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Spectral reflectivity data and its location near an orbital
resonance suggest that Asteroid 6 Hebe may be the source body
for H-chondrites, the second largest meteorite group. Recent
spacecraft images of asteroids and theoretical modeling indicate
that, contrary to previous ideas, asteroids can retain thick rego-
liths. We model the thermal evolution of a Hebe-sized object
coated with a thick insulating regolith and heated by *Al and
other long-lived radionuclides. The heat conduction equations
for spherically symmetric objects were solved using finite-differ-
ence approximations. We assumed a three-layer structure with
regolith and megaregolith overlying a rocky core. The three
layers differed in bulk density, porosity, and thermal conductiv-
ity. Interior peak temperatures were set to match metamorphic
temperatures of H6 chondrites.

The regolith has a major influence on thermal history, and
the results are very different from those for a simple rocky body
published by various authors. Regolith insulation produces a
uniform interior peak temperature of ~1250 K and moves the
petrographic type boundaries close to the surface of the parent
body. Petrologic types 3—6 can be produced within 10 km of
the asteroid’s surface with only moderate (—1 km) regolith
thicknesses. The calculations indicate that H4-Hé6 formation
would be consistent with the cooling rate estimates and Pb—Pb
formation ages if the material originated in the near surface
regions. We suggest that many if not all H-chondrites could
have been formed in a megaregolith and thick regolith. Their
observed properties are consistent with this environment, espe-
cially the abundance of regolith breccias and H-chondrites of
all petrologic types with implanted solar wind gases. 1904
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INTRODUCTION

Recent work on the orbital dynamics of material ejected
from Asteroid 6 Hebe and the spectral characteristics of
the asteroid suggest that it might be a reasonable source
for the H-chondrites. Farinella er al. (1993) and Morbidelli
et al. (1994) have suggested that Hebe’s location near the

v and 3:1 resonances make it an ideal candidate for pro-
ducing Earth-crossing meteoroids. The chaotic zones asso-
ciated with these resonances can act as escape hatches
that send impact ejected fragments toward the inner solar
system. H-chondrites represent the second largest class of
meteorites falling to Earth (Sears and Dodd 1988). The
undifferentiated surface of Hebe appears spectrally similar
to ordinary chondrites (Migliorini et al. 1997) and Gaffey
(1996) concluded that Hebe’s surface mineralogy is suffi-
ciently similar to H-chondrites to make it the potential
source body for H-chondrites and IIE irons. The spectra
of Hebe appear to be enriched in FeNi metal when com-
pared to H-chondrites, a feature attributed to impact melt
“pools™ of metal on the planet’s surface (Gaffey and Gil-
bert 1997). Keil et al. (1997), however, suggest that melt
volumes on Hebe-sized objects are too low to account for
melt pools. The lunar regolith, the closest comparable body
for which we have data, contains impact melt products that
compose up to 65 vol% of the surface (McKay et al. 1991).

Nearly all meteorites display evidence of having experi-
enced significant heating, most probably as part of the
thermal history of the parent body. The existence of achon-
dritic and iron meteorites indicates that hecating was
enough to melt and differentiate at least parts of some
parent bodies. Chondritic meteorites, however, escaped
the melting process but experienced a large range of peak
temperatures. Ordinary chondrites range from nearly un-
metamorphosed type 3 to highly metamorphosed and min-
eralogically equilibrated type 6. Petrographic types 3, 4, 5,
and 6 most probably experienced peak temperatures of
870, 970, 1020, and 1220 K, respectively (McSween et al.
1988).

