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ABSTRACT
Many asteroids experienced partial melting and incomplete differentiation. Our

knowledge of the detailed of these processes are incomplete, owing to the paucity of

partially melted meteorites. I studied two groups of meteorites which originated on a

common parent body and are residues of a wide range of partial melting - acapulcoites and

lodranites. These meteorites formed from a chemically and isotopically heterogeneous

precursor chondrite. Heating and cooling occurred early in the history of the solar system,

as evidenced by the -4.51 Ga 39ArA OAr age of acapulcoites and the -4.48 Ga 39ArA OAr

age of the lodranite Gibson. The heating was probably caused by non-collisional heat

sources. Acapulcoites (Acapulco, Monument Draw, Yamato 74063, ALH A77081, ALH

A81261, ALH A81315, ALH 78230, ALH A81187 and ALH 84190) formed by low

degrees of partial melting (e.g., Fe,Ni-FeS eutectic melting, but not silicate partial melting).

Fe,Ni-FeS partial melts concentrated into micron- to centimeter-sized veins, but migration

distances were short. In contrast, lodranites (Lodran, Gibson, Yamato 791491, Yamato

791493, Yamato 74357, Yarnato 8002, Yamato 75274, MAC 88177, LEW 88280, EET

84302 and FRO 90011) experienced higher degrees of partial melting, including silicate

partial melting. The higher degree of partial melting allowed efficient melt migration,

depleting the residues in plagioclase and troilite. Volatiles played a major role in melt

migration, driving partial melts to the surface where they were erupted at greater than the

escape velocity and lost into space. Thus, basaltic partial melts are not sampled as discrete

meteorites. In one meteorite (LEW 86220), these basaltic, Fe,Ni, FeS-rich partial melts

from a lodranite source region were injected into a cooler, acapulcoite region. The

acapulcoite-lodranite parent body experienced a range of partial melting and melt migration.

Cooling of this body may have been complex, with slow cooling at high temperatures,

rapid cooling at intermediate temperatures, and slow cooling at low temperatures, indicating
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that the body may have broken up and gravitationally reassembled. One to three impact

events liberated the acapulcoites and lodranites from their parent body. These meteorites

represent our best opportunity to understand partial melting and incomplete differentiation

of asteroids.
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CHAPTER 1

INTRODUCTION
Meteoritics is more than the analyses and description of meteorites. At its core, it is

an attempt to understand the processes which shaped the early solar system. This includes

both processes which occurred in the solar nebula and those on meteorite parent bodies.

Indeed, meteoritics has made great progress towards this end. In recent years, two

questions have come to the forefront of our science. How do asteroids partially melt?

How do asteroids differentiate? While there exists abundant evidence that these processes

occurred, we have little information about the details. This dissertation represents an

attempt to answer these questions.

There are three basic methods for understanding the physical and chemical

processes which occur during the melting and differentiation of asteroids. First, we can

experimentally heat chondrites to study these processes. Such experiments can provide us

with much information about melting under equilibrium conditions. However, rapid

melting of asteroids may not occur under equilibrium conditions. Further, the samples

used for these experiments are typically quite small (10 g or less) and the time scales of

heating and cooling are short (less than a month). In contrast, asteroids range up to

hundreds of kilometers in radius and heating and cooling may have taken tens of millions

of years. These important differences severely limit the utility of such experiments in

unravelling the processes of melt migration in partially molten asteroids. The second

approach to understanding these processes involves modelling, both chemical and physical.

While modelling might provide important constraints on natural processes, the input

parameters of the model can be uncertain or unknown. The final approach is examination

of meteorites, which are the products of such partial melting and differentiation.

Unfortunately, most meteorites have either been heated to below their melting points (e.g.,

chondrites) or have experienced total melting (e.g., aubrites). We have identified two
1



groups of meteorites which sample a wide range of degrees of partial melting on a common

parent body. It is these groups of meteorites - acapulcoites and lodranites - which are the

subject of this dissertation.

The unusual nature of Lodran has been recognized since PRIOR (1916) classified it

as the only member of his group of lodranites. BILD and WASSON (1976) conducted the

first modern study of Lodran. These authors proposed that the subequal mixture of

olivine, pyroxene and metal formed by partial melting and melt removal followed by

reduction in a parent body setting. They also recognized the similarity between Lodran and

the ureilites. Acapulco was recovered in 1976 and initially described by PALME et al.

(1981). These authors noted that Acapulco had a chondritic mineralogy, but an achondritic

texture. They argued that Acapulco formed by a low degree of partial melting. Further,

they argued that Acapulco and Lodran were related. Thus, two meteorites with quite

different degrees of partial melting may originate on a common parent body. During the

1980's and early 1990's, meteorite recoveries from Antarctica (see, for example, papers by

SCHULTZ et al., 1982 and YANAl and KOJIMA, 1991) yielded five new acapulcoites and

seven new lodranites.

The increase in the numbers of acapulcoites and lodranites was mirrored by an

increase in the interest in these meteorites and their potential for unravelling the details of

asteroid melting and melt migration. While it seemed clear that acapulcoites and lodranites

sampled a wide range of degrees of melting, a major focus of this research was exactly

how much partial melting occurred. While most authors agreed that acapulcoites had

experienced very low degrees of partial melting (e.g., PALME et al., 1981), views on

lodranites varied wildly. Most authors (e.g., BILD and WASSON, 1976) agreed silicate

partial melting occurred in the lodranites. In fact, NAGAHARA et al. (1990) invoked a

cumulus model, implying that lodranites formed from a total melt. Thus, there existed

wide disagreement about the degree of melting experienced by acapulcoites and lodranites.

2



A related issue was the heat source for melting of the acapulcoites and lodranites

and, by extension, for the melting of all asteroids. A central focus of these arguments was

that several authors (e.g., PALME et al., 1981; SCHULTZ et aI., 1982; TAKAOKA AND

YOSHIDA, 1991) found that acapulcoites and lodranites contained high abundances of noble

gases, comparable in fact to type 3 and 4 ordinary chondrites. This finding seemed in

sharp contradiction to the highly recrystallized nature of these rocks and prompted some

authors (e.g., KALLEMEYN and WASSON, 1985; RUBIN, 1985) to argue that these

meteorites formed by brief, incomplete heating, probably resulting from impact.

Acapulcoites and lodranites might provide our best opportunity to understand both the

details of melting and differentiation of asteroids and, possibly, the heat sources for melting

of asteroids in the early solar system.

3



CHAPTER 2

MONUMENT DRAW AND THE ACAPULCOITES:
THEIR PROPERTIES AND GENESIS

To BE SUBMITTEDTO Geochimica et Cosmochimica Acta

WITH Co-AUTHORS K. KElL, R.N. CLAYTON, T.K. MAYEDA,
D.D. BOGARD, D.H. GARRISON, G.R. HUSS, J.D. HUTCHEON
AND R. WIELER

2.1 INTRODUCTION

Meteorites from asteroids come principally from two types of parent bodies, those

that were heated but did not melt (primitive asteroids), and those that melted (differentiated

asteroids). Rocks from the former are the chondrites, and rocks from the latter are the

differentiated achondrites, stony-irons and irons. In recent years, much effort has gone into

deciphering the igneous histories of differentiated asteroids, based on studies of

differentiated meteorites and a wide range of theoretical considerations (e.g., TAYLOR et

al., 1993, and references therein). Of special significance for understanding the igneous

histories of asteroids are rocks which have properties that place them between the unmelted

chondrites and the igneous achondrites, i.e., rocks that have experienced partial, but not

total melting. In a series of abstracts, we have outlined the parent body histories of two

such groups of meteorites, the acapulcoites and lodranites (MCCOY et al., 1992a, 1992b,

1993a, 1993b; BOGARD et al., 1993), which we suggest experienced different degrees of

partial melting on a common parent body (CLAYTON et al., 1992). This paper is the first

in a series on the petrologic, geochemical and isotopic properties of the acapulcoite

lodranite group and the history of its parent body and deals with the acapulcoites;

lodranites and the unique meteorite LEW 86220 will be discussed in separate papers.



Here, we outline criteria for distinguishing acapulcoites from other groups of meteorites

and discuss the properties of acapulcoites. We show that Monument Draw exhibits

spectacular macroscopic and microscopic manifestations of properties present in all

acapulcoites. We conclude that acapulcoites formed by non-collisional heating to

temperatures of -95(' ·1050°C of chondritic precursor material unlike that of known

chondrites. At these temperatures, eutectic melting of Fe,Ni-FeS as well as melting of

phosphates took place; silicates did not melt. We further show that acapulcoites

experienced a complex cooling history, probably related to breakup and gravitational

reassembly of their parent body.

2.2 CLASSIFICATION

Among the unusual meteorites recovered in Antarctica and elsewhere are some with

mafic mineral compositions intermediate between enstatite and ordinary chondrites; they

have roughly chondritic (primitive) bulk compositions, but distinctly achondritic textures.

These include silicate inclusions in lAB and nrCD irons, the stony-iron lodranites and

stones similar to Acapulco and Winona. These meteorites have collectively been dubbed

primitive achondrites (PRINZ et al., 1983). Here we define how we discriminate rocks of

the acapulcoite-lodranite group from other primitive achondrites, and how acapulcoites can

be distinguished from lodranites.

