate rotational phasings between the
1979 and 1989 observations. The solid circles are for spectra derived
from matching the 1989 lightcurve peak at rotational aspect ~0.65 to the
1979 lightcurve peak at rotational aspect ~0.15. The solid squares match
the 1989 peak to the 1979 lightcurve peak at rotational aspect ~0.30. The
values derived from the overall average spectrum of Hebe is shown
without error bars as the large open square.

alternative has recently gained support from the Galileo images of
mainbelt S-asteroids Gaspra and Ida/Dactyl (e.g., Chapman et al.,
1995).

The lunar space weathering process weakens the absorption fea-
tures, reddens the spectrum, and lowers the albedo. The operation of
a weaker version of the lunar space weathering process on asteroid
surfaces is proposed from the Galileo asteroid images (Chapman et
al., 1995; Chapman, 1996). Figure 8 compares the spectral albedo
curve of Hebe to that of the average of the H6 chondrites (Gaffey,
1976). The albedo of Hebe is higher at all wavelengths than that of
the average of the H6 chondrites that have the highest albedos (and
spectral albedos) of the H-chondrite suite. So, although the spectrum
of Hebe exhibits the weak absorption features and reddened spectral
curve characteristic of S-asteroids, its albedo is equal to or higher
than the brightest of the appropriate chondrite analogues.

The 1 um band depth in the Hebe spectrum is ~6.5% (relative to
the reflectance peak near 0.75 um) or ~9.5% (relative to a linear

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1998M%26PS...33.1281G

3;

F1I908VEPS. ©.73

1288 M. J. Gaffey and S. L. Gilbert

1.050 T T T T T T

(V)
1.025 |

1.000 |
0.975

0.950 |

Band | Center Wavelength (1 m)

0.925

0.900 [ " 1 i L . 1 " 2 L 1 1
1.050 ' - . . — — .
C S(v) D sQv)
]

1.025

T
<
£ [
g’ 1.000: —
2
g «
© L
= 0975 4 .
- [
2
c
)]
© 0950 - :
° 1
s ]
[2e] r ]
0.925 y ]
0.900 [ 1 1 1 1 1 1
0.25 0.50 0.75 1.00 1.25
1030 T T ' BII/BI Area Ratio
E Oxidation in Chondrites
(McSween & Labotka, 1993) FIG. 7. (a) Distribution of ordinary chondrite
1.025 .

petrographic types within the S(IV) region. Parameters
are derived from the ordinary chondrite spectra of
Gaffey (1976) corrected for a +0.025 xm wavelength
4 calibration error (Gaffey, 1984). (b) Distribution of
metamorphic subtypes of H chondrites. (c) Distribution
of metamorphic subtypes of L chondrites. (d) Distribu-
tion of metamorphic subtypes of LL chondrites. (e)
The trend lines for average metamorphic grades of the
three chondrite types derived from the mineralogical
characterizations of McSween and Labotka (1993) and
4 the spectral calibrations of Cloutis et al. (1986). The
variation with metamorphic grade exhibits the same
sense as on Fig. 7b—d but has a shorter range due to the
use of average values.

1.000

0.975

0.950 |

Band | Center Wavelength (1 m)

0.925

0.900 . 1 L
0.25 0.50 0.75 1.00 1.25

BIll/BI Area Ratio

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1998M%26PS...33.1281G

F1998VEPS. ~.7337

Asteroid 6 Hebe surface composition

0.40 1 T T N A |
6 Hebe
nf l-.l...lll 1
L
w
0.30 | .-'.Urf .
[}
°
]
=
<
©
b=] Ave H6 Chon.
3
&
0.20 | _
L
-
0.10 ) N T S N TN SUNN SN SN [T SN S SR N SN SR S T |
0.5 1.0 1.5 2.0 2.5

Wavelength (um)

FIG. 8. Spectral albedo curve of 6 Hebe compared to that of an average of
the H6 chondrite spectra in Gaffey (1976). The spectral albedo curve of
Hebe was produced by multiplying the normalized spectral reflectance curve
of Hebe (Fig. 4) by the IRAS albedo of Hebe (0.268; Tedesco et al., 1992).