In an attempt to explain the range of metamorphism
observed in ordinary chondrites and make deductions
about parent body sizes, numerical models have used the
estimated peak temperatures, cooling rates, and formation
time intervals as constraints. These models can essentially
be categorized by their heating mechanisms. Heat produc-
tion from clectromagnetic induction during an intense
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carly solar wind has been suggested (Herbert er al. 1991),
but may require unrealistic solar wind fluxes through the
ecliptic plane and higher electrical conductivities than
those observed in chondritic rocks (Wood and Pellas 1991).
Long-lived radionuclides U, Th, and K do not provide
an effective heat source because the rate of heat loss by
asteroid-sized bodies nearly equals the rate of heat genera-
tion by radionuclides, so that maximum temperatures
achieved are <800 K (Yomogida and Matsui 1984). Short-
lived Al is a more reasonable heat source, and excess
daughter product **Mg found in calcium-aluminum inclu-
sions (CAl) in the CV3 Allende (Lee er al. 1976) and
aluminum-rich chondrules and CALI in ordinary chondrites
(Russell er al. 1996), indicate that it might be a viable heat
source in some cases. Models based upon **Al decay have
provided estimates ol parent body size, cooling rates, and
formation times (e.g.. Herndon and Herndon 1977: Minster
and Allegre 1979; Mivamoto er al. 1981; Bennett and
McSween 1996; Akridge et al. 1997). The decay of “'Fe
is another possible heat source in the early solar system
(Shukolyukov and Lugmair 1992), but rates of heat produc-
tion are a factor of ~10 lower than for Al (Grimm and
McSween 1993). Collisional heating has also been pro-
posed (e.g., Rubin 1995), and Scars et al. (1997) concluded
that impact heating was responsible for eucrite metamor-
phism. :

The potential for thick regolith development on aster-
oids has been confirmed by Galileo spacecraft images of
Gaspra and Ida (Carr et al. 1994; Belton et al. 1994). Both
asteroids contain regoliths tens to hundreds of meters thick
despite their small size (radius < 20 km). These observa-
tions have resulted in considerable revision to theoretical
models that predicted little or no regolith buildup on small
bodies. Early regolith production models concluded that
regolith on small bodies was limited to <100 m thickness
(Langevin and Maurette 1980) or entircly absent (Housen
et al. 1979), but more recent calculations have shown that
even small bodies can retain significant amounts of ¢jecta
if they have low strength (Housen 1992; Asphaug and
Nolan 1992). Regolith buildup on asteroids is dependent
on the fraction of cjecta retained by the body. Thus. a
Hebe-sized object (radius = 93 km) would be expected to
have a thicker regolith because of its larger gravity ficld
than Gaspra or Ida. assuming a similar mechanical strength
in the surface regions.

This paper presents numerical calculations performed
for a Hebe-sized asteroid with H-chondrite properties us-
ing **Al as the heat source. Unlike previous work on chon-
drite parent body thermal history, we have considered the
effects of regolith insulation. We show that a thick regolith
can substantially reduce parent body cooling rates so that
meteorites of all petrographic types might have been pro-
duced in the megaregolith or regolith.
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FIG. 1.
for density (p) and porosity (&) used in the calculations. Total radius of
modeled Hebe = 100 km.

Three layer modeled structure of Hebe with typical values

THERMAL MODEL

We assume a homogenous distribution of *Al, *Fe, “K,
“¥Th, U, and **U throughout the parent body. Initial
internal temperatures are assumed using blackbody char-
acteristics for an object in the present asteroid belt. The
surface temperature is assumed to be constant over the
course of the numerical calculations. Appropriate values
(discussed below) for density and porosity were chosen
for the mantle, megaregolith, and regolith (Fig. 1). Calcula-
tions begin at the center of Hebe and procced outward
using the appropriate material properties for each struc-
tural zone. If volume changes are neglected, then the heat
conduction equation for a spherically symmetric body can
be used to determine temperature for any position and
time (Allan 1955),

f’)'_T:__zli(_i r2K£ +A(I) (I)
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where T is the temperature, p the material density, €, the
heat capacity, K the thermal conductivity, A(7) the rate of
heat generation, and ¢ and r are the time and radial position
within the body, respectively.

The equation becomes a nonlinear partial differential
equation whenever thermal conductivity varies with tem-
perature. MacDonald (1959) solved Eq. (1) numerically
for the nonlinear case using finite difference approxima-
tions for the first and second derivatives. The approximat-
ing equation for the center of the body is
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and throughout the body is
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where m and n are positional and time steps, respectively.
For the boundaries between the regolith, megaregolith,
and the interior the proper equation is
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We calculated a new temperature for each positional step
within the body. Positional increments were generally set
between 250 and 500 m. To avoid instabilities in the calcula-
tions, the time interval given by
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was set as a function of the positional step size Ar and K
of the interior region (Reynolds er al. 1966). The numerical
calculations assume the regolith and megarcgolith thick-
nesses to be constant, typically between (.5 and 3 km in
depth. Cratering on Hebe would create localized areas of
thick and thin regolith thicknesses and differential heat
flow near the surface. Our model reflects a global average
of regolith/megaregolith thickness. The original radius of
Hebe is assumed to have been 100 km, about 7% greater
than its present value, assuming some mass loss due to
impact.

