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Abstract— We review petrologic evidence that the acapulcoites and lodranites formed by <1 vol% to
probably >20 vol% whole rock partial melting of a chondritic precursor material. At low degrees of
partial melting, only Fe,Ni-FeS cotectic melting occurred. Migration distances for partial melts were
short, resulting in the formation of acapulcoites with essentially chondritic troilite and plagioclase
contents, but achondritic textures. At high degrees of partial melting, both Fe,Ni-FeS and basaltic
(plagioclase-pyroxene) partial melts formed, and the melts may have migrated out of the source rock.
The partial melt residues, which are more or less depleted in Fe,Ni-FeS and plagioclase, are the lodranites.
Melt migration was complex: most acapulcoites, which experienced relatively low degrees of partial
melting, lost little if any of the partial melt. One acapulcoite, LEW 86220, represents a unique case in
which Fe,Ni-FeS and basaltic partial melts appear to have migrated from a lodranite source region into
a cooler acapulcoeite region, where they were trapped. In cases of the relatively high degrees of partial
melting experienced by lodranites, melts may have been partly, selectively, or totally removed from the
rocks, and Fe,Ni-FeS and/or basaltic partial melts may have been removed to different degrees and
may, in fact, have been trapped on occasion in greater than chondritic proportions. We model vein and
dike formation and melt migration by calculating the excess pressures and vein and dike sizes for varying
degrees of partial melting. Our calculations are broadly consistent with observations, indicating that melt
migration is inefficient at low degrees of partial melting and extremely efficient at high degrees of partial
melting. Although the size of the acapulcoite-lodranite parent body and the volatile contents of the
chondritic precursor rocks are poorly constrained, the lack of basaltic rocks in the world’s meteorite
collections complementary to the lodranites suggests that basaltic partial melts may have been accelerated
off the body by explosive volcanism of the type envisioned by Wilson and Keil (1991) and ejected into
space. The diversity of rocks from the acapulcoite-lodranite parent body may provide a basis for better
understanding the diverse range of spectral subtypes recognized among the S-type asteroids. Copyright
© 1997 Elsevier Science Ltd

1. INTRODUCTION ing that these rocks experienced and to the degree of extrac-
tion of partial melts from these rocks. Acapulcoites and lo-
dranites are the residues of partial melting, with acapulcoites
having been heated to temperatures sufficiently high for
Fe,Ni-FeS cotectic melting to take place, but not high enough
for silicate partial melting. Lodranites were heated suffi-
ciently to experience both Fe Ni-FeS cotectic and silicate
partial melting (e.g., McCoy et al., 1997). This heating and
incipient partial melting of acapulcoites and lodranites took
place early in the history of the solar system, as is indicated

Recent studies of acapulcoites and lodranites (e.g., McCoy et
al., 1996, 1997, and references therein) were aimed towards
understanding the genesis of these rocks and the petrologic
history of their parent body. From such studies, a number
of general findings and conclusions have become apparent:
acapulcoites and lodranites have essentially identical oxygen
isotopic compositions and, on this basis, can be distinguished
from other meteorites, including winonaites and ureilites
(e.g., Clayton et al., 1992); acapulcoi‘es and lodranites also

have similar mineralogies, mineral c. mpositions, thermal
histories, and cosmic ray exposure ages. These data suggest
that acapulcoites and lodranites are rocks from a common
parent body. Furthermore, acapulcoites are relatively fine-
grained and tend to have chondritic proportions of troilite
and plagioclase, whereas lodranites are relatively coarse-
grained and tend to be depleted in troilite and/or plagioclase
relative to chondritic precursor rocks. In general, plagioclase
and troilite contents are related to the degree of partial melt-
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by ancient **Ar-"’Ar ages of two acapulcoites of 4.51 (Aca-
pulco) and 4.52 Ga (Monument Draw ), and of one lodranite
of 4.49 Ga (Gibson; Bogard et al., 1993). Cooling from
high temperature was rapid and possibly complex. Finally,
it should be noted that nine acapulcoites are known repre-
senting five fall events and twelve lodranites representing
ten distinct fall events. Thus, acapulcoites and lodranites are
a numerically significant group of meteorites.