continuum fitted at ~0.75 and ~1.30 xm) and can be compared to the
band depth for the average H6 chondrite of ~27%. The band in the
Hebe spectrum is 3—4x weaker than the band in the H6 chondrite
spectrum. The correlation between band depth and albedo as a
function of the degree of space weathering has been explored for
several different proposed space weathering mechanisms. Fischer
and Pieters (1994) showed the change in band depth and albedo for
various lunar soils as a function of the exposure index I¢/FeO.
Depending on the specific landing site sample used (ie., bulk
composition), decreasing the band depth to 25-33% of the original
value was coupled with a decrease in the albedo to ~50% of the initial
value. Clark et al. (1992) measured the spectral effects of melting,
comminution, and recrystallization on chondrites. Their values of
band depth and albedo would indicate that a three to fourfold
decrease in band depth would produce a two to threefold decrease in
albedo. Moroz et al. (1996) used a laser to produce rapid heating
and cooling of an ordinary chondrite and meteorite-type silicates to
simulate space weathering on asteroid surfaces. For an L5 chondrite,
an olivine and an olivine—clinopyroxene mixture, they showed that
the albedo and band depth decreased at approximately the same rate.
Keil et al. (1992) measured the spectra of dark (shock blackened)
clasts to light (unshocked or lightly shocked) clasts in the same
chondrite specimens. Although they did not quantify the changes in
absorption band depth, it is clear that the albedo and band intensity
decrease together. Similarly, Britt and Pieters (1994) show a
correlated decrease in band depth and albedo for shocked chondrites
relative to unshocked chondrites. Thus the high albedo of Hebe
would appear to rule out either a lunar-type space weathering process,
silicate melting, or shock as the cause of the weakened features in
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the Hebe spectrum. (To produce the weakened features in the Hebe
spectrum by the weathering mechanisms discussed above, the initial
albedo of the albedo of the unweathered material would be 50-60%,
which is far above the ordinary chondrite range.) Comparison of the
Hebe spectrum to lower metamorphic grade chondrites (e.g., HS5,
H4, or H3), which have weaker absorption features (e.g., Fig. 16¢ in
Gaffey, 1976), only increases the albedo discrepancy.

If the surface of Hebe includes H-chondrite assemblages, then
the mechanism that modifies the OC spectrum to an S-type spectrum
must weaken the features, redden the slope, and either not effect or
increase the albedo. The traditional candidate to redden the spec-
trum of Hebe is an abundant, coarse-grained Ni-Fe metal component
in the surface material. This is supported by a simple unmixing
exercise. If one assumes a coarse metal component, then the surface
can be modeled by a linear (or checkerboard) model, in which
individual photons interact with silicate or with metal, but seldom
with both. (By contrast, intimate mixtures of finer grain sizes, where
individual photons commonly interact with both species, require.
more complex mixing models. As Cloutis et al. (1990) showed,
increasing metal content in intimate metal-silicate mixtures
substantially lowers the albedo of the resulting assemblage. The
albedo of Hebe, therefore, argues for the simple linear mixing model.)
In this exercise, a spectral contribution from an H6 chondrite,
corresponding to a fraction of the surface (e.g., 30%), was subtracted
from the Hebe spectral albedo curve. This process was repeated
until the residual exhibited no 1 um silicate absorption feature. This
spectral unmixing process was repeated with an average H5
spectrum. The resulting residual spectrum is the spectral albedo
curve of an agent whose presence would modify an H-chondrite
surface material to produce the S-type spectrum of Hebe.

Figure 9 shows the residual spectra resulting from the spectral
unmixing of average H5 and H6 chondrite spectra from the Hebe
spectrum. Both of these curves are consistent with the range of slopes,
curvatures, and albedos exhibited by the nickel-iron meteorites.
(The cause of the flattening of the spectral curve of some (but not
all) Fe and Ni-Fe samples and of the Hebe reddening agent is not
known but is a topic of considerable interest, for example, Gaffey
1976, 1986; Hiroi et al., 1993; Clark and Hiroi 1994; Clark 1995,
unpubl. data, 1996.) The H5 model corresponds to a surface with
60% HS5 chondrite and 40% Ni-Fe metal. The H6 model corre-
sponds to a surface with 40% H6 chondrite and 60% Ni-Fe metal.
Because the mean for Hebe falls in the H5 area and the variation for
Hebe spans the H-chondrite range (Fig. 6a), the H5 model is
preferred. Thus, the favored interpretation is that the surface of
Hebe consists of a coarse (equal to or greater than centimeter scale)
areal mixture of ~60% H-chondrite material with ~40% Ni-Fe metal.