Sintering in the outer layers of the body has not been
considered since the sintering process is not well under-
stood in regard to meteorite parent bodies. Wood (1979)
proposed that sintering of a dusty 20 km chondritic asteroid
would increase the thermal conductivity of the material
and result in volume shrinkage. This model reflects sin-
tering characteristics on Earth where fusion between grains
can occur at temperatures >800 K. For asteroid surfaces,
impact communition may partially off set any sintering and
it is clear from the textures of the dark matrix of regolith
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breccia chondrites that surface processes can create and
maintain unconsolidated materials. Heating of the regolith
from Al decay would occur for only a few Ma after accre-
tion, a time when impact bombardment of the surface is
expected to be high. The abundance of regolith breccias
containing H4-H6 material (Bunch and Rajan 1988) is an
indication that the lithification process for these meteorites
was postmetamorphism, It is also unclear how sintering
affects highly porous material on a low-gravity body. For
asteroid-sized bodies in which the gravity field is 100-1000
times lower than for Earth, sintered material may not be
compacted into a more thermally conductive rock. Until
sintering experiments can be conducted under these condi-
tions, we feel that there is no strong argument for signifi-
cant sintering effects on asteroid surface material immedi-
ately following accretion.

The use of a single **Al/*>"Al ratio for the initial heat
generated implicitly assumes that Hebe accreted quickly
(<10° years) in the nebula in the manner described by
Wetherill and Stewart (1993), who favored runaway
growth timescales of only 10° years. Long accretion times,
>1 Ma, would result in dramatically lower *A1/%” Al ratios
for dust and debris that accreted late, as opposed to the
initially accreted material. However, if the late accreting
material had grown to small planetesimals before accreting
then even this material could have retained much of the
original heat produced from the decay of **Al. Accretion
times that are much less than the 0.72 Ma half-life of Al
or longer accretion times for planetesimal-sized debris
would be approximated adequately by an “instantaneous”™
accretion model.

MODEL PARAMETERS

Radiogenic Heat Sources

The heat source used in the model calculations was pri-
marily the decay of **Al. Ghosh and McSween (1996) found
that *“Fe (half-life = 1.5 Ma) was not important compared
to Al in the internal heating of 4 Vesta, or probably the
asteroid belt as a whole (Grimm and McSween 1993). [ron-
60 becomes the dominant heat source after 5 Ma, at which
time the heat generated by both “Fe and *°Al is unimport-
ant (Fig. 2). Aluminum-26 remains the most plausible
means of heat generation in asteroids. Most CAI have
26 A1/7 Al ratios that cluster around 5 X 107°, but there are
significant variations and some CAI contain no evidence
for Al. These variations may be due to heterogeneous
distribution of *Al during CAI formation or to relatively
long time spans in the early solar system. Podosek and
Cassen (1994) and MacPherson et al. (1995) noted that
Al/7Al ratios were probably reset by storage and re-
processing events in the nebula.

Aluminum-26 heat production was modeled by multi-
plying the initial **Al/>’ Al ratio by 115 J g! yr~!, the
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FIG. 2. Potential heat generation by short- and long-lived radionu-
clides with time after initial CAI formation. Initial Al heat production
is about 10 times greater than “Fe. Iron-60 becomes dominant only after
3 Ma, at which time the heat production of both aluminum-26 and iron-
60 is insignificant. Heat generated by the long-lived isotopes only become
significant after 8 Ma. Data from Herndon and Herndon (1977), Grimm
and McSween (1993), and MacDonald (1959).

potential heat generated based on bulk Al content in H-
chondrites (Herndon and Herndon 1977). The 2°Al/7 Al
ratio was chosen (5.5 X 10°°, corresponding to about 2.3
Ma after CAI formation) so that calculated internal tem-
peratures matched the peak metamorphic temperatures
for type 6 chondrites. The heat generated by the remaining
radionuclides was determined by multiplying the decay
cnergy by the rate of decay.