In this paper, we study the processes of partial melting
and melt migration in the acapulcoite-lodranite parent body.
We model the processes of crack and dike formation and
melt migration as a consequence of heating ( after the model
developed by Wilson and Keil, 1991, 1996a,b; Muenow et
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boundaries between the lithologies in the optical microscope.
However, : acapulcoite host does not appear to be depleted
in either troilite or plagioclase, relative to chondritic values.
The coarse-grained gabbroic lithology consists of highly
zoned plagioclase (Ang¢_155, mean;s .35, N = 10), clinopy-
roxene (Fs30.02, WO44-07, N = 7), metallic Fe,Ni, and
troilite as major phases, with minor orthopyroxene (Fsys+93,
Wo, .04, N = 3). One plagioclase grain in this lithology is
9 mm in diameter and clinopyroxene grains are typically 1-3
mm in maximum dimensions. Troilite occurs predominantly
within the large plagioclase grains, and metallic Fe,Ni is
concentrated at boundaries between the two lithologies.

The mineralogy, texture, and distribution of the two lithol-
ogies suggests that LEW 86220 represents an acapulcoite
host into which Fe,Ni-FeS cotectic and basaltic partial melts
were intruded. We reject an in situ origin for the gabbroic
lithology, since the acapulcoite host does not appear to be
depleted in either plagioclase or troilite. We envision that
the chondritic source region was heated to ~1250°C, at
which point the Fe,Ni-FeS and basaltic components would
be molten and would migrate upwards, leaving a lodranite
residue. The distance over which this melt migrated is uncer-
tain, but could have ranged from hundreds of meters to kilo-
meters, considering that the considerably hotter lodranite
source regions were probably not in the immediate vicinity
of the somewhat cooler acapulcoite rocks. When the melt
pass:  through an acapulcoite region, represented by the
host of LEW 86220, which was from ~100-300°C cooler
than the lodranite source region, the melt cooled and was
trapped. Although the acapulcoite region was at a lower
temperature than the melt, it was still relatively warm, caus-
ing the boundary between the host and melt to be diffuse
rather than distinct. Cooling rates were slow enough to allow
crystallization of a coarse-grained lithology, yet fast enough
to produce marked zoning in the plagioclase. We have mea-
sured the metallographic cooling rate of LEW 86220 (using
the revised calibration of Willis and Goldstein, 1981) and,
although the data points scatter widely, they suggest that
the rock cooled very rapidly (~10*°C/Myr; Fig. 3) in the
temperature range of 600—400°C, as did all other acapul-
coites and lodranites.

5. REMOVAL OF PARTIAL MELTS FROM
THE PARENT BODY

The rather un e properties of LEW 86220 suggest that
migration of melt indeed occurred over some significant dis-
tances in the acapulcoite-lodranite parent body and that these
melts sometimes were trapped in the form of veins and dike-
lets in the body. However, an unknown but possibly large
portion of the partial melts, particularly the low density (i.e.,
the basaltic—plagioclase-pyroxene) partial melts may have
reached the surface of the parent body. Although our sam-
pling of the acapulcoite-lodranite parent body is undoubtedly
unrepresentative and limited, it is noteworthy that no plagio-
clase-pyroxene basalts of compositions complementary to
the lodranites are amongst the meteorites in the world’s me-
teorite collections. We, therefore, suggest that these basaltic
partial melts may have been removed from the parent body
by explosive volcanism, as was previously argued to explain
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Fig. 3. Plot of central Ni content vs. distance to nearest edge for
taenite grains in LEW 86220. Curves for cooling at 0.1-100°C/Myr
are from Willis and Goldstein (1981). Curves for 1000-10000°C/
Myr are approximate. Although data points scatter widely, it appears
that LEW 86220, like all other acapulcoites and lodranites, experi-
enced very rapid cooling {~10°°C/Myr). This cooling probably
occurred in an asteroidal fragment some tens of kilometers in diame-
ter after parent body breakup.