Acapulcoites-lodranites have characteristic oxygen isotopic compositions which set

them apart from other groups of primitive achondrites (CLAYTON et al., 1992). This

distinction had previously been obscured by the severe terrestrial weathering and

contamination that many of the Antarctic meteorites exhibit. However, this problem has

largely been overcome by acid-washing of the samples prior to analysis. Improved whole

rock oxygen isotopic compositions of the acapulcoite group, lodranite group and of the

unusual meteorite LEW 86220 show essentially complete overlap (Fig. 2.1), suggesting

5
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FIGURE 2.1 Three-isotope oxygen plot for primitive achondrites, showing that the range of
oxygen isotopic compositions in acapulcoites and those in lodranites are essentially
identical, but can clearly be distinguished from other primitive achondrites as well as
ureilites. Plotted are the acapulcoites Acapulco, Monument Draw, ALH A77081, ALH
78230, Yarnato 74063, ALH A81187, and ALH 84190, and the lodranites Lodran,
Gibson, Yarnato 8002, Yamato 74357, MAC 88177, LEW 88280,"EET 84302, FRO
90011; LEW 86220 is an unusual meteorite: its oxygen isotopes are typical for the
acapulcoite-lodranite clan, but it consists of an acapulcoite host, intruded by Fe,Ni-FeS
basaltic partial melts, presumably removed from a lodranite source. Paired acapulcoites are
connected. Data from CLAYTON and MAYEDA, 1988; CLAYTON et al., 1983, 1984, 1992;
FRANCHI et al., 1992; and R.N. CLAYTON, pers. cornm., 1993.
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origin on one parent body. However, they are clearly different from other primitive

achondrites, suggesting that the acapulcoite-lodranite parent body was different from those

of other primitive achondrites (Fig. 2.1). Unfortunately, a number of other primitive

achondrites which may be members of the acapulcoite-lodranite group, have not been

adequately studied for oxygen isotopic compositions. Samples of Yamato 75274 and

Yamato 791493 were not acid-washed when analyzed by CLAYTON et al. (1984). Due to

the small sizes of these meteorites, no material is available to analyze acid-washed samples.

Samples of ALH A81261, ALH A81315 and Yamato 791491 were not available for

oxygen isotopic analyses. However, their petrological, mineralogical and chemical

properties suggest that they are members of the acapulcoite-lodranite group.

A number of chemical and physical criteria can be used to distinguish acapulcoites

from lodranites. Of these, the one which can be applied most easily is the grain size of the

mafic silicates (Fig. 2.2). Acapulcoites have smaller average grain sizes (150-230 urn),

whereas lodranites have larger ones (540-700 urn). Elephant Moraine (EET) 84302 is

intermediate in grain size (340 urn), but for other reasons is classified as a lodranite. Thus,

we classify as acapulcoites the meteorites Acapulco, Monument Draw, Yamato 74063,

ALH An081, ALH A81315, ALH A81261, ALH 78230, ALH A81187 and ALH 84190,

and as lodranites the meteorites Lodran, Gibson, Yamato 791491, Yamato 791493,

Yamato 74357, Yamato 8002, Yamato 75274, MAC 88177, LEW 88280, EET 84302 and

FRO 90011. LEW 86220 also belongs to this group, based on oxygen isotopic

composition that is typical of the acapulcoite-lodranite suite. However, it is unique in that it

consists of an acapulcoite main portion, which is intruded by Fe,Ni-FeS-basaltic partial

melts, presumably of lodranite parentage. Based on texture, mineralogy, mineral chemistry

and find location, it appears that the nine acapulcoites represent five distinct falls. SCORE

AND LINDSTROM (1990) note that ALH A77081, ALH A81261 and ALH A81315 are

7
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FIGURE 2.2 Average grain sizes (11m) of individual acapulcoites and lodranites.
Acapulcoites have small average grain sizes (150-230 11m), while most lodranites have
larger average grain sizes (540-700 11m). Only a small number of grains could be
measured from Yamato 8002, resulting in greater uncertainties in the mean grain size (700
urn). Elephant Moraine (EET) 84302 is intermediate in grain size (340 11m), but for other
reasons is classified as a lodranite.
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paired. Petrologic (YANAI AND KOJIMA, 1987) and find locality (YANAI, 1984)

information strongly suggests that ALH 78230 is also paired with these meteorites. SCORE

AND LINDSTROM (1990) further suggested that ALH A81187 and ALH 84190 are paired

with each other; this is consistent with our petrologic and textural data.

2.3 SAMPLES AND TECHNIQUES

We have conducted petrologic, chemical and isotopic studies of eight of the nine

acapulcoites (all except Yamato 74063). Monument Draw was found in 1985 by Joe Don

Nevill as a single stone of 524.5 g near Monument Draw, Andrews County, Texas (320

30.2 IN, 102°44.6 IW), about 18 miles northwest of Andrews, Texas, and is the major

focus of this study. It was plowed up in a field and not recognized as a meteorite until

1990. At that time, Dr. Vestal Yeats of Texas Tech. University removed a 123.9 g end

piece, which was sent to Glenn Huss for examination and cutting, whereas the main mass

remained with the finder and is unavailable for study. The 123.9 g specimen was cut into

thirds and divided between Yeats (H498.2), Huss (H498.1) and Texas Tech. University.

Yeats then traded his material to Walter Zeitschel of Germany. We have sampled and

studied both H498.1 and H498.2. Both have weathered original surfaces. The cut faces

are black, with prominent, em-sized metal veins.

We studied in transmitted and reflected light polished thin sections (PTS) of

Monument Draw (DH 149, 187 and 239 from H498.1; Zeitschel PTS from H498.2),

Acapulco (USNM 5967; DH 165; ASU section from ASU #1163), ALH An081 (NIPR

,51-3; MWG ,12 and ,5), ALH 78230 (NIPR ,51-3), ALH A81261 (MWG ,8), ALB

A81315 (MWG ,3), ALH A81187 (MWG ,8) and ALH 84190 (MWG ,8). No section of

Yamato 74063 was available for study. The maximum dimension of 25 mafic silicate

grains in a single section were measured to determine the average grain size. Of these

grains, 23 were randomly selected. We also sought the largest and smallest grain in each

meteorite. Inclusion of these grains did not significantly effect the average grain size.
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Olivines poikilitically enclosed in pyroxenes were not included in these measurements,

since they certainly were not able to grow by the same mechanism as other grains.

Mineral compositions were measured on a Cameca Camebax and a Cameca SX-50

electron microprobe (Table 2.1). Natural and synthetic compounds of well-known

compositions were used as standards. Modal analysis of Monument Draw was conducted

with the electron microprobe, using for mineral identification semi-quantitative analyses

with 1 second counts on scalers calibrated on grains whose precise compositions were

previously determined by quantitative microprobe techniques. Five spectrometers

monitoring counts for Si, Ca, Mg, Fe and F allowed for distinction between all mineral

phases. Metallographic cooling rates of three acapulcoites were determined using the

method of WOOD (1967), with the revised cooling rate curves of WILLIS and GOLDSTEIN

(1981). Polished thin sections were etched with mixture of 2% nitric acid and alcohol to

reveal the kamacite-taenite structure, and measurements were made in the approximate

centers of semi-equant taenite grains, the majority of which were rimmed by kamacite. The

point within each taenite with the minimum Ni content was selected using 1 second count

times on a LIF crystal calibrated on the NiKn peak. These taenite grains have average P

contents of <0.02 wt.% and therefore should give reliable metallographic cooling rates.

Phosphate and silicate phases in Monument Draw (PTS UH 239) were analyzed for

REE, several transition metals, and thorium and uranium by ion probe by Drs. G.R. Huss

and LD. Hutcheon at the California Institute of Technology by the method described

below. An 160-ion beam with a diameter of 10-25 urn and a beam current of 2-3 nA was

used to sputter the mineral grains. Secondary ions passed through a double-focusing mass

spectrometer and were measured with an electron multiplier operated in ion-counting mode.

The mass spectrometer was operated at low mass resolution (MIDM - 350), using energy

filtering to reduce sharply isobaric-oxide interferences. Data were collected as ratios

relative to 42Caor 30Si, depending on Ca concentration, and 9 to 15 cycles were averaged
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to give the final results (total counting times of 90 to 150 seconds per mass). Data were

reduced relative to standards of known compositions measured under the same conditions.

Angra dos Reis (ADOR) clinopyroxene is our primary standard because it is enriched in

REEs and has a flat pattern. Durango apatite is a more appropriate standard for phosphate

analyses, but its REEs are heavily fractionated, favoring the light REEs and, therefore, it

gives poor results for heavy REEs. Comparison of sample data reduced relative to both

standards give 20% higher light REE abundances when reduced relative to Durango apatite.

This difference is due primarily to differences in ion yields for apatite vs. clinopyroxene.

Therefore, the data were reduced against ADOR clinopyroxene to give accurate relative

abundances of the REEs, and the resulting abundances were increased by 20% to correct

for the higher ion yield of the clinopyroxene standard relative to Monument Draw

phosphates. Data for silicate minerals were not adjusted for ion yield, since the standard is

also a silicate. Data reduction involves correcting the measured ratios for each element for

contributions from minor isotopes of adjacent elements and correcting the heavy REEs for

the interfering oxides of light REEs that are not excluded by energy filtering. The

correction assumes oxide to metal ratios established previously by measurements on

glasses containing only light REEs (KENNEDY et al., 1992). The CI compositions of

ANDERS and GREVESSE (1989) are used for normalization. Errors plotted in Figs. 2.8-10

are relative errors, which include only uncertainties for the samples and can be used to

compare different measurements from this study. Absolute errors, which are 1-2 times the

relative errors, also include an estimate of the uncertainty in the oxide corrections. No error

is included for uncertainties in the standard composition, because they are insignificant

relative to other contributions. Data in Table 2.2 were gathered at two different times.

Earlier analyses (e.g., ion probe point 1,1) lack some of the transition metals, U and Th,

owing to problems with the data-reduction program. However, these earlier data are
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indistinguishable from the later analyses, based on comparison of the two data sets within

phosphate grain #2.

Samples of Monument Draw (H498.2) were also distributed for noble gas analyses

(119 mg to Dr. R. Wieler of the ETH, Zurich); 39ArAOAr age dating (187 mg to Drs. D.D.