Internal Temperatures

The initial internal temperatures of the asteroids were
assumed to be present day blackbody temperatures, which
range from about 200 K near the inner portions of the belt
to 160 K in the outer regions. Wood (1979) assumed a
value of 170 K for a chondritic asteroid. Bennett and
McSween (1996) used initial temperatures of 160 and 500
K. but assumed an initial value of 300 K for most of their
work. We assume an initial internal temperature of 200 K,
although the qualitative nature of the results is not sensitive
to this value. Higher initial temperatures and lower **Al/
*7Al ratios would also match the estimated peak tempera-
tures.

A major constraint in the calculations is the peak meta-
morphic temperatures of the petrographic types. An upper
limit is set by the absence of metal—troilite eutectics which
form at ~1250 K (McSween et al. 1988). The least meta-
morphosed H-chondrites do not show characteristics of
slow cooling through 673 K. suggesting metamorphic con-
ditions below this temperature. Guimon et al. (1985) used
the phase transformation from low to high feldspar in ordi-
nary chondrites to establish the metamorphic temperature
of type 3.5 at about 850 K. Dodd (1981) estimated meta-
morphic temperatures based on relative abundances of
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orthopyroxene and clinopyroxene grains and suggested
temperatures for type 3 of ~870 K, type 4 of ~970 K, type
50f~1020 K, and type 6 of ~1220 K (McSween et al. 1988).

Thermal Conductivity, Density, and Porosity

The thermal evolution of Hebe is strongly dependent
upon its modeled internal structure. Previous models have
assumed uniform thermal conductivity throughout the
body’s interior (e.g., Herndon and Herndon 1977; Miya-
moto er al. 1981). Regolith insulation reduces heat flow
from a planctary interior (Warren and Rasmussen 1987),
and Haack et al. (1990) reported that core cooling rates
for differentiated asteroids were lowered by a factor of
10 and an asteroid’s radius was reduced by a factor of 3
whenever the effects of regolith insulation were included.
Lunar heat flow measurements have shown that the effec-
tive thermal conductivity of loosely consolidated regolith
can be more than two orders of magnitude lower than for
coherent rock (Langseth et al. 1976). The highly porous
nature of the particulate materials prevents significant heat
transport owing to the limited physical contact between
grains (Presley and Christensen 1997).

Previous thermal models for chondritic asteroids have
not included conditions for regolith insulation. Presumably
this is due in large part to the difficulty in maintaining
stable calculations across boundary regions (e.g., megare-
golith—regolith). Wood (1979) noted similar difficulties in
maintaining stable calculations when accreting dust onto
a small chondritic body. The finite-difference method of
integration can fail across large discontinuities in conduc-
tivity. The thermal conductivity values we used are based
on the laboratory-measured physical characteristics [or H-
chondrites. Yomogida and Matsui (1983) measured the
physical properties of chondrites including porosity, bulk
density, and thermal diffusivity and obtained a relationship
between these properties and thermal conductivity,

K = (A + BIT)pC,(1-1.13¢"3), ©)

where K is the thermal conductivity, A and B are diffusivity
coefficients for an H-chondrite, p is the bulk density, C,
is the heat capacity, and ¢ is the porosity (Yomogida and
Matsui 1984). This expression overestimates the conductiv-
ity of the lunar regolith (Warren and Rasmussen 1987),
but is applicable to chondrites. Attempts at lowering the
conductivity values resulted in unstable calculations due
to large jumps in conductivity and porosity at boundaries
(Wood 1979).

For most calculations, the diffusivity coefficients of H6
Gladstone were used (Yomogida and Matsui 1983). The
density and porosity were defined by radial position within
the body. In the interior (Fig. 1), bulk density was taken
as 3000-3500 kg m * (Yomogida and Matsui 1983) and a
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Peak temperature profiles for Hebe assuming a 2.5 km thick regolith. (a) Curves represent three regolith density models. High regolith

density results in faster heat transfer and lower peak temperature. Also plotted are the relevant zones for the lesser metamorphosed types. (b)
Curves represent three regolith and megaregolith porosity models. High regolith and megaregoiith porosity serve to insulate the interior, resulting
in a stcep temperature gradient near the surface. The shallow burial depths indicate that H-chondrites may originate in a regolith/megaregolith

environment before cjection from the parent body by impact.

porosity of 6% is used, an average value for H6 chondrites
(Yomogida and Matsui 1983; Britt ef al. 1995). The bulk
density of the megaregolith. modeled as a transition zone
between the consolidated interior and the unconsolidated
regolith, was taken as 2200-2800 kg m ¥ and porosity in-
creased o 20-30%. Regolith was assumed to have density
1200-1800 kg m™ and 40-60% porosity (Carrier e al.
1991). The dependence of the heat capacity upon tempera-
ture was approximated using an empirical equation for
torsterite in the 298-1800 K temperature range (Robic
etal. 1979).