the lack of basalts in the world’s collections complementary
to the aubrites ( Wilson and Keil, 1991; Muenow et al., 1992)
and to the ureilites (Warren and Kallemeyn, 1992; Scott et
al.,, 1993). Keil and Wilson (1993) and Muenow et al.
(1995) have also argued that if differentiating parent bodies
contained volatile abundances comparable to those of type
3 ordinary chondrites, even dense Fe,Ni-FeS partial melts
could be removed by this process, explaining the apparent
sulfur depletions in the metal cores of the many parent bodies
of the igneous iron meteorites. In analogy, one might specu-
late that some portion of the Fe,Ni-FeS partial melt might
also have been removed by this process from the acapulcoite-
lodranite parent body, although it is equally likely that this
body has an intact S-bearing metal core that has not yet been
broken up and, thus, not been sampled by meteorites.

In order for explosive volcanism to have expelled pyro-
clast-gas mixtures from the acapulcoite-lodranite parent
body early in the history of the solar system, at least three
criteria must have been met: ( 1) partial melts must have been
produced; (2) the parent body must have had a relatively low
escape velocity, i.e., it must have been relatively small
(<100 km in radius); and (3) the precursor material must
have contained sufficient volatiles (several hundred ppm)
that were retained in the body until the onset of partial melt-
ing, so that when these melts reached the parent body sur-
face, expansion of the volatiles would accelerate the pyro-
clast-gas mixtures to velocities in excess of the escape veloc-
ity of the parent body.
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We have shown above that partial melting has occurred
on a large scale on the acapulcoite-lodranite parent body, so
the first criterion was clearly fulfilled. We now consider
cooling rates of acapulcoites and lodranites as a potential
source of data that could constrain the size of the parent
body. Zipfel et al. (1995) have argued for cooling rates of
~50-100°C/Myr for Acapulco between 900 and 1000°C.
This rate suggests a minimum size for its parent body of
~20 km in radius, calculated using the equation of Haack
et al. (1990). Bogar et al. (1993) argued for an average
cooling rate in excess of 10°C/Myr from ~1000°C to Ar
closure, implying that the rocks cooled in a body at least
~65 km in radius. Metallographic cooling rates are of lim-
ited value in inferring the parent body size during melting,
since they reflect lower-temperature cooling (600-400°C),
perhaps after breakup of the parent body (McCoy et al.,
1996). These rates for acapulcoites and lodranites of ~10°—
10°°C/Myr (McCoy et al., 1996, 1997) imply objects
smaller than ~10 km in radius. We should caution, however,
that the above calculated estimates of parent body radii as-
sume that the rocks were located in the very center of this
body. The body could, of course, have been larger, if these
rocks had not been located in its very center, as is very
likely. Thus, the acapulcoite-lodranite parent body radius is
very poorly constrained: it was certainly several tens of km
in radius, but we know of no evidence that would suggest
that it may have been more than 100 km in radius. Thus,
the second requirement is also likely to have been fulfilled.

Finally, for explosive volcanism to have accelerated pyro-
clast-gas mixtures off the acapulcoite-lodranite parent body,
the precursor material needed to contain at least several hun-
dred ppm of total volatiles that were retained in the parent
body until the onset of partial melting. Although we and
others have presented evidence that the precursor material
to the acapulcoites and lodranites was chondritic material
(e.g., McCoy et al., 1996, and references therein), no un-
adulterated precursor material is known to exist in the
world’s meteorite collections. Thus, it is impossible to reli-
ably constrain the volatile contents of this precursor material,
but we can make what we consider to be reasonable estimates
based both on what we know about volatile contents of