Bogard and D.H. Garrison of NASA/Johnson Space Center); and oxygen isotopic

analyses (103 mg to Drs. R.N. Clayton and T.K. Mayeda of the Univ. of Chicago). Noble

gases were analyzed in a 119 mg chip in a single extraction at 1800° C, using mass

spectrometric techniques described by GRAFet al. (1990a). K.r and Xe were separated

from Ar by a charcoal trap at -90 to -100° C.

A 60 mg sample of Monument Draw was irradiated in the Los Alamos Omega

reactor (irradiation constant, J, =0.0337), and 52 mg of Acapulco in the BNL high flux

beam reactor (J =0.1126). Stepwise temperature extractions were made in a high vacuum

RF furnace equipped with a thermocouple, and the Ar isotopes released were measured on

a mass spectrometer. Corrections were made for extraction blanks, radioactive decay, and

reactor-produced interferences. Errors reported for individual ages include uncertainties in

these corrections plus analytical uncertainties in measuring the 40ArP9 Ar ratios in the

samples and the hornblende neutron flux monitors. Errors in individual ages do not

include an additional uncertainty of about ±1% due to the accuracy of determining the flux

and the absolute age of the hornblende.

Measurements of oxygen isotopic compositions were made using techniques

described by CLAYTON and MAYEDA (1963, 1983). Samples of Monument Draw, ALH

A77081, ALH A81187 and ALH 84190 were acid-washed prior to isotopic analyses, to

eliminate terrestrial weathering effects.

2.4 RESULTS

Here, we will not reiterate the results of previous investigations of the acapulcoites

but, rather, focus on new results from our work on Monument Draw. However, we will
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compare the petrologic, mineralogic and isotopic features of Monument Draw with data,

both published and our own, on other acapulcoites (Table 2.1).

2.4.1 Petrography, Mineralogy and Mineral Compositions

2.4.1.1 Texture

Monument Draw, like all other acapu1coites (Acapulco - PALME et al., 1981; ALH

A77081 - TAKEDA et al., 1980; YANAl and KOJIMA, 1991; Yamato 74063 - YANAl and

KOJIMA, 1991), consists of equigranular olivine, orthopyroxene, chromian diopside,

plagioclase, Fe,Ni metal, troilite, whitlockite, chlorapatite and chromite (Fig. 2.3).

Recrystallization in all acapu1coites is evident from the abundant 1200 triple junctions.

Monument Draw has an average grain size of 150 urn (cr=66 urn, N=25, range 50-330

urn), well within the range of other acapulcoites (Table 2.1). The meteorite is moderately

weathered, with hydrated iron oxides of terrestrial origin occurring as veins, patches and

pigments.

2.4.1.2 Modes

Monument Draw is composed of (in vol.%) olivine (23.3), orthopyroxene (38.6),

chromian diopside (3.0), plagioclase (9.8), Fe,Ni metal (13.9), troilite (5.6), whitlockite

(0.3), chlorapatite (0.5), chromite (trace) and hydrated iron oxides of terrestrial origin

(4.9). In modal composition, this meteorite is remarkably similar to other acapulcoites

(Acapulco - PALME et al., 1981; ALH A77081 - SCHULTZ et al., 1982; ALH 78230 

HIROI and TAKEDA, 1991). Three features of these modes are noteworthy. First,

orthopyroxene is more abundant than olivine. This is consistent with the more reduced

nature (e.g., lower Fa and Fs concentrations) of acapulcoites relative to ordinary

chondrites. Second, plagioclase occurs in approximately chondritic (i.e., -10 vol. %;

MCSWEEN et al., 1991) abundances. This is the case for all acapulcoites (Table 2.1),

although a wide range of abundances have been reported for different specimens of one and
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TABLE 2.1. Summary of mineralogical, petrological and isotopic data on acapulcoites,

Olivine Low-Ca Px High-Ca Px Plag. Relict Shock Two-px Geo- Grain Fe,Ni-FeS veins Whitlockite
Fa Fs Fs Wo vol.% Chondrules? Stage thermometer (OC)· Size (11m) 11 m em Veins

Acapulco 11.9 (2) 12.6 (2) 5 41.3 (2) 8.8 (2) No (I) SI 1170 (2) 170 Yes No No
Monument Draw 10.1 (I) 10.6 (I) 4.4 46.0 (I) 9.8 (I) Yes (I) SI 980 (I) 150 Yes Yes Yes
Yamato 74063 10.9 (3) 10.7 (3) 4.4 44.5 (3) Yes (3) 1040 (3)

( ALH A77081 10.7 (I) 10.5 (I) 7.9 44.6 (I) 4-12 (4,6,7) No (I) SI 1040, 1050 (1,4) 170 Yes No No
ALH A81261 10.8 (I) 10.4 (I) 7.9 44.0 (I) 12.6 (I) No (I) SI 1060 (I) 160 Yes No No

I ALH A81315 10.6 (1) 10.4 (I) 8.2 43.7 (I) 15.6 (I) No (I) SI 1070 (I) 160 Yes No No
( ALH 78230 10.3 (5) 9.8 (5) 4.5 43.6 (5) 7 (7) No (I) SI 1090 (5) 170 Yes No No

ALH A81l87 4.2 (I) 6.8 (I) 5.7 42.5 (I) 6.6 (I) No (I) S2 1130 (I) 230 Yes No No
ALH 84190 4.2 (I) 6.5 (I) 10.0 (I) No (I) S2 220 Yes No No

Noble Gas Cosmic-ray Melallographic
svo svo ..1. 170 Bulk REE Ages (Ga) Abundances Exposure Age (Ma)· Cooling Rate

Acapulco 3.73 0.90 -1.04 (8)t LREE Enrich (2,14) 4.7 ± 0.3 K-Ar (2) Type 4 Trapped (2) -6.5-7 (2) -IOS°C/Myr (I)- 4.60 ± 0.03 Sm-Nd (12)
~ 4.503±0.022 39ArAllAr (I)

Monument Draw 3.63 1.04 -0.85 (8) Flat @ 1 XCI (14) 4.517±0.OII 39ArAllAr (I) Type 4 Trapped (I) -6.5-7 (I) -1Q"l°C/Myr (I)
Yamato 74063 3.52 0.93 -0.91 (8) Flat with small - Eu (10) -4.5 Hb-Sr Model (10) TypeJTrappcd (13) -6.4 (lJ)

4.556±0.053 411Ar-39Ar (II)

( ALH A77081 3.57 0.73 -1.13 (8) Flat @2XCI (6) 4.50 ± 0.15 K-Ar (6) Type 4 Trapped (6) -5.5 (6)
ALH A81261 Flat @ 1 XCI (14) -103°ClMyr (I)

I AUI A81315
l ALH 78230 3.97 1.07 -0.99 (8) Slight LREE Depleted (10) 4.531±0.021 39ArAOAr (II)

@ 1-2XCI
ALH A81187 2.99 0.52 -1.03 (9) No Taenite (I)
ALII 84190 2.54 0.20 -1.12 (9)

* Reference indicatessource of dataused in calculations.
t Data reponed in reference (8) were preliminaryand have been revised in this work.
All data on shock stage, grain size and presence of veins from this work.
( Indicates probably paired samples

References: (I) This Work (2) Palme et al., 1981 (3) Yanni and Kojima, 1991 (4) Takeda er al., 1980 (5) Yanai and Kojima, 1987 (6) Schultz et ul., 1982 (7) Hirai and Takeda, 1991 (8)
Clayton et ul., 1992 (9) R.N. Clayton. pers. COIlIlIl., 1993 (10) Torigoye et al., 1993 (II) Kaneoka <I al., 1992 (12) Prinzhofer <I at.. 1992 (13) Tukuoka and Yoshida, 1991 (14) Zipfel and
Palme, 1993



FIGURE 2.3 Transmitted, plane polarized light photomicrographs of acapulcoite textures.
Scale bars = 1 mm. a) Monument Draw consists of equigranular pyroxene, olivine,
chromian diopside, metal, troilite, phosphates and minor opaques. The section is cut by
numerous subparallel veinlets of terrestrial hydrated iron oxides. It appears that these veins
were once filled with Fe,Ni metal. b) Acapulco is mineralogically similar to Monument
Draw. Veins of Fe,Ni-FeS, which are prominent in Monument Draw, are rare in
Acapulco.
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the same meteorite (e.g., 4-12 vol.% for ALH A77081). Third, troilite is not depleted in

Monument Draw and all other acapulcoites relative to ordinary chondrites, which typically

have 5-6 wt.% troilite. Note that large uncertainties exist in metal and troilite abundances,

due in large part to sample heterogeneities and terrestrial weathering.

2.4.1.3 Relict Chondrules

The only relict chondrule discovered in Monument Draw (PTS UH 187) is a

relatively well-preserved, radiating pyroxene chondrule -1.9 nun in maximum dimension

(Fig. 2.4). In addition, YANAl and KOJIMA (1991) report relict barred olivine chondrules

in Yamato 74063. Curiously, these relict chondrules are not of the porphyritic type, which

is the most abundant in ordinary chondrites (GOODING and KEIL, 1981). Relict chondrules

have also been noted in ALH A77081 by SCHULTZ et al. (1982). They report

orthopyroxene and olivine grains with metallic inclusions which, in some cases, delineate

semi-circular contours, hinting at the existence of former porphyritic chondrules. They

also note the existence of feldspar with included chromites, reminiscent of feldspar-rich

chondrules. Thus, relict chondru1es are present in at least two, and possibly three,

acapulcoites.