Farinella et al. (1993b) provide additional support for the identi-
fication of Hebe as the H-chondrite parent body. They noted that
among three meteorites for which preterrestrial orbits have been
established, one (Pribram) has an orbit that is consistent with deri-
vation from the v¢ resonance near the location of Hebe. Pribram is
an H5 chondrite.

ORIGIN OF THE HEBE SURFACE ASSEMBLAGE

At first glance, it might appear that no progress has been made.
It has long been suggested that an abundant Ni-Fe metal component
could transform an ordinary chondrite spectrum into an S-type
spectrum (e.g., Feierberg et al., 1982). The problem has been how
to produce the enhanced metal abundance with an undifferentiated
assemblage (e.g., Gaffey, 1986). In the case of 6 Hebe, a solution to
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FIG. 9. Residual spectra resulting from the spectral unmixing of average H6
and H5 spectra from the Hebe spectrum. The residual spectra were
calculated for the same wavelengths as the Hebe spectrum. The average HS
and H6 spectra are shown as well as the spectra of two iron meteorites
(dashed lines) from Gaffey (1976). Although iron-nickel meteorites
consistently exhibit reddish (i.e., reflectance increasing with wavelength)
spectral curves, there is considerable variation in the albedo and curvature of
the spectrum. The iron-nickel meteorite spectra shown here represent the
range of variation in Gaffey (1976).

this dilemma lies in the association of the IIE iron meteorites with
the H-chondrite parent body (or with that parent body’s chemical,
isotopic, and mineralogical twin).

The IIE iron meteorites are classed as nonmagmatic irons
(Wasson and Wang, 1986). Most iron meteorites were formed by
magmatic differentiation during complete melting or extensive
partial melting of their parent bodies and appear to be derived from
the cores of those bodies (e.g., Taylor, 1992). By contrast, the
nonmagmatic IIE iron meteorites were apparently formed near the
surfaces of their parent bodies, either by metal-silicate segregation
in melt masses produced by large impacts or by impact of metallic
material (either initially molten or melted by the impact) onto the
surface of a H-type chondritic parent body (e.g., Wasson and Wang,
1986; Olsen et al., 1994; Casanova et al., 1995). The presence of
relatively abundant silicate inclusions in nonmagmatic iron meteorites
indicates that metal-silicate segregation was incomplete, which is con-
sistent with a relatively rapid cooling, probably as a near-surface melt.

The various IIE iron meteorites were formed in several events
during the first seven hundred million years of solar system history
(Dodd, 1981; Olsen et al., 1994). This is consistent with their origin
in discrete impact events on their parent body, because impact heat-
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ing is the only available heat source for most asteroids that extends
beyond the first few million years of solar system history (e.g., Scott
et al., 1989). Impact melting has been an important process on a
number of meteorite parent bodies (e.g., Rubin, 1995, and references
therein). For example, the L-chondrite Chico is composed of ~60%
impact melt produced during a major impact event onto the
L-chondrite parent body 500 Ma ago (Bogard et al., 1995). Yolcubal
et al. (1997) concluded (from the study of igneous inclusions in
seven heavily shocked chondrites) that in some cases, the impact
melts were sufficiently long-lived to allow partial olivine segrega-
tion to occur. Metal would segregate from such melts much faster
than olivine, indicating the potential to form sheets or pods of metal.

The silicate inclusions in the IIE iron meteorites have O isotopes
that fall in the H-chondrite field and lie on the H-chondrite
fractionation line (Clayton et al., 1983, 1991). Most of the silicate
inclusions in the IIE iron meteorites are partial melts obscuring their
original nature, but several preserve an H-chondrite chemical
signature or petrology (Olsen et al., 1994; Casanova et al., 1995).
Ebihara et al (1996) describe a IIE iron specimen that was
originally classified as an H6 chondrite and that contains a silicate
portion compositionally and petrologically similar to either an H5 or
H6 chondrite. They proposed formation on the surface of the H-
chondrite parent body from intrusion of H-chondrite country rock by
a metal-sulfide melt derived from impact melting of H-chondrite
material.