RESULTS

Regolith Insulation Effects

The incorporation of regolith characteristics in the nu-
merical calculations for the surface layer dramatically al-
ters the predicted thermal evolution of Hebe. The insulat-
ing properties of the regolith slow the heat flow from the
interior. The slowed cooling of the interior results in a
large volume of material which experienced the maximum
temperature of ~1250 K. Figure 3 shows that >=95% of
Hebe’s volume may have experienced temperatures corre-
sponding to H-chondrites of petrographic type 6. The sur-
face radiation boundary condition results in a steep tem-
perature gradient between the insulated hot interior and
cool surface. Figure 3 indicates that burial depths for H-
chondrites can be surprisingly shallow, although some H6
may have had deep burial. Essentially all H-chondrites
could be derived from the upper few km of the parent
body and may represent lithified regolith material.

The significant ditferences between heating models for
regolith-covered bodies and solid bodies are shown in Fig.
4. In our model, 10 km depth is just below the base of the
megaregolith. The regolith provides sufficient insulation
during the decay of *Al so that the peak temperature
experienced by material just below the regolith/megarego-
lith zones is nearly identical to that at the center of Hebe.
With no regolith, the greater thermal conductivity of coher-
ent rock results in substantial cooling coinciding with the
initial heating stage. The 400 K difference in peak tempera-
tures between regolith-covered bodies and nonlayered
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i
2 600f
5
= 400 10 km depth
200 |
0 1 L |
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Time (Ma)

FIG. 4. Two model runs showing effects of regolith insulation at 10
km below the surface and at the center of the body. Solid lines represent
Hebe with no surface regolith. Dashed lines represent Hebe with a 2.5
km regolith. Cooling rates are slower with regolith insulation and result
in significant differences in modeled temperature after 60 Ma.
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bodies results in a considerably different thermal structure
for Hebe. Near the center of the body the peak tempera-
tures of the two models are nearly the same, but faster
cooling of the nonregolith body results in a 200 K differ-
ence after about 60 Ma.

Cooling Rates

Estimates of the cooling rates for H-chondrites have
been used to constrain parent body size (e.g., Wood 1967)
and to arguc both for and against an inverse correlation
with petrographic type (c.g.. Lipschutz er al. 1989; Taylor
et al. 1987). The primary assumption in comparing cooling
rates with petrographic type is that the onion-shell struc-
ture was established prior to mixing or breakup from im-
pacts. Heating by radioactive decay would create a range
of peak metamorphic temperatures corresponding to the
observed petrographic types in chondrites. This shell
model implies increased metamorphism and lowered cool-
ing rates with depth in the parent body. Meteorites undis-
turbed during the cooling phase should show effects of
slow cooling that correlates with burial depth.

Table I compares the measured cooling rates for H-
chondrites obtained by metallographic diffusion of nickel
in metal through the 870-670 K range. Cooling rates tend
to decrease with petrographic type, as would be expected
from an onion-shell model for metamorphism. Although
the slowest cooling rates for each class are similar (~10
K/Ma), there is an order of magnitude difference in the
maximum cooling rates for each class (H4 > 1000 K/Ma,
HS ~ 200 K/Ma, and H6 ~ 10 K/Ma). Antarctic H4 and
H5 tend to show higher cooling rates than the non-Antarc-
tic H-chondrites. Meteorites collected from the Antarctic
have long terrestrial histories due to an environment con-
ducive to storage. Benoit and Sears (1993; 1996) found a
significant number of Antarctic H-chondrites with thermal
histories substantially different than those for modern H-
chondrite falls, Thermal models using cooling rates derived
from modern falls alone may be biased against H4 and HS
with faster cooling rates. Some unshocked H4 have very
fast metallographic cooling rates in excess of 1000 K/Ma,
which suggests primary cooling. For example, Forest Vale
has a cooling rate 1000 K/Ma and an ancient Ar—Ar age
of 452 Ga (Turner er al. 1978) indicating that it has not
been reheated above 500 K since its initial closure. Cooling
rates of this magnitude are difficult to obtain with any
numerical model and may be the result of impact excava-
tion of hot material from depth and exposure on or near
the surface of the parent body. Cooling rates between 1
and 150 K/Ma seem to be more indicative of the slow
cooling expected from radiogenic heating.