2.4.1.4 Silicate Compositions

Mafic silicates in Monument Draw, like in all acapulcoites, are homogeneous and

are lower in FeO relative to ordinary chondrites. Olivine averages FalO.1 (0'=0.2, N=l1;

range Fa9.8-1O.4), and low-Ca pyroxene averages FSIO.6±O.4 and W01.7±O.5 (N=II; range

Fs 10.1-11.4) (Table 2.1). A single chromian diopside has FS4.4W046.0. Seven of the 9

acapulcoites, including Monument Draw, have roughly similar mafic silicate compositions,

ranging from FalO.3-11.9 and FSIO.4-12.6, whereas the paired meteorites ALH A81187 and

ALH 84190 have much lower Fa (4.2) and Fs (6.8, 6.5), Acapulco, Monument Draw,

ALH A81187 and ALH 84190 have olivine with Fa lower than Fs of low-Ca pyroxene,
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FIGURE 2.4 Photomicrograph of the single relict chondrule,
chondrule, in Monument Draw. Transmitted, plane polarized light.

17
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although other members of the group have olivine with Fa only marginally higher than Fs

of pyroxene.

2.4.1.5 Equilibration Temperatures

The coexistence of Iow-Ca pyroxene and chromian diopside in acapulcoites allows

estimation of two-pyroxene equilibration temperatures. Using the method of KRETZ

(1982), we calculate temperatures in the range of 980-1170°C, consistent with the highly

metamorphosed textures of acapulcoites. Monument Draw yields the lowest temperature

(980°C), while Acapulco yields the highest (1170°C). The paired meteorites ALH A77081,

ALH A81315, ALH A81261 and ALH 78230 have equilibration temperatures ranging from

1040-1090°C, consistent with the relative uncertainty due to pyroxene compositional

variability of -50°C. In addition to the -50°C uncertainty due to compositional variability,

KRETZ (1982) cites an uncertainty of ±60°C resulting from precision and accuracy errors.

Thus, calculated temperatures may be in error by as much as 100°C. Although these

temperature estimates are roughly consistent with the petrologic history of the acapulcoites,

we caution against placing too much faith in the absolute values, which may be affected by

errors, for example, due to the significant Cr contents of the pyroxenes. KRETZ (1982) did

not consider the possible influence of Cr, stating only that minor (non-quadrilateral)

elements were assumed to have a negligible effect.

2.4.1.6 Shock Effects in Silicates

We have classified Monument Draw (PTS UR 239) as shock stage S 1

(unshocked) of STOFFLER et al. (1991), based on study of 20 randomly selected olivines

with high interference colors and sizes of 110-720 urn; grains within 500 urn of fusion

crust or poikilitically enclosed in pyroxene were excluded. All grains show sharp

extinction, and only one grain required 2° of stage rotation for complete extinction.

Almost all grains show irregular fractures, most of which are now filled with hydrated iron

oxides of terrestrial origin. Note that STOFFLER et al. (1991) also observed irregular
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fractures in olivines of unshocked (S1) ordinary chondrites. In addition, plagioclase does

not exhibit shock effects. Some grains of other phases, notably large phosphates, have

undulatory extinction. However, if these are due to shock, then the level must be much

less than that which would cause undulatory extinction in olivine and, thus, classification

as S 1 is justified.

PALME et al. (1981) noted the unshocked nature of Acapulco, and our studies of

indicate shock stage SI for Acapulco, ALH A7708l, ALH A81315, ALH A81261 and

ALH 78230. We classified ALH A81187 and ALH 84190 as S2 (very weakly shocked),

as is indicated by the undulatory extinction of olivines and a lack of planar fractures.

Thus, all acapulcoites are relatively unshocked.

2.4.1.7 Metal-Troilite

Metal and troilite occur in acapulcoites as interstitial grains, inclusions in mafic

silicates, and as veins. Most metal and troilite occur as interstitial, irregular grains of -100

urn in size Metal and troilite are commonly in contact, but do not show the intimate

intergrowths typical of shock-melted assemblages (KEILet al., 1992). Etching of metal

grains reveals that metal grains in all but the low-FeO acapulcoites (ALH A81187, ALH

84190) are composed of kamacite and zoned taenite.

Ovoid inclusions and clusters of metallic Fe,Ni and, less commonly, of Fe.Ni

intergrowths and isolated troilite grains, were found in orthopyroxenes and, less

frequently, in olivines of Monument Draw, ALH A81315, ALH A81261 and ALH 78230,

and of Acapulco (PALME et al., 1981), ALH A77081 (SCHULTZ et al., 1982), and Yamato

74063 (YANAI and KOJIMA, 1991), These inclusions and clusters are ubiquitous, but are

volumetrically minor (<< 1 vol.%). They tend to occur near the centers of grains, with the

grain edges being free of them, with no apparent relationship to cracks in the silicates.

Individual blebs vary in size, with most ranging from 5-10 urn in diameter. Allan Hills

A81187 and ALH 84190 appear to contain two populations of Fe,Ni-FeS inclusions. The
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FIGURE 2.5 Hand sample of Monument Draw exhibiting em-sized veins of Fe,Ni metal.
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first population is like those described above, dominantly Fe.Ni metal, 5-10 urn in

diameter and occurs in the centers of mafic silicates, with no obvious relationship to cracks.

A second type is smaller (1-3 um) and occurs in parallel sets.

We discovered em- (Fig. 2.5) to um-sized veins of metallic Fe,Ni and metal plus

troilite in Monument Draw, and urn-sized veins in all other acapulcoites studied by us;

veins have not previously been reported from acapulcoites. The em-sized vein was seen in

all hand samples of Monument Draw and appears to be entirely composed of metallic

Fe.Ni, although FeS-rich network-like areas occur very near the vein. Unfortunately, we

were unable to examine the main mass of the meteorite to determine if other portions of the

vein contain troilite. Microscopy indicates that it is composed of multiple taenite crystals

from which numerous grains of kamacite and zoned taenite have formed. Several veins 3-

10 mm in length and 100-300!lm in width are often roughly perpendicular to the em-sized

vein and, in a few case, are seen to connect with the larger vein. They consist of metal and

troilite, but these phases are not intimately mixed; rather, individual segments of the vein

are made of either Fe,Ni metal or troilite. Finally, veins a few urn in width and tens to

hundreds of urn in length are found in all acapulcoites and cross-cut all silicates including

plagioclase. In some sections of Monument Draw, numerous parallel um-sized veins

appear to be perpendicular to the elongation of the em-sized vein. All are now dominantly

filled with hydrated iron oxides of terrestrial origin, but in many places troilite occurs as

segments of a few urn width and tens of urn length. Fe,Ni metal is rarer, undoubtedly

because it weathers more readily than troilite. We therefore suggest that many of these urn

sized veins were once filled with Fe,Ni metal and troilite, which was subsequently altered

by terrestrial weathering. In Acapulco, um-sized veins appear to be dominated by troilite,

but veins of Fe,Ni metal were also observed. In ALH A81187 and 84190, these veins are

particularly well-developed, are 5-10 urn in width and hundreds of 11m in length, and are

dominated by troilite, but a vein composed of segments of Fe,Ni metal and troilite was
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identified in ALH 84190. Veins are considerably less abundant and smaller (- 1 urn width,

tens of urn in length) in the paired meteorites ALH A77081, ALH 78230, ALH A81315

and ALH A81261.

2.4.1.8 Metallographic Cooling Rates

We determined the rnetallographic cooling rates of three acapulcoites, all of which

cooled rather rapidly through the temperature range of 600 to 350° C. Etching of taenite

grains reveals cores of finger plessite. In some of the acapulcoites, this finger plessite

exhibits the Widmanstatten pattern. The presence of this mixture resulted in some scatter

on diagrams of Ni concentration vs. size, since individual point analyses could contain a

greater amount of either kamacite or taenite. ALH A81261 exhibits such scatter and it is

interesting to note that the greatest scatter exists in the acapulcoites in which the cooling rate

is the slowest. Allan Hills A81261 has a reasonably well-defined cooling rate of

-lOOO°C/Myr (Fig. 2.6a). Monument Draw has a somewhat faster cooling rate of

-lO,OOO°C/Myr (Fig. 2.6b), and Acapulco appears to be the most rapidly cooled

acapulcoite. Taenite compositions are essentially invariant for taenite grains in the radius

range of 7-66 urn, and extrapolation of the cooling curves could suggest a rate of

-lOO,OOQoClMyr or 0.1°C/yr (Fig. 2.6c). An alternative explanation (1.1. GOLDSTEIN,

pers. comm., 1994) is that metallographic cooling rate techniques cannot be applied to

Acapulco, since metal composition appears constant with size. ALH 84190 exhibits no

taenite upon etching, consistent with the low fayalite contents of its olivines relative to other

acapulcoites. However, like all other acapulcoites, ALH 84190 does contain

polycrystalline karnacite, consistent with the rapid cooling rates at intermediate temperatures

derived for other acapulcoites, It is interesting to note that although acapulcoites exhibit a

range of metallographic cooling rates, there appears to be no correlation between cooling

rate and other properties which might be indicative of the thermal history of the meteorites

(e.g., two-pyroxene geothermometer temperature, grain sizes, 39ArA OAr ages).
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FIGURE 2.6 Plots of central Ni content vs. distance to the nearest edge for taenite grains in
acapulcoites. Curves for cooling at 0.1-100°CIMyr from WILLIS and GOLDSTEIN (1981).
Curves for 1000-10000°ClMyr are approximate. All acapulcoites experienced rapid
cooling in the temperature interval from approximately 600 to 350° C. ALH A81261 (a)
cooled at -lOOO°ClMyr; Monument Draw (b) at -10,000°ClMyr; and Acapulco (c) at
-100,OOO°ClMyr.
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Other recent studies have addressed the cooling history of Acapulco. ZIPFEL et al.

(1992) used Ca distribution among orthopyroxene, chromian diopside and olivine to

suggest a cooling rate of -lOO°ClMyr over the temperature interval 900-1000°C, and 2

7xlO4°ClMyr over the temperature interval of 500-750°C, the latter being consistent with

our metallographic cooling rate estimates. PELLAS and FIENI (1992) used differences in

densities of Pu fission tracks between merrillite and orthopyroxene to determine a cooling

rate of -l.JOC/Myr over the temperature interval -290-1 10°C. Thus, Acapulco, and

possibly all acapulcoites, might have experienced a complex, three-stage cooling history:

slow at high T, very fast at intermediate T, and very slow at low T.