The high density of Ni-Fe-FeS melt, relative to chondritic sili-
cates, increases the efficiency of the metallic phase segregation from
an impact melt. Higher abundances of metal in a silicate—metal melt
increases the growth rate of metal melt globules by mutual collision
and merging of smaller droplets. Larger metal globules settle more
rapidly, increasing the rate and efficiency of metal—silicate segrega-
tion (e.g., Taylor, 1992). Because of the relatively high abundance
of Ni-Fe metal in H-chondrite material (average = 18.0 wt%, range
= 14.3-21.4%; McSween et al., 1991), the formation of a significant
metal layer in impact melts generated on an H-chondrite substrate
should be much easier than on L-chondrite (8.4%, 5.4-10.5%) or
LL-chondrite (3.6%, 1.4—7.9%) substrates. (Rubin et al. (1986)
describe an ungrouped iron meteorite, Guin, which resembles the
IIE iron meteorites but, based on O isotopes, is not related to the IIE
iron meteorites or the H chondrites. Instead, Guin has O isotopes
that lie along a fractionation line through the L chondrites and that
lies at the edge of the LL-chondrite field. This suggests that the pro-
posed mechanism may also work for L- and LL-chondritic materials.)
A schematic model of the impact-melt formation of Ni-Fe metal
layers on the H-chondrite and IIE iron parent body is shown at the
top of Fig. 10.

Craters up to 8 km in diameter were observed on Ida (Belton et
al.,, 1994), an asteroid approximately one-sixth the diameter of
Hebe. Images of asteroid 253 Mathilde (66 x 48 x 46 km) showed
five large craters (diameters from 19 to 33 km) on the approximate
one-half of its surface viewed by the NEAR spacecraft (Veverka et
al., 1997). Substantial portions of the surfaces of Gaspra, Ida, and
Mathilde are occupied by craters >2 km in diameter. Given that all
three of these asteroids are probably substantially younger than
Hebe, and given that the impacting flux was substantially higher
during the early period of Hebe’s existence, it is reasonable to
expect that most of the surface of Hebe was impacted by projectiles
with energy sufficient to produce impact-melt bodies in their craters.

Scaling the results of O’Keefe and Ahrens (1994) to typical
asteroid impact velocities for their full range of model parameters
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FIG. 10. (Top) Schematic model for the formation of metal-rich layers in the
shallow subsurface of the H-chondrite and IIE iron meteorite parent body.
The impact-melt sheet in the crater has differentiated into lower metal layer
and upper silicate layer. Vertical scale and thickness of the melt layer is
exaggerated. (Bottom) Schematic representation of the current Hebe surface
layer. Impact gardening of surface has preferentially depleted weaker, brittle
silicates while enriching stronger resistant metal at the surface.

(four orders of magnitude in their parameter, which incorporates melt
enthalpy and yield strength) indicates melt sheets with thicknesses
corresponding to 0.5-2.5% of the diameter of the associated crater.
For a 10 km crater, this corresponds to melt sheet thicknesses of 50
to 250 m. For an average H-chondrite metal abundance of 18%
(Wt%), complete segregation of the metal would produce a metal
layer 5 to 25 m thick at the base of such melt sheets. Incorporation
of the FeS phase would increase their thicknesses by ~50%. (Note:
Available spectral data suggest that FeS (troilite) is spectrally
similar to Ni-Fe metal (Britt et al., 1992) and, for purposes of our
spectral discussion, is considered as metal.)

IS IMPACT MELTING A VIABLE MECHANISM
ON ASTEROIDS?

Based upon cratering models, observations of terrestrial impact
craters and lunar samples, and laboratory shock experiments, Keil et
al. (1997) concluded that impacts cannot produce large-scale
melting and whole-body differentiation. They also challenged the
formation of impact-melt sheets in asteroidal craters and suggested
that any impact melt volumes in asteroidal craters will be more than
an order of magnitude smaller (e.g., 0.01-0.1%) than that predicted
by the equation of O’Keefe and Ahrens (1994). However, there are
several lines of direct meteoritic evidence that suggest that impact
melting is a significant localized process on asteroid surfaces. The
presence of impact-melt rocks and clasts in the meteorite collections
indicates that some effect must be operating to overcome the
limitations outlined by Keil et al. (1997) in order to produce
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moderate amounts of impact melt during at least a subset of the
large impacts onto asteroid surfaces.