Figure 5 illustrates the cooling rate as a function of depth
within Hebe modeled with various regolith thicknesses.
The cooling curves are based on cooling between 870 and
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TABLE I
Metallographic Cooling Rates for Unshocked
H-Chondrites Determined in the 870-670 K Range

Meteorite Class Cooling rate (K/Ma)”
Ankober H4 (5)°
ALHAS1105 H4 10¢
Sena H4 20
Congquista 4 25¢
ALHAT78134 H4 50¢
ALHAS0121 H4 50¢
ALHATT262 H4 100
ALHAT9035 H4 100
ALHAR1092 H4 130¢
ALHARB0131 H4 150¢
Ste. Marguerite H4 =1000
Forest Vale H4 =1000
ALHATS115 H3 10
Allegan H5 15
Nuevo Mercurio H5 15
Richardton Hs 20
ALHATT7294 HS5 20-30
ALHATS111 H5 30-50
Nadiabondi H5 S0r
ALHAT79026 H> 200
Guarena Ho6 4.6
ALHAT6008 H6 5
ALHAT8076 Hé6 10
Kernouve H6 10
Estacado Hob6 10

“Data from Lipschutz er al. (1989), Benoit and Sears (1993;
1996).

! Brackets indicate some scalter in the result.

¢ Unknown shock, classification; all other meteorites listed have
shock values 51-2 or a-b (Koblitz 1997).

670 K so that comparisons can be made directly with metal-
lographic and fission track data. For shallow burial of H-
chondrites as predicted in Fig. 3, the modeled cooling rates
agree well with observed values in H-chondrites. The
dashed line represents the extrapolated cooling curve since
maximum temperatures near the surface for a body with
no regolith did not reach 870 K. The addition of a regolith
results in a factor of 10 decrease in cooling rate for depths
=10 km; greater differences are found at <10 km. Cooling
rates near the surface vary significantly and depend on the
thickness of the surrounding regolith.

Pb—Pb Closure Times

The formation ages of chondrites can also help constrain
cooling rate information and provide clues to the structure
of the H-chondrite parent body. Formation ages or closure
times for minerals are usually determined by radiogenic
decay where the daughter product is retained within the
system below some critical temperature. For parent body
metamorphism, the formation age would reflect the time
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impact healing.

at which the solids cooled below the closure temperature.
Meteorites that formed near the surface of their parent
body should exhibit faster cooling rates and older forma-
tion times. Deeply buried material would retain heat longer
and may require millions of years to reach the closure
temperature. The onion-shell model predicts younger ages
with greater depth within the parent body.

Gaopel et al. (1994) measured the Pb—Pb ages of phos-
phates in equilibrated ordinary chondrites (Table 11). The
closure times for the H-chondrites seem to correlate with
degree of metamorphism. The H4 chondrite Ste. Margue-

TABLE 11
Pb-Pb Closure Ages for H-Chondrites and Predictions
by Present Model

Model
Pb-Pb Age" depth Ar?
(Ga) (km) (Ma)
H3 chondrites
Allegan 4.5563 6.7
Richardton 4.5534 9.6
Current study (3 km regolith) 23 10.5
Current study (no regolith) 18 4.1
Hé6 chondrites
Kernouve 45214 41.6
Guarena 4.5056 574
Current study (3 km regolith) 3-8 40-52
Current study (no rcgolith) 57-100 40-53

“Pb-Pb ages from Gopel er al. (1994).
® Chondrite Af w.r.t. H4 Ste. Marguerite (Pb-Pb age = 4.5630 Ga).

rite reached the closure temperature (690-750 K) about
60 Ma before H6 Guarena, indicating that the more deeply
buried H6 required longer times to cool through the closure
temperature, consistent with our numerical model. Table
IT shows the formation times of H-chondrites relative to
the H4 closurc of U-Pb. The closure times are based on
a numerical model assuming of a 3 km thick regolith. For-
mation times for H6 reflect burial depths between 3 and
8 km. The model ages agree well with those observed in
H-chondrites if the material originated at shallow depths
with some overlying regolith as would be expected. If no
regolith were ever present (an unlikely case) the observed
cooling rates would require burial at greater depths, on
the order of 60 km.