2.4.1.9 Phosphates

The compositions of phosphates are of particular importance to understanding the

genesis of acapulcoites, not only because they are the major REE carriers, but also because

preliminary work (MCCOY et al., 1992a) revealed evidence for phosphate mobilization and

formation of phosphate veins in Monument Draw. For these reasons, we have studied in

detail the phosphates in Monument Draw. This meteorite contains phosphates as interstitial

grains (whitlockite, F- and Cl-apatite), as pure phosphate veins (whitlockite), and as a

constituent of large metal veins (whitlockite, less common F- and Cl-apatite). We also

discovered a 1.8 mm long and -200 urn wide vein in Acapulco that consists of F-CI

bearing apatite (PTS USNM 5967).

2.4.1.9.1 Vein-Forming Phosphates. The most prominent occurrence of

phosphates in Monument Draw is whitlockite veins. In PTS UH 149, a vein is - 2.5 mm

long and 100-200 urn wide (Fig. 2.7). A linear feature in its center is now filled with

hydrated iron oxides of terrestrial origin, but may have once been Fe,Ni metal and/or

troilite. In PTS UH 239, a vein of nearly identical dimensions occurs, although the section

was prepared from a different piece of the meteorite. In this vein, whitlockite is

homogeneous in major elements (Table 2.2; microprobe pts. 7-11), with somewhat higher
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TABLE 2.2. Major (wt, %), minor and trace (ppm) element compositions of phosphates in Monument Draw.

Grain 1 1 1 1 1 2 2 2 2 2 3 3 3 3 3
Microprobe 1 2 3 4 5 6 7 8 9 10 11
Ion Probe 1,3 1,2 1,1 2,1 2,2 2,3 2,4 2,5 3,1 3,3 3,2
Position Rim Core Rim Rim Rim

Na20 0.40 0.35 0.34 0.33 0.36 2.82 2.82 2.80 2.83 2.94 2.85
F 1.50 1.70 1.65 1.97 1.75 b.d. b.d. b.d. b.d. b.d. b.d.
el 4.07 3.55 3.59 3.08 3.44 b.d. b.d. b.d. b.d. b.d, b.d.
P20S 41.4 41.6 41.6 41.2 41.5 46.5 46.7 46.8 46.9 46.9 46.4
CuO 54.3 54.7 54.9 54.6 54.8 47.7 47.8 47.7 47.9 47.6 47.8
MgO 0.06 0.05 0.04 0.07 0.10 3.57 3.64 3.65 3.68 3.66 3.75
K20 <0.02 <0.02 0.03 <0.02 0.02 0.03 0.08 0.06 0.03 0.05 0.06
MilO 0.05 0.06 0.06 0.07 0.06 0.04 <0.03 0.04 <0.03 <0.03 <0.03
FL'O <0.04 0.08 0.08 <0.04 0.11 0.19 0.16 0.21 0.29 0.24 0.31

Total 101.85 102.11 102.46 101.37 102.13 100.84 101.09 101.30 101.58 101.29 101.15
OEC1,F 1.55 1.52 1.51 1.52 1.51 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.30 100.59 100.95 99.85 100.62 100.84 101.09 101.30 101.58 101.29 101.15

N F I (F+C1) 0.37 0.43 0.42 0.51 0.45 N/A N/A N/A N/A N/A N/A
Vl

Ba 1.998 1.715 1.973 0.207 0.275 0.194 0.302 0.096 0.663 0.293 0.668
La 11.288 14.024 12.313 35.753 39.208 38.033 37.903 32.831 41.934 44.991 43.373
Ce 22.435 29.836 23.384 83.783 93.440 86.411 85.234 75.143 97.774 107.692104.172
Pr 2.882 4.182 3.077 11.887 13.143 11.927 12.128 10.831 13.296 14.938 14.632
Nd 15.001 22.012 15.673 60.847 67.718 60.709 59.208 54.553 63.016 76.543 72.136
Sm 4.998 6.806 5.117 18.981 21.729 19.500 18.641 18.733 17.583 22.758 21.540
Ell 1.144 0.984 1.027 1.999 2.084 1.930 1.877 1.858 2.133 2.206 2.235
Cd 6.792 10.037 6.607 20.073 28.628 23.004 24.035 14.412 14.518 23.333 20.176
Tb 1.172 1.574 1.129 3.157 4.058 3.559 3.614 2.813 2.512 3.997 3.344
Dy 7.130 9.641 6.658 26.278 31.647 27.745 26.898 22.178 21.278 30.114 28.718
Ho 1.609 1.986 1.458 5.783 7.163 5.645 5.567 4.699 4.406 6.429 6.240
Er 4.312 5.561 4.603 17.355 21.244 19.444 18.468 15.580 13.706 19.524 19.321
Tm 0.683 0.802 0.650 2.808 3.443 3.018 2.902 2.408 2.391 3.330 3.164
Yb 3.925 5.160 4.002 20.683 21.784 20.591 20.192 19.588 18.772 23.042 23.053
ill 0.775 0.911 0.640 3.639 3.966 2.980 3.066 2.749 3.014 3.394 3.738
Hf 1.285 2.216 1.613 5.231 5.311 6.583 6.644 6.254 3.810 3.236 4.762
F 1.365 2.409 0.723 0.006 2.093
Sc 0.363 0.396 0.436 6.830 7.528 5.859 5.389 4.205 7.318 7.168 7.252
Ti 821.8 812.5 736.7 906.8 1012.4 835.3 850.0 868.1 1003.0 1071.5 994.8
V 0.536 0.592 0.528 3.260 4.230 2.467 2.607 2.025 4.191 3.690 3.895
Cr 3.034 3.193 2.285 10.506 15.915 9.962 9.794 6.611 16.509 15.279 16.732
Sr 34.786 41.023 43.950 45.332 42.477
Y 97.209 120.591 76.995 110.725105.132
ZJ: 3.911 20.444 11.880 10.181 16.968
Th 2.451 4.079 2.353 3.027 3.467
U 0.427 0.723 0.631 0.571 0.452



TABLE 2.2 (cont.). Major (wt.%), minor and trace (ppm) element compositions of phosphates in Monument Draw.

Grain 4 5 5 5 5 6 7 8 9 10 11 11 11 11
Microprobe 12 13 14 15 16 17 18 19 20 21 22
Ion Probe 4,1 5,1 5,2 5,3 5,4 6,1 7.1 8,1 9,1 10,1 11,1
Positlon Core Rim Rim Core

Na20 2.81 2.90 2.82 0.02 0.01 0.12 0.37 0.00 0.00 0.00 0.00
F b.d. b.d. b.d. 3.70 3.58 2.65 1.18 4.31 4.03 4.21 4.08
C1 b.d. b.d. b.d. 0.37 0.61 2.02 4.46 0.15 0.16 0.18 0.16
P20 S 46.8 46.5 46.6 42.5 41.6 41.8 42.3 41.7 42.4 42.0 42.3
CaO 48.0 47.8 47.6 56.0 56.1 55.9 54.5 55.9 55.9 55.9 55.8
MgO 3.62 3.62 3.57 0.05 0.04 <0.03 <0.03 0.19 0.21 0.18 0.19
K20 0.06 0.05 0.04 <0.02 <0.02 <0.02 0.02 <0.02 <0.02 <0.02 <0.02
MnO 0.06 <0.03 0.04 0.06 <0.03 0.07 0.09 0.05 0.03 <0.03 0.04
F~{) 0.10 0.25 0.13 0.31 0.44 0.31 0.44 <0.04 0.04 <0.04 <0.04

TOla1 101.43 101.13 100.86 103.05 102.33 102.97 103.33 102.34 102.83 102.65 102.59
O,;CI,F 0.00 0.00 0.00 1.64 1.65 1.57 1.50 1.85 1.73 1.81 1.75
Total 101.43 101.13 100.86 101.41 100.68 101.40 101.83 100.49 101.10 100.84 100.84
F/(F+CI) N/A N/A N/A 0.94 0.90 0.68 0.30 0.98 0.98 0.97 0.98