Keil et al. (1997) noted that larger impact-melt volumes would
be produced on targets that are anhydrous and on those that have
porosity greater than the zero value used in their models. Water is
absent on the H-chondrite parent body, and unweathered H chondrites
have intrinsic porosities of ~10% (~90% of samples falling in the 5~
20% range of porosity; Corrigan et al., 1997; Consolmagno et al.,
1998). If—as now appears certain—there are substantial surface
regoliths on the larger asteroids (Belton et al, 1994), the bulk
porosity (i.e., intrinsic porosity plus regolith porosity) of the surface
layer of Hebe must be substantial; it is almost certainly greater than
the lower limit (23%) for the bulk porosity of asteroid Ida inferred
from the Galileo flyby (23-73% depending on meteorite type and
Ida mass; Belton et al., 1995). The anhydrous and porous target
rocks on the H-chondrite parent body should increase, perhaps
substantially, the amount of impact melting over that estimated by
Keil et al. (1997).

And finally, the IIE iron meteorites offer compelling evidence
for a differentiation process related to impact heating. The range of
IIE iron ages indicate that there were a series of melting and metal—
silicate segregation events on the H-chondrite parent body (or its
chemical, mineralogical, and isotopic twin) over a time interval from
4.5 Ga down to 3.7 Ga. There are only four plausible asteroid
heating mechanisms (e.g., Scott et al., 1989; Rubin, 1995). Short-
lived radioisotopes (such as 26Al) and solar wind induction heating
are the leading candidates for the cause of the magmatic activity that
produced the igneous meteorites. However, these heating mechanisms
are active only during the first few million years of solar system
history. They cannot provide heating over the formation interval of
the IIE iron meteorites. Heating due to decay of the long-lived
radioisotopes (e.g., 235U, 238U, 40K, 234Th) is significant only for the
largest asteroids (e.g., Scott ef al., 1989) and would not produce, or
even approach, igneous temperatures in ~200 km diameter asteroids
such as Hebe and the H-chondrite parent body. (Minster and
Allegre (1979) suggested a possible diameter of 300 to 350 km for
the H-chondrite parent body. From thermal models, Miyamoto ef al.
(1981) calculated a diameter of 170 km to match the metamorphic
history of the H chondrites. From H-chondrite cooling rates and
conductivities, Pellas and Fiéni (1988) inferred a diameter of 160 to
200 km for their parent body. On the basis of H-chondrite thermal
histories, Bennett and McSween (1997) modeled the thermal
evolution of the H-chondrite parent body and derived a diameter of
160 to 190 km. Akridge et al. (1998) concluded from thermal
modeling that a Hebe-sized body was consistent with the thermal
evolution of the H chondrites.) The temporal span of the heating
events and the relatively small size of the potential parent bodies
leave impacts as the only viable heat source for the igneous tem-
peratures and metal-silicate differentiation recorded in the younger
IIE iron meteorites.

Support for the impact-melt model is also found in the igneous
inclusions in ordinary chondrite breccias (e.g., Foder et al., 1972,
Foder and Keil, 1975; Wilkening, 1978; Rubin et al., 1983; Sack et
al., 1994; Rubin, 1995; Yolcubal et al., 1997; Ruzicka et al., 1998
and references therein). Abundant examples of metal and sulfide-
depleted silicate inclusions that have compositions similar to the
silicates of their chondritic hosts are found in ordinary chondrites.
What are seen in these igneous clasts are melts that formed very
rapidly (to melt all phases simultaneously), underwent metal-silicate
segregation, and quenched before the silicate could differentiate
significantly. In their study of large (millimeter- to centimeter-scale)

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1998M%26PS...33.1281G

F1998VEPS. ~.7337

1292

igneous-textured clasts in the L3 meteorite Julesberg, Ruzicka et al.
(1998) noted that these inclusions contain much less Ni-Fe metal
(<0.06% up to 1.3%, median value = 0.26%) than the bulk meteorite
(13.54%). These inclusions are similar in mineralogy and mineral
composition to the upper silicate portions of the impact-melt sheets
discussed above. Sack et al. (1994) concluded that two of the studied
igneous inclusions from ordinary chondrites were samples of layered
magma masses on the H-chondrite-like parent body that had seg-
regated metal and sulfide from the silicates. Bridges and Hutchison
(1997) concluded that a significant subset of clasts in ordinary
chondrites were probably formed in impact-melt pools. The clasts
studied by Ruzicka et al. (1998) required metal-silicate segregation
on scales of at least centimeters and do not preclude segregation on
much larger scales. At least some of the igneous-textured inclusions
present in the ordinary chondrites were apparently excavated from
solidified impact-melt masses that experienced metal-silicate segrega-
tion and distributed across the surface regolith of their parent body(s).