DISCUSSION

Burial Depths

The original position of H-chondrites inside the parent
body is a simple but fundamental question. Estimates of
burial depth for each petrologic type vary widely and de-
pend upon the choice of input parameters for the thermal
model used. We have estimated burial depths in our model
by using the observed peak metamorphic temperature for
each class as the upper boundary between that class and
the next higher metamorphosed class. Models using **Al
heating result in an onion-shell layering where there is an
inverse correlation between degree of metamorphism and
the cooling rate. Some have suggested that evidence sup-
porting this trend in H-chondrites can be found in metallo-
graphic, fission track, and induced thermoluminescence
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data (Lipschutz er al. 1989; Benoit ef al. 1997). Others (e.g.,
Taylor er al. 1987; Keil er al. 1994) have argued that no
trend exists between metallographic cooling rates and
metamorphic type.

Models that employ single values for thermal diffusivity
and other thermal parameters seem to indicate deep burial
for H6 chondrites. Miyamoto er al. (1981) found in their
calculations that H6 required burial depths greater than 30
km on an 85 km radius parent body. Bennett and McSween
(1996) revised Miyamoto ef al.’s calculations using variable
diffusivity and ultimately moved each of the petrographic
type boundaries closer to the surface (Table TIT). They
found burial depths for H6 to be =6 km on an uncompacted
(high porosity) body of radius 56 km and =10 km for a
compacted (low porosity) body of radius 93 km. Taylor
et al. (1987) used the cooling model of Wood (1967) to
argue for burial of ordinary chondrites that cooled at 10
K/Ma to be =40 km on a body of =50 km radius.

Our results suggest that H-chondrites could form at very
shallow depths even for the most highly metamorphosed
type 6 H-chondrites. The insulating properties of a surface
regolith move each of the petrographic zones nearer to
the surface (Fig. 6). The model indicates that most of the
body is composed of H6 material, extending to the outer-
most few km of the body. We estimate that the H4 and
HS chondrites compose only 5.6 vol% of the proposed
parent body, while H4 and HS5 chondrites make up about
65% of the H-chondrite falls (Koblitz 1997). However,
meteorite fall biases caused by atmospheric passage and
ejection mechanisms from the parent body result in a non-
representative sampling of the asteroid belt (Sears 1998).
Benoit and Sears (1993) have shown using induced thermo-
luminescence data from Antarctic meteorites that the H-
chondrite flux has changed over the last 10° years, Current
fall statistics of H-chondrites are almost certainly not repre-
sentative of parent body stratigraphy.

In support of the shallow burial of most H-chondrites
is the abundance of regolith breccias and meteorites con-

TABLE II1
Comparisons between Three Thermal Models for the
H-Chondrite Parent Body

Radii Radii Radii
(km)* Vol %*  (km)* Vol %" (km)* Vol %
Total 85 100 88 100 100 100
H3 825 8.6 8245 17.75 98.0 5.88
H4 77 171 80.5 5.70 972 230
H5 55 47.2 79.1 392 96.0 3.35
Ho 0 271 0 72.62 0 H8.47

“ Miyamoto et al. (1981).
" Bennetl and McSween (1996), compacted model.
“ Current study.
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FIG. 6. Comparison of numerically modeled petrographic type re-
gions. The present model, with a 2.5 km thick regolith, indicates that
types 3—6 can be formed near the surface in a regolith and megaregolith
environment. Previous models required deeper burial for type 6 material.

taining implanted solar wind gases. Many breccias contain
mixtures of type 3-6 components (Lipschutz et al. 1983;
Bunch and Rajan 1988) suggesting extensive mixing of
material presumably originating in different locations on
the parent body. Lipschutz er al. (1993) found that the
Noblesville breccia contained H6 clasts embedded in an
H4 matrix with an especially high amount of solar gases.
The common occurrence of H-chondrites containing solar
gases (14% by number) requires extensive residence times
on the surface of the parent body (Crabb and Schultz
1981). Figure 7 shows a distribution of H-chondrites con-
taining solar gases and their cosmic-ray exposure age.
Thereis astrong peak at ~8 Ma and the overall distribution
of ages is similar to the H-chondrite population as a whole
(Graf and Marti 1995). The peak at 8 Ma is interpreted to
indicate a single impact event that produced numerous
~1 m meteoroids. This impact event sampled petrologic
types 3—6 with 43% of these containing solar gases, sug-
gesting impact and e¢jection of regolith material.