Iv
O.n8 0.259 0.218 0.297 0.3840\ Ba 0.194 0.237 0.446 0.598 2.323 1.034

La 33.005 33.959 36.276 34.842 37.479 21. 195 13.346 9.613 11.060 9.713 26.959
Ce 74.019 79.434 84.199 82.806 88.035 46.242 27.702 19.465 22.918 17.458 55.138
Pr 9.942 11.500 12.002 11.878 12.621 6.162 3.605 2.353 2.811 1.976 7.548
~ 52.708 57.871 63.161 62.831 67.394 29.283 17.651 10.925 14.250 7.744 36.188
Sill 15.414 18.203 19.344 19.698 21.051 7.827 4.911 2.806 3.834 1.867 11.233
Fu 2.169 1.924 1.970 1.850 1.973 1.779 0.748 0.821 0.689 1.435 1.200
GJ 15.640 19.918 19.344 25.283 21.150 7.201 4.584 1.722 2.493 1.149 9.798
Tb 2.719 3.168 3.383 4.009 3.467 1.129 0.979 0.529 0.678 0.205 2.483
Dy 23.615 26.391 28.326 28.208 31.085 10.060 6.528 3.314 4.327 1.769 14.497
Ho 5.732 5.755 6.322 6.393 6.941 2.403 1.249 0.784 0.938 0.395 2.935
Er 18.222 17.573 18.681 18.732 20.60 I 7.279 3.624 2.154 2.527 1.219 8.848
Tm 3.385 2.861 3.182 3.074 3.304 1.271 0.644 0.437 0.411 0.206 1.348
Yb 25.067 20.815 21.914 20.237 23.759 10.762 4.213 3.554 3.518 2.082 9.745
Lu 4.399 3.458 3.590 3.360 4.143 1.883 0.774 0.606 0.593 0.333 1.534
Hf 6.393 4.570 5.540 5.299 5.252 2.278 1.185 0.952 0.912 0.579 3.235
F 1.172 0.669 2.094 1.391 0.722 7.515 37870 35200 33870 13060
Sc 3.085 6.749 6.993 7.003 7.277 6.669 0.490 0.853 0.477 0.104 0.769
Ti 444.9 1010.5 1032.4 1029.7 1070.5 1029.7 903.5 944.9 987.6 956.3 822.6
V 1.692 3.188 3.723 3.105 3.850 2.551 0.442 0.573 0.30 I 0.652 0.045
Cr 5.020 14.320 11.999 10.251 13.519 11.127 9.927 17.896 6.956 11.931 2.898
Sr 17.518 34.992 37.298 36.150 38.035 36.116 61.008 68.659 65.973119.105
Y 44.822104.014117.937117.240129.083 45.401 22.455 15.365 19.396 6.486
Zr 15.352 5.674 14.531 6.813 15.248 14.199 1596 1441 1545 46.573
Th 3.497 2.370 2.968 2.383 3.458 5.888 8.065 7.355 7.999 1.064
U 0.591 0.406 0.503 0.483 0.631 1.058 8.382 11.270 11.371 1.243



FIGURE 2.7 Transmitted, plane polarized light photomicrograph of whitlockite vein in
Monument Draw (PTS OR 149). Scale bar =500 um. The prominent black line in the
center of the vein is now filled with hydrated iron oxides of terrestrial origin, although we
speculate that it was once Fe,Ni metal and/or troilite.
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variations in minor and trace element contents and essentially flat REE patterns at 70-200 x

CI and prominent negative Eu anomalies (Table 2.2; ion probe pts. 3,1-3,3; Fig. 2.8c).

Phosphates are also a prominent component of the mm- to em-sized Fe,Ni-FeS

veins in Monument Draw. Multiple major and/or minor element analyses were conducted

on two whitlockite grains (#s 2, 5) associated with the large vein. Whitlockite #2 is a rnm-

sized, irregular grain with REE patterns and intra-grain variations (Fig. 2.8b) similar to

those in whitlockite vein #3 (Fig. 2.8c). In whitlockite #2, these variations are on a scale

of less than 50 urn, but show no relationship to location within the grain. Whitlockite #5 is

also a mm-sized irregular grain, but appears to be more homogeneous than other vein-

forming whitlockites (Table 2.2). Two grains each of plagioclase and orthopyroxene

adjacent to whitlockite #2 were also analyzed. Plagioclase (Fig. 2.9a) has low REE at

-0.1-1 x CI, a large positive Eu anomaly, and enriched LREE. The HREE have large

uncertainties, owing to low abundances and relatively large oxide corrections.

Orthopyroxene (Fig. 2.9b) is depleted in LREE, with count rates too low to be reliable for

the lightest REE. We also analyzed a single, semi-equant chlorapatite grain (#1) - lmm in

diameter associated with the large Fe,Ni-FeS vein. It is not zoned but has variable F and

CI contents (Table 2.2), which is noteworthy because of the highly recrystallized texture of

the rock and the rapid diffusion rates of these elements in apatite (e.g., STORMER et al.,

1993). REE patterns (Fig. 2.8a) are essentially flat at 25-60 x CI with a negative Eu

anomaly. Significant variation is observed in this grain, with REE concentrations in the

core (1,2) being higher than in the rim (1,1; 1,3). The core-rim variation is not seen in the

transition metals. The corresponding major element analyses (Table 2.2) reveal that the

core is higher in F than the rim at these points. Thus, REE variations may be linked to F

abundances. We also analyzed fluorapatite #11, an ovoid (300 x 225 urn) grain associated

with the large Fe,Ni-FeS vein. It is remarkably homogeneous in major element

composition, with four analyses at both the core and rim yielding F/(F+Cl) ratios of -0.98.
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FIGURE 2.8 REE patterns plus Hf for multiple points in phosphates from a pure
phosphate vein (c) or are associated with Fe,Ni-FeS veins (a, b) in Monument Draw. All
patterns are generally flat with negative Eu anomalies. Heterogeneities in chlorapatite #1
(a) appear to be related to F content, whereas the cause of heterogeneities in whitlockites #2
(b) and #3 (c) are uncertain.

29



a
1000 I"'""'-~..,........,.-..-...-....,.-.--..,........,.-...-...,...--.,....-..,....-.....-....,

..
~

"'C
c:

"~
"'C.....
j..
~
c:
o
.c.
(J

100

.1

.01

Manum"" Draw plagioclas.
8dj8clIrll to whliloddle 12

.-.- .... 2.1

.001 _ ~2n

-.- "'Z.,

b
1000 1""'"'-...-..,...-.....-...-..,...-..-...-...--.....-............-,,....-..,....-..-....,

Monument Craw ClIlIlopyroxen.
DdJ- to whlllockUe 12

Sa La Ca Pr Nd Sm Eu Gd lb Oy He Et Tm Vb Lu HI

.1

10

.01

,ao

.001

.0001 ...... ...I---J.-"-.....--1-"-..l.........- ......---'-......--I.-.L..J
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Plagioclase exhibits a positive Eu anomaly and LREE enrichment. Orthopyroxene is
depleted in LREE.
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In Fig. 2.lOa are plotted one REE analysis of each of the five vein-forming phosphates

discussed above. All exhibit similar, relatively flat patterns, with negative Eu anomalies,

and Th and U abundances are essentially the same in all grains. However, the absolute

abundances of REE vary dramatically (Fig. 2.lOa): Whitlockites numbers 2, 3, and 5

have REE - 100 x CI, whereas chlorapatite #1 has -25-50 x CI and fluorapatite #11 has

intermediate abundances. These differences are almost certainly due to a difference in

distribution coefficients for REE between chlorapatite, fluorapatite, and whitlockite. The

mineral/liquid partition coefficients for REE in whitlockite are roughly a factor of five

higher than those for apatite (e.g., MURRELL et al., 1984). It is also interesting to note that

fluorapatite has a higher REE concentration than chlorapatite, confirming the relationship

observed in chlorapatite #1.

2.4.1.9.2 Interstitial Phosphates. Grains #s 4,6,7,8,9,10 are irregularly shaped

and range in size from 60 urn to - 1mm; they include whitlockite, chlorapatite and

fluorapatite, with F/(F+Cl) ratios for apatite ranging from 0.30-0.90 (Table 2.2). The

trends of their REE patterns are similar to those of vein-forming phosphates: they are

generally flat, with negative Eu anomalies (Fig. 2.1Ob), and abundances decrease from

whitlockite to fluorapatite to chlorapatite. In general, the REE abundances tend to be lower

than those of the vein-forming phosphates, and there is more spread in the data for

interstitial than for vein-forming phosphates. There also appear to be some anomalies in

the REE patterns. For example, whitlockite #4 has REE abundances almost the same as

vein-forming whitlockite, but whitlockite #6 has almost a factor of two less REEs. These

lower abundances did not result from beam overlap with silicates, since SEM images show

no overlap of the ion-beam crater with silicate and the ion count rates for Si are low.

Furthermore, chlorapatite #10 has a positive Eu anomaly and fractionated (enriched)

LREEs, whereas HREEs are a factor of 3-4 less abundant and BalLa is about a factor of 2

lower than in vein-forming chlorapatite #1. Again, beam overlap cannot be the reason.
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Also, fluorapatite #8 has no Eu anomaly, has a slight depletion in Gd (8.76 x CT, though

relative errors are ±5.71), and fractionated (enriched) LREE. Although the SEM image

suggests a slight overlap onto adjacent orthopyroxene, the Si count rate of 100 counts/sec

(vs 65,500 for Ca) shows that the overlap was not sufficient to affect the analysis, and

orthopyroxene cannot produce the observed differences in the pattern. Finally, interstitial

and vein-forming phosphates show depletions in Hf and very large depletion in Ba relative

to the REEs. The Hf depletion is consistent with partitioning data for Hf in apatite

(FUJIKAMI and TATSUMOTO, 1984), whereas the barium depletion is expected because of

its larger ionic radius and 2+ oxidation state.

Literature data on REE abundances in phosphates of acapulcoites are sparse, but

our data generally agree with those of other investigators. DAVIS et al. (1993) measured

REEs in phosphates, pyroxenes and plagioclase of Acapulco and ALH A81261. They

found nearly flat patterns with negative Eu anomalies for whitlockite, LREE enrichments

and smaller negative Eu anomalies for apatite, and higher concentrations in whitlockite than

in apatite. They concluded that of the two, only Acapulco exhibits near-equilibrium REE

partitioning. Our data for multiple points in single apatite grains of Monument Draw

illustrate the lack of REE equilibration in phosphates of that meteorite.