Despite the objections raised concerning the proposed impact
heating mechanism to produce large metal masses on Hebe, there is
compelling physical evidence (i.e., there is no plausible asteroidal or
meteorite parent-body heat source to produce IIE iron meteorites
with ages of 4.4 to 3.7 Ga except impacts) that the proposed process
actually operated on the H-chondrite parent body. Although the
conditions that relaxed the constraints defined by Keil et al. (1997)
are presently conjectural, there is strong evidence that they were
relaxed in the case of the IIE iron parent body and the parent bodies
of the ordinary chondrites that contain igneous clasts.

The meteorite evidence provides few constraints on the dimen-
sions of the melt volumes. In many cases, they could be as small as
a few centimeters ("pods" or "puddles") and still produce the
observed igneous clasts. However, Keil et al. (1997) noted that the
proportion of impact melt generated relative to the total crater volume
increases significantly with increasing crater size. The abundance of
igneous clasts in ordinary chondrite breccias and the abundance of
the IIE iron meteorites (~0.12% of all falls, the eighth most abundant
type of the eleven major iron meteorite types; Wasson, 1974) suggests
that the production of impact melts is not uncommon. The range of
formation ages among the IIE iron meteorites indicates samples from
several distinct regions on their parent body, which again suggests
that such regions are not extremely rare. Therefore we have chosen
the "impact-melt sheet in crater bottoms" as our baseline model.
That being the case, the previously derived thicknesses of metal
layers associated with large craters on the surface of Hebe seems to
be areasonable initial estimate.

Alternatives to the Impact Melting Origin
of the Surface Metal on Hebe

Localized melting on or within an otherwise unmelted chondritic
parent body could also occur by other mechanisms. Herbert (1996,
pers. comm.) has noted that if induction heating (e.g., Herbert, 1989)
operated on this asteroid, the spatial distribution of heating would
probably be unstable against localized thermal runaway. This is due
to the increase in electrical conductivity with temperature and the
tendency of hot (more conductive) spots to divert current from
neighboring cooler regions. This could produce a network of molten
regions penetrating the unmelted (but probably metamorphosed)
body of the asteroid. Differentiation should produce large lenticular
pods of metal within the molten network. However, the young
formation ages of some of the IIE iron meteorites would be difficult
to reconcile with this mechanism.

M. J. Gaffey and S. L. Gilbert

In the previous discussion, it has been assumed that the IIE iron
meteorites formed by impact melting and differentiation of an H-
type assemblage. It has also been suggested that the IIE iron
meteorites could have formed by accretion of a fragment of an iron
core from a disrupted differentiated body (e.g., Wasson and Wang,
1986; Casanova et al., 1995). Most mesosiderites were apparently
formed by just such a process, with the possible exception of type-4
mesosiderites that may have been derived from impact-melt sheets
(e.g., Rubin and Mittlefehldt, 1993). Solidification times of the
magmatic iron meteorites are <103 years after solar system forma-
tion. Thus, if the younger IIE iron meteorites were formed by
accretion of iron masses onto the IIE parent body, then impact
heating must still be invoked to melt the solidified metal. The
metallic core fragment might have still been relatively hot (even if
solidified) which would have reduced the energy input needed to
produce melting. However, if this is the origin of the H/IIE associa-
tion, then there is the additional constraint provided by similarity of
IIE metal to H-chondrite metal (e.g., Wasson and Wetherill, 1979).
That similarity would require that the impacting core fragment came
from a differentiated parent body of H-chondrite composition, the
probability of which cannot readily be estimated at the present time.