ndrites and the volatile contents we measured in Aca-
pulco and Lodran. If the precursor material to the acapul-
coites-lodranites was anything like unequilibrated ordinary
chondrites, then our previous measurements (Muenow et al.,
1995) suggest that ample volatiles would be released at par-
tial melting temperatures to drive explosive volcanism. How-
ever, we also suggest that measurements of volatile contents
in Acapulco (<1 vol% Fe,Ni-FeS, not silicate partial melt-
ing, and partial melts were not removed) and Lodran (>20
vol% Fe,Ni-FeS and silicate partial melting, and partial melts
were removed to differing degrees ) might show trends which
would lend support to the suggestion that the precursor mate-
rial contained volatiles that may have played a role in explo-
sive vol *anism on, and removal of partial melts from, the
acapulcoite-lodranite parent body. We would expect that Ac-
apulco, which has been heated to lower temperatures and
has not lost partial melts, would have higher volatile abun-
dances than Lodran, which has been heated to higher temper-
atures and has lost part of its partial melt including volatiles.

TABLE 1. Abundances and release temperatures far volatiles in Acapulco and Lodran.

Acapulco Jodran
Release Abundance Release Abundance
Volatile Temperature (°C) (ppm)  Temperawe (°C)  (ppm) Source
Contaminants
H0 ~150-450 580 ~150-400 600  Physcially Adsorbed
CHy 345-505 200 - - Organic Contaminant
CaHsg 345-505 480 - -- Organic Contaminant
COz 250-550 1940 375-575 300  Organic Contaminant
Carbonate Decomposition
Indigenous
[0 0] 1165-~1250 630 - Reduction Product
(0073 ~1100-1200 110 1085-1128 100 Unknown
S 1000-1300 16000* 1035-1250 11800* Troilite Decomposition
a 1150-1300 250* 1100-1250 10*  Phosphate Decomposition?
Na 1075-1300 1130* - <10 Feldspar Decomposition

* Probably not all released at temperatures within the operating limits (<1300°C).

Indeed, as we will show below, amounts of released CO are
much higher in Acapulco than in Lodran, and this species
is released at the temperatures of silicate partial melting of
Lodran. Thus, these trends are comforting: while they do
not prove that sufficient volatiles were present to drive pyro-
clastic volcanism, the trend is consistent with the model
presented here.

Acapulco and Lodran were also chosen because they are
the only falls of their types and thus, are likely to be less
contaminated by terrestrial volatiles than highly weathered
finds. However, as our measurements indicate, even these
falls contain what appear to be terrestrial contaminants (Ta-
ble 1). These include physically adsorbed H,O ( with a possi-
ble contribution from hydrates), low-molecular weight hy-
drocarbons, and CO,. Physically adsorbed H,O is released
between ~ 150 and 450°C and comprises ~600 ppm of both
meteorites. Low-molecular weight hydrocarbons (CHy,
C,Hg; Fig. 4a) were observed only in Acapulco and probably
resulted from contamination by cutting fluids or other han-
dling. The lack of such contaminants in Lodran probably
reflects the fact that the material we analyzed was removed
from a larger piece by breaking, rather than cutting. Both
Acapulco and Lodran release CO, at temperatures between
250 and 575°C, but this gas is much more abundant in Aca-
pulco (1940 ppm) than in Lodran (300 ppm). The presence
of large amounts of low-temperature CO, in association with
low-molecular weight hydrocarbons in Acapulco suggests
that much of the CO, results from organic contaminants. In
contrast, the low abundances of CO, in Lodran most likely
result from decomposition of carbonates. Small amounts of
CO, from Acapulco could also be due to the decomposition
of carbonates. These carbonates are probably not indigenous.
Lodran fell in India in 1868 and has been subjected to a
long, if not particularly harsh, period of weathering in the
terrestrial atmosphere. The 300 ppm of CO, in Lodran would
correspond to only ~0.07 wt% CaCO;.

Volatile species which appear to be indigenous to the
meteorites include CO, CO, (that portion released at high
temperature, >1085°C), S, Cl, and Na (Table 1; Fig. 4).
Among these, the abundant CO is probably the most im-
portant in the context of explosive volcanism. Acapulco re-
leased 630 ppm of CO over a relatively narrow temperature
interval between 1165 and ~1250°C (Fig. 4a). Lodran did
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