Acapulcoites exhibit a variety of bulk REE patterns (e.g., unfractionated, positive

and negative Eu anomalies, LREE enrichments), but REE abundances are within a factor of

2 of CI chondrites and, thus, are relatively unfractionated. As shown above, phosphates

are the main REE carriers in acapulcoites and have a wide range of patterns and

abundances (Fig. 2.10). We therefore suggest that the differences in bulk REE patterns

and abundances obtained by various investigators ( PALME et al., 1981; SCHULTZ et al.,

1982; KALLEMEYN and WASSON, 1985; TORIGOYE et al., 1993; ZIPFEL and PALME,

1993) are the result of heterogeneous distribution of phosphates and analysis of

unrepresentatively small bulk samples.
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2.4.2 39Ar_40Ar Chronology

2.4.2.1 39Ar-4oAr Ages

Calculated 39ArA OAr ages and KlCa ratios as a function of fractional release of

39Ar are shown in Fig. 2.11 for Acapulco and Monument Draw. Except for the first few

temperature extractions, both meteorites define relatively precise "plateau" ages. Each

meteorite also exhibits a decrease in KlCa of more than an order of magnitude during the

stepwise extractions. Monument Draw shows two distinct peaks in the rate of Ar release as

a function of temperature, with minimum Ar release occurring at the temperature of rapid

change in the KlCa ratio. We have commonly observed this behavior in chondrites and

achondrites and attribute it to differences in ease of Ar degassing from different mineral

phases having different KlCa. For Acapulco, the rate of Ar release from these phases

show greater overlap. The somewhat lower ages for the first few extractions are attributed

to recent Ar diffusive loss from low retention sites, and these data are not considered in

deriving the 39ArA0Ar age. Monument Draw (a find) also shows a very slightly lower age

for a single extraction that represents early Ar release from the higher temperature, lower

KlCa phase (at -0.75-0.8 39Ar fractional release). We have previously observed this effect

in weathered meteorites and attribute it to modest Ar loss from grain surfaces of the low

KlCa mineral phase, an analogous but smaller effect to that demonstrated by the high KlCa

phase in the first few extractions. Measured K concentrations in our samples of Acapulco

(535 ppm) and Monument Draw (354 ppm) are less than those of typical chondrites.

Six extractions of Acapulco, releasing 22-97% of the total 39Ar, define a "plateau"

age of 4.503±0.011 Ga (where error is I o of deviations from the mean). Twelve

extractions of Monument Draw (0.5-99% of the 39Ar release) define a "plateau" age of

4.517±O.0II Ga. The 39ArAOAr age spectrum of Monument Draw is unusual in showing

identical ages across almost the entire 39Ar release. This indicates that no significant

thermal event has affected this meteorite during the past 4.5 Ga.
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We have also examined the Ar isotopic data for Monument Draw in an isochron plot

of 40Ar/36Ar vs. 39Ar/36Ar (Fig. 2.12). All extractions define a highly linear (r2 =

0.99994) isochron which passes through the origin. The age derived from the slope of a

least squares fit to these data is 4.523±0.005 Ga and agrees within quoted uncertainties

with the plateau age of 4.517±0.011 Ga. The fact that the isochron passes within

uncertainty of the origin indicates the absence of any excess 40Ar component not associated

with K.

The 39ArAOAr ages reported here are slightly younger than those of 4.556±0.053

Ga and 4.531±O.021 Ga reported by KANEOKA et al. (1992) for Yamato 74063 and ALH

78230. However, the uncertainties quoted by these authors do not seem to reflect larger

uncertainties in ages of individual extractions or substantial variations among ages of

individual extractions. For example, the five temperature extractions of ALH 78230 that

define a "plateau" age (releasing -65% of the 39Ar) give apparent ages between 4.48 and

5.0 Ga, and three of the five extractions (releasing -60% of the 39Ar) that determine a

"plateau" age for Yamato 74063 have individual analytical uncertainties of 0.17 Ga or

greater. We claim greater precision of the 39ArAOAr ages determined here and point out

that the age uncertainties for Yamato 74063 and ALH 78230 would overlap our age for

acapulcoites of -4.51 Ga. SCHULTZ et al. (1982) reported a classical K-Ar age for ALH

A77081 of 4.50±0.15 Ga. Preliminary U-Pb studies of Acapulco (GOPEL et al., 1992) did

not give an age, but suggested an early re-equilibration. PRINZHOFER et al. (1992)

reported a 147Sm_I43Nd isochron age of 4.60±0.03 Ga for Acapulco. They suggested that

this age was the time of recrystallization, unaffected by later metamorphism, with the

formation time being prior to 4.60 Ga ago. This interpretation appears to be in conflict

with the strong evidence from 39ArAOAr ages that acapulcoites experienced substantial

heating -4.51 Ga ago.
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isochron passes within uncertainty of the origin indicates the absence of any excess 40Ar
component not associated with K.
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2.4.2.2 Trapped Argon

We can use these data to examine Ar components other than 40Ar from in situ

decay of 40K. These components are: 37Ar, produced in the reactor from Ca; 36ArP8Ar =

-0.7, produced by cosmic ray spallation reactions, primarily on Ca; 38Arproduced in the

reactor from neutron capture on Cl; and 36ArP8Ar = -5.3, from residual trapped gas in the

parental material to these meteorites. Figure 2.13 shows concentrations 0[37 Ar and 36Ar

and the 36Ar/38Ar ratio as a function of extraction temperature for Monument Draw. Most

of the 37Ar, which is expected to correlate with release of spallogenic 36.38Ar, is released in

the highest five extractions. Most of the 36Ar (81%) is released in the highest two

extractions. The 36Ar/38Ar ratios for extractions through 1050°C average -0.04 and none

exceed 0.1. Such low ratios require a two-component mixture of 38Ar produced in the

reactor from Cl, with small quantities of 36,38Ar produced mainly from Ca. Only the two

highest extractions show 36Ar/38Ar ratios greater than the -0.7 value expected for

spallation Ar. Because observed ratios of -3-3.5 for these two extractions are considerably

larger than any Ar component other than primitive, trapped gas, we consider this to be

strong evidence for the presence of trapped Ar in Monument Draw. Note that 36Ar blanks

for these high temperature extractions are only -1 %. Assuming a two-component mixture

of trapped and spallation Ar for the two highest extractions, we calculate that Monument

Draw contains at least -1.8 x 10-8 cm-' STP/g of trapped 36Ar which is retained in the most

retentive lattice sites.

Acapulco shows a qualitatively similar release profile for Ar isotopes. The 1375°C

and 1500°C extractions release 45% of the total 36Arand give 36ArP8Ar ratios of 1.5-2.3.

In an analogous manner to Monument Draw, we calculate that Acapulco contains -1.3 x

10-8 em> STP/g of trapped 36Ar.
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FIGURE 2.13 Ar components in Monument Draw other than 40Ar from in situ decay of
4OK. Plotted are 37Ar, 36Ar and 36Ar(38Ar as a function of extraction temperature. Most
of the 37Ar and 36Ar are released in the high temperature extractions. Observed 36Ar(38Ar
of -3-3.5 for the two highest temperature extractions provide strong evidence for the
presence of at least -1.8 x 10-8 ern- STP/g of trapped 36Ar which is retained in the most
retentive lattice sites.
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2.4.2.3 Ar Diffusion and Meteorite Cooling History

Stepwise temperature release data can be used to determine the Ar diffusion

characteristics, D/a2 (where D is the diffusion coefficient and a is the radius of the grains),

and to constrain the thermal history of these meteorites. The release rate of 39Ar and

changes in K'Ca ratios as a function of extraction temperature indicate that at least two

distinct phases degassed 39Arfor both meteorites. We used Monument Draw to calculate

values of D/a2 because release of 39Ar during stepwise extraction shows almost complete

separation between the two phases, whereas 39Ar released from the two phases of

Acapulco shows greater overlap. As the Ar diffusion properties of these two phases

obviously differ, we use Arrhenius plots to evaluate the Ar diffusivity of each phase

separately. Arrhenius plots for the release of 39Ar from the high KlCa and low KlCa

phases of Monument Draw (low- and high-temperature, respectively) are shown in Fig.

2.14, along with diffusion data for the release of 36Ar from the low KlCa phase. The plot

for 39Ar from the high KlCa phase (containing -76% of the K and 40Ar) is strongly linear

(except for the first extraction which released very little 39Ar), and its slope yields an

activation energy for diffusion of 50 kcal/mole. Diffusion data for 36Ar and 39Ar for the

high-temperature phase show trends similar to each other, but the 36Ardata are more linear

and yield an activation energy for diffusion of -69 kcal/mole. At 1000°C, Ar diffuses a

factor of>103 more readily for the low-temperature, high KlCa phase than from the high

temperature, low KlCa phase. Acapulco shows similar, but less well-defined, diffusion

data.

From the diffusion data and activation energies determined for Monument Draw,

we used the relation given by DODSON (1973) to calculate Ar closure temperatures. This is

the effective temperature at which Ar diffusion from a cooling object would cease and is

dependent upon Ar diffusivity and the cooling rate of the object. For the low-temperature

phase of Monument Draw, the Ar closure temperature would vary from -275°C for a
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FIGURE 2.14 Arrhenius plots for the release of 39Ar from the high and low KlCa phases
of Monument Draw (low- and high-temperature, respectively), along with diffusion data
for the release of 36Ar from the low KlCa phase. The plot for 39Ar from the high K/Ca
phase is strongly linear, and its slope yields an activation energy for diffusion of 50
kcallmole. Diffusion data for 36Ar and 39Ar for the high-temperature phase show trends
similar to each other, but the 36Ar data are more linear and yield an activation energy for
diffusion of -69 kcallmole.
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cooling rate of lOoClMyrto -445°C for a cooling rate of IOC/yr. With the lower diffusivity

of the high-temperature phase, the Ar closure temperature would vary from -470°C for a

cooling rate of lOoClMyr to -700°C for a cooling rate of 1°C/yr. Complete loss of 40 Ar

from both the low- and high-temperature phases should have occurred readily at the

-lOOO°C reheating temperature for acapulcoites for all cooling rates but very fast ones.

Closure temperatures for Ar diffusion and the 39ArAOAr age profiles can be used to

place some constraints on the cooling history of acapulcoites. We define the cooling time

as the time it would have required for these meteorites to have cooled from a reheating

temperature of -1 OOO°C to the Ar closure temperature. Figure 2.15 shows that this cooling

time varies inversely with the assumed cooling rate, with different trend lines for the

different closure temperatures shown by the two KJCa phases. For a cooling rate of

lOoClMyr, these cooling times would by -70 Myr and -50 Myr for the 10w-KJCa and high

KJCa phases, respectively. If these meteorites had cooled slowly, then we would expect to

see a difference in the 39ArA OAr age between their low- and high-temperature phases

because of their different cooling times to Ar closure. This difference in cooling times

between phases would be the separation between the trend lines for the two phases in Fig.