PRODUCING THE HEBE SURFACE ASSEMBLAGE

Thus we have three models to produce large metal masses on the
H-chondrite parent body. Impact melting in large craters would
result in Ni-Fe metal layers located below hundreds to thousands of
meters of overburden, both the silicate part of the solidified melt
sheet and fall back breccia. The "short-circuited" induction heating
could produce pods of metal throughout the body. The accreted
metal core fragment would produce surface and near-surface metal
and metal-silicate masses. In the first two cases, the metal would
have to be brought to the optical surface of the asteroid by removal
of the overlying silicate layers. And in all three cases, regolith
deposited from other impacts on the body’s surface must be
regularly removed from the metallic masses to keep them exposed at
the optical surface.

Mean impact velocities onto the surface of Hebe (6.4 km/s;
Rivkin and Bottke, 1996) are much higher than typical seismic
(sound speed) velocities in ordinary chondrites (~2.1-4.2 km/s;
Alexeyeva, 1960) and mafic silicate rocks (~3.5-5.5 km/s depending
on porosity; Carmichael, 1982) but only slightly above the seismic
velocities in Ni-Fe metal (5.8-6.3 km/s in iron and steel; Carmichael,
1982). From the velocity distributions of Rivkin and Bottke (1996),
~55% of the impacts onto the surface of Hebe will be above the
mean seismic velocity of Ni-Fe metal (~6.0 km/s), ~67% will be
above 5.5 km/s, and ~85% will be above 4.2 km/s. Impact velocities
above the sound velocity of the target produce shock waves that tend
to disaggregate and accelerate target material to relatively high
velocities. The intensity of the shock and the mass of ejected target
increases rapidly as the impact velocity exceeds the seismic velocity
by a greater extent.

Moreover, the silicates are weaker than the metal phases, even
when the metal phases are embrittled by low temperatures (e.g.,
Gaffey, 1986 and references therein). So typical impacts (mostly
supersonic) into the silicate portion (either the H-chondrite substrate
or the upper silicate layers of melt bodies) of Hebe tend to fragment
and eject these materials from the surface. Impacts onto the large
metal masses (many subsonic) tend to locally deform them but are
not nearly as efficient at fragmenting and ejecting the metal.
Fragments of metal produced by these impacts will be larger than
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the fragments of silicate. These larger metal fragments will tend to
remain at the surface because they are more resistant to destruction
by the smaller frequent impacts onto the surface. If there is seismic
shaking of the regolith on these bodies due to impacts, the larger
metal fragments will tend to migrate upward toward the surface, also
increasing their optical effect.

The differential erosion can expose the buried metal layers and
concentrates metal at the optical surface. The impacts comparable
to the dimensions of the silicate layer overlying a metal layer are
analogous to the lunar flat-bottomed and concentric craters formed
by impactors striking a surface where a substantial regolith (with a
thickness less than the crater depth) overlies a more competent
bedrock or substrate (Oberbeck and Quaide, 1967; Quaide and
Oberbeck, 1968). Due to the seismic velocity discontinuity at the
interface, such impacts strip away large areas of the low-seismic
velocity overburden but produce only small (or no) craters in the
substrate. The effect is to strip away the overburden efficiently
exposing the high-seismic velocity substrate. This provides a
mechanism to remove both the initial overlying silicate layers in a
melt sheet and to strip away regolith materials deposited on the
exposed metallic surfaces by other impacts on the body.

Hydrocode models of impacts onto asteroid surfaces suggest that
only the smallest bodies are in an erosive regime. However, the
results of the NEAR encounter with asteroid 253 Mathilde (Veverka
et al., 1997; Asphaug, 1997) indicate situations where the hydrocode
predictions do not adequately describe impacts onto asteroid surfaces
and where much larger bodies are undergoing impact erosion.

The S-type spectrum of Hebe can be produced by a simple
coarse-grained mixture of H-chondrite material (~60% by area) and
Ni-Fe metal (~40% by area). In our preferred model outlined above,
the metal derives from laterally extensive (hundreds to thousands of
meters) but relatively thin (meters to tens of meters) metallic layers
emplaced at shallow depths within large impact structures or possibly
splashed across the surface by an impacting Ni-Fe core fragment.
The metal has been exposed, concentrated, and maintained at the
optical surface by differential impact erosion of the weaker and/or
lower seismic velocity overlying silicate layers or regolith. Below
this thin-metal-enriched surface layer, the bulk of the body of Hebe
would be H-chondrite material.