Cooling Rate and Parent Body Structure

The rapid cooling rates (>1000 K/Ma) derived for the
H4 chondrites Forest Vale and Ste. Marguerite would be
difficult to obtain from simple cooling after Al heating.
For these fast cooling rates it seems likely that impact
heating and mixing are responsible. Impacts prior to cool-
ing would disrupt the shell model by excavating material
from great depth resulting in fast cooling for highly meta-
morphosed material. Impact heating could imprint new
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FIG. 7. Cosmic ray exposure ages of H-chrondrites containing solar

gases. The distribution is similar 10 the overall H-chondrite population.
The strong peak at ~& Ma represents a single impact ejecling material
of petrographic types 3-6 of which a significant amount contained solar
wind. Exposure to the solar wind requires extensive surface residence
times of even the highly metamorphosed material. (Data from Grat and
Marti 1995.)

cooling rates on both individual clasts and whole rocks.
The cooling rate of excavated material depends on its peak
temperature following impact and its burial depth follow-
ing deposition. Material deposited near the surface would
cool quickly regardless of its initial burial position in the
onion-shell structure. The extrapolated cooling rate curve
(dashed line) for a body with no regolith in Fig. 5 should
approximate the cooling experienced by material depos-
ited near the surface. The extrapolation is included since
curves are also valid for cooling after impact.

It is also possible that some of the metamorphism and
cooling rates may be the result of impact heating of the
surface. The cooling curves shown in Fig. 5 are not sensitive
to the nature of the heat source. Both Al and impacts
deposit large amounts of heat into a regolith, creating
concentric zones of metamorphism around the heat source.
Cooling rates from both heat sources would be primarily
dependent on burial depth of the material. Deep burial
inside a thick regolith could lower cooling rates by a factor
of 100 over shallow burial in thin regoliths. Smith and
Goldstein (1977) found two shocked blackened H-chon-
drites with extremely fast metallographic cooling rates that
were interpreted to represent rapid cooling at shallow
burial depths. The cooling rates of H5 Rose City and H6
Orvinio were 1 K/yr and 100 K/day, respectively, corre-
sponding to burial depths of <<100 m. Sears ef al. (1997)
used induced thermoluminescence data to conclude that
the HED meteorites experienced shock heating and cooled
in a regolith varying between () and ~2 km in depth.

The occurrence of highly metamorphosed regolith brec-
cias is seemingly contradictory to previous onion-shell
models of parent body stratigraphy. Type 6 material is
thought to have originated at depths well below the surface
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regolith. To remedy this apparent inconsistency numerous
individuals have invoked fragmentation and reassembly of
the entire parent body (e.g.. Scott and Rajan 1981; Grimm
1985; Taylor et al. 1987; Keil et al. 1994). Impact disruption
would create “rubble piles” of mixed type 3—6 material
upon reaccretion. This hypothesis allows for the excavation
of deeply buried material and can result in a variety of
cooling rates for individual grains shocked to high tempera-
ture (Taylor et al. 1987). Our model also predicts that H5-6
material could be derived from great depth (Table II) if
little or no regolith cover exists on the parent body.

We suggest a possible alternative to the catastrophic
fragmentation and reaccretion scenario. The addition of
regolith insulation in the numerical models results in po-
tentially shallow burial depths for all H-chondrites. In fact,
the model can accommodate all the petrographic types in
the regolith/upper megaregolith regions. Small noncata-
strophic impacts into Hebe’s surface could easily excavate
and expose type 6 material to the surface. For impacts
occurring after the primary metamorphism, cooling rates
of individual grains would reflect their post-depositional
environment. Deep burial results in slower cooling than
for material exposed on or near the surface. Impact garden-
ing and turnover of the regolith could account for the
abundance of regolith breccias and solar gas bearing H-
chondrites. Huang et al. (1996) have proposed the origins
of ordinary chondrites to be in dusty regolith environments
to allow for the observed metal-silicate fractionation.
There would seem to be no requirement that the H-chon-
dritc parent body (Hebe) have an internal rubble pile
structure.
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