Radar Tests of This Model

Chapman (1996) has pointed out that this interpretation should
produce a diagnostic radar signature. Spatially resolved radar obser-
vations, obtainable with the upgraded Arecibo facility, could provide
a good test of this interpretation. Until such data becomes available,
the existing radar data can be examined.

Hebe has a radar albedo of 0.15, near the middle of the range for
mainbelt S-type asteroids (Ostro et al., 1991). The value for Hebe
(and the other mainbelt S-asteroids) is lower than that of the main-
belt M-type asteroid (16 Psyche) with a probable metallic surface
(0.26). As Ostro et al. (1985, 1991) has discussed, a plausible range
of porosities on asteroid surfaces—the best estimate of a shallow
regolith porosity (55%) is provided by the M asteroid 16 Psyche;
Ostro et al. (1991)—allows considerable range in the metal abun-
dance on S-asteroid surfaces. A porosity of 55% for the derived
Hebe surface would be consistent with the measured radar albedo of
this asteroid.

The circular polarization ratio of Hebe is 0.0—the lowest value
for the S-asteroids (range = 0.0 to 0.32)—indicating that most of the
radar return is single scattered from a surface that is smooth at the
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scale of the radar wavelength or from smooth surface elements with
high radar albedos. Such a low circular polarization ratio has been
considered to indicate a smooth surface at all scales within about an
order of magnitude of the radar wavelength and an absence of
centimeter-to-meter scale structures (e.g., fragments) in the top few
meters of regolith (Ostro et al., 1991). The low circular polarization
ratio of Hebe would also be consistent with the derived composition
in which abundant metal slabs on the surface produce a large single-
scattered radar component. Data from the upgraded Arecibo radar
facility may provide a more definitive conclusion.

CONCLUSIONS

Several lines of evidence indicate that S(IV)-type asteroid 6
Hebe is the probable parent body of the H chondrites and the IIE
iron meteorites. Hebe is located adjacent to both the v¢ and 3:1
resonances and has been previously suggested as a major source of
the terrestrial meteorite flux. The silicate portion of the surface
assemblage of Hebe is consistent with the silicates in H chondrites.
The high albedo of Hebe, relative to that of an H chondrite, rules out
a lunar-style space weathering process as the mechanism producing
the weakened absorption features and reddish spectral slope in the
Hebe spectrum. Linear unmixing models show that the component,
which produces the S-type spectrum of Hebe, is consistent with a
typical Ni-Fe metal spectrum. Isotopic and petrographic evidence
links the silicate-bearing IIE iron meteorites to the H-chondrite
parent body. It is proposed that large impacts onto the relatively
metal-rich H-chondrite target produced melt sheets, pools, or pods,
which differentiated to form near-surface layers of metal. Alter-
nately, masses of metal could have been added to the Hebe surface
by the impact of a core or core fragment from a differentiated body of
H-chondrite composition. Subsequent impacts preferentially eroded
and depleted the overlying silicate components and regolith,
concentrating and maintaining large masses of metal at the optical
surface of Hebe.

The work described in the present paper has established the
probable presence of an H-chondrite assemblage with abundant
Ni-Fe masses on the surface of Hebe. Previous dynamical studies
had established the viability of Hebe as a significant meteorite
source. Previous linkages between the H chondrites and the IIE iron
meteorites provided the basis for development of a mechanism to
produce an S-type spectrum for a body with an H-chondrite com-
position. This mechanism may not work for the less metal-rich L
chondrites and seems highly unlikely for the metal-poor LL
chondrites. This mechanism cannot be generalized to other S(IV)-
asteroids without careful spectral study of individual candidates.

Thus, Hebe is an object that apparently has the correct surface
composition, for which a reasonable mechanism can be defined to
produce the S-type spectrum, and from which we should be getting a
substantial fraction of our meteorite flux. If the H-chondrite parent
body is among the S-type asteroids, it will have to have all of these
properties. If Hebe is not the H-chondrite parent body, then where
are the meteorites from Hebe? Therefore we conclude that Hebe is
the probable parent body of the H chondrites and the IIE iron
meteorites. "Probable" means just that. Hebe is far and away the
best candidate, but that does not mean that Hebe is the H-chondrite
parent body beyond any doubt. The whole concept of probability
(whether rigorously computed or expressed as relative likelihood)
arose from studies of gambling. Probability never says "this is true"
but only "that’s the way to bet." We’re betting on Hebe.
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