2.15. This time difference, which is shown separately as the curved line and the right-hand

scale, gives the expected difference in the 39Ar- 40Ar age between KJCa phases as a

function of cooling rate. Examination of the 39ArA OAr age profiles for these meteorites

(Fig. 2.11) indicates that the ages of the two KJCa phases are the same within about 20 Ma.

This observation would restrict the cooling rates for acapulcoites to those values which give

an age difference between meteorite phases that are no greater than -20 Myr. From Fig.

2.15, we see that the average cooling rate for these meteorites, from a reheating temperature

of -1OOO°C to Ar closure, is restricted to values faster than -1O°ClMyr.
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FIGURE 2.15 Plot of cooling times to AI closure for the two K-bearing phases and age
difference between phases vs. cooling rate. The closure temperature and, thus, the time to
AI closure for each phase varies with cooling rate. The cooling time to AI closure for each
phase is plotted as the negatively-sloped solid lines and the time is read from the left-hand
axis. Note that the cooling time increases with slower cooling rates. The two phases
define different time vs. cooling rate lines, owing to the differences in Ar diffusion between
the two phases. This difference also leads to differences in ages between the two phases
and this age difference decreases with slower cooling rate. The curved line with asterisked
(*) data points plots the age difference, which is read from the right-hand axis.
Examination of Fig. 2.11 shows that the two phases have an age difference of less than 20
Ma, which is indicated by the dashed line which intersects the right-hand axis at 20 Ma.
An age difference of less than 20 Ma occurs at any cooling rate greater than 10°ClMa.
Thus, from its peak temperature of -1 OOO°C to the Ar closure temperature, Monument
Draw must have cooled at a rate faster than 10°ClMa.
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As mentioned above, acapulcoites appear to have experienced a complex thermal

history. The 39ArAOAr data would permit such a complex cooling history, so long as the

average cooling rate was at least -1 O°ClMyr during the time that AI diffusive loss occurred.

2.4.3 Noble Gases

2.4.3.1 Cosmic Ray Exposure Age

The concentrations of cosmogenic 3He and 21Ne and the shielding parameter

(22Ne/21Ne)cos are given in Table 2.3. The (22Ne/21Ne)cos ratio indicates a very low

shielding of a few em and, thus, probably a small pre-atmospheric size of Monument

Draw. With the nuclide production model of GRAF et al. (1990b), we estimate a shielding

corrected 21Ne exposure age of about -6.5-7 Ma. This calculation assumes an H chondrite

bulk composition, which is appropriate in view of the contents (in wt. %) ofMg (-13.3),

Al (-1.3), Si (-17.8), and Fe (-26.0) for Monument Draw calculated from modes and

mineral compositions.

3He and 21Necos concentrations in Monument Draw are both about 22 % lower than

the averages of the two Acapulco analyses reported by PALME et al. (1981), but the

Acapulco samples have somewhat lower (22Nej21Ne)cos ratios than Monument Draw and,

thus, a somewhat higher production rate has to be used. With the GRAF et al. (l990b)

model, we deduce a 21Ne exposure age of -6.5-7 Ma for Acapulco under the additional

reasonable assumption that the preatmospheric radius of Acapulco did not exceed 30 ern.

Thus, the cosmic ray exposure ages of the two meteorites are very similar. The same is true

for two other acapulcoites: SCHULTZ et al. (1982) report for ALH A77081 a 21 Necos

concentration of 0.90 x 10-8 ern- STP/g and a very high (22Ne/21Ne)cos ratio of 1.285.

Assuming L chondrite composition for this meteorite, which is appropriate in view of the

Mg concentration given by SCHULTZ et al. (1982), we deduce a 21Ne exposure age of

-5.5 Ma from the GRAF et at. (1990b) model, identical to the 5.6 Ma deduced by SCHULTZ

et al. (1982) according to NISHIIZUMI et al. (1980). For Yamato 74063, TAKAOKA and
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TABLE 2.3. Noble Gases in Monument Draw.

Cosmogenic Fraction
3He 4He 20Ne 2oNe/22Ne 22Ne/21Ne 36Ar 36Arj38Ar 40Ar 21Ne 38Ar 22Ne/21Ne

9.52 3640 1.42 0.833 1.252 3.33 4.27 3420 1.28 0.173 1.235
0.4 140 0.06 0.004 0.006 0.12 0.02 140

84Kr 80/84 82/84 83/84 86/84 Trapped Fraction
84Kr=lOO 36Ar/132Xe 84Kr/132Xe

0.0397 3.93 20.96 19.86 31.48 28.9 0.355
0.0024 0.03 0.14 0.10 0.06 2.3 0.018

~ 132Xe 124/132 126/132 128/132 129/132 130/132 131/132 134/132 136/132VI
132Xe=100

0.112 0.471 0.413 8.224 129.4 16.26 82.28 38.22 31.74
0.008 0.005 0.005 0.020 0.3 0.06 0.07 0.11 0.08

Noble gas concentrations in 10-8 cm3STP/g.
Sample Mass: 119 mg.
Stated errors (Io, in italics) do not include uncertainty of mass discrimination.
Add 0.2% to obtain absolute errors of isotope ratios.



YOSHIDA (1991) calculate a shielding corrected 21Ne exposure age of 6.2 ± 0.6 Ma,

whereas the GRAF et al. (1990b) model yields -6.4 Ma. Thus, within the uncertainties

inherent in the calculation of cosmic ray exposure ages, all four acapulcoites discussed

above have identical 21Ne exposure ages and might have been produced in a common

impact event. Regrettably, noble gases of ALH A81187 and 84180, which have Fa

contents distinctly different from the other acapulcoites, have not been measured. It would

be of considerable interest to explore whether these meteorites were also liberated by the

same or another impact event.

2.4.3.2 Trapped Noble Gases

Monument Draw contains relatively large amounts of trapped Ar, Kr, and Xe,

comparable to those in type 4 ordinary chondrites. In this respect, Monument Draw is

similar to Acapulco and also to Lodran ( EUGSTER and WEIGEL, 1993). The isotopic

composition of trapped Ar cannot be determined, due to the presence of cosmogenic Ar,

but Kr and Xe are barely influenced by cosmogenic gases. Trapped Xe in Monument Draw

shows the isotopic signature Xe-Q (WIELER et al., 1991), the Xe component in

carbonaceous chondrites which resides in the oxidizable carbonaceous carrier "Q". The

same Xe component has also been found in ordinary chondrites (e.g., LAVIELLE and

MARTI. 1992). in Lodran (EUGSTER and WEIGEL, 1993), and in the acapulcoite Yamato

74063 (TAKAOKA et al., 1993). The isotopic composition of Kr in Monument Draw is not

identical to that of Kr-Q, unlike is the case in Lodran and Yamato 74063. Rather, it is

enriched relative to Kr-Q by -4 % in 82Kr and by -1.5 % in 86Kr. but depleted by -2.5 %

in 83Kr.This composition cannot be explained by mass-fractionated solar Kr or Kr-Q and

also not by addition of cosmogenic or fissiogenic Kr to such mass-fractionated trapped Kr.

2.4.3.3 Element Ratios ArlKrlXe

In Monument Draw. both AriXe and Kr/Xe are about 2-3 times lower than in

phase Q in Allende or Murchison. Whereas 36Ar/132Xe as low as -30 as in Monument

46



Draw is sometimes observed in H chondrites (e.g., LOEKEN et ai., 1992), the 84Kr/132Xe

ratio in Monument Draw of only -0.36 is remarkably low. The reason for this low Kr or

high Xe abundance is not clear, but a simple diffusive loss is not indicated, as the Ar/Kr

ratio shows a "normal" chondritic value.

2.5 DISCUSSION

The data outlined above, both our and previously published data, allow us to

outline the history of the acapulcoite parent body. We are interested primarily in three

aspects of this history - the precursor chondritic material, the heating episode, and the

cooling history.

2.5.1 Precursor Chondrite

The presence of relict chondrules in Monument Draw and Yamato 74063 is strong

evidence that the precursor rock of the acapuicoites was chondritic. However, this

material was unlike any known chondrite, as is indicated by mafic mineral compositions

which are intermediate between those of ordinary and enstatite chondrites, and by oxygen

isotopic compositions which are unlike those of ordinary and enstatite chondrites.

CLAYTON et al. (1993) noted that the carbonaceous CR chondrites and Kakangari have

oxygen isotopic compositions similar to the acapuicoites, although the former exhibit a

much larger range. This, in addition to the lower FeO contents of olivine in Kakangari

(Fal_4; BREARLEY, 1989), suggests that the oxygen isotopic similarities are a coincidence

and do not imply a relationship between acapulcoites and these carbonaceous meteorites.

2.5.2 Thermal History

2.5.2.1 Peak Temperature

The equigranular textures, abundant 1200 triple junctions, homogeneous mafic

silicates, large plagioclase grains, and rare and highly recrystallized relict chondrules of

acapulcoites suggest that these rocks were extensively heated on their parent body.

Comparison to textures of type 6 ordinary chondrites indicates that the peak temperatures
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were at least -750-950°C (DODD, 1981). Although absolute temperature estimates from

two-pyroxene geothermometry have considerable uncertainties, the values obtained for

acapulcoites of 978-1166°C suggest that heating was to temperatures in excess of the

Fe,Ni-FeS eutectic of about 980° C (KULLERUD, 1963; KUBASCHEWSKI, 1982). This

eutectic melt consists of 85 wt.% FeS and 15 wt.% Fe,Ni and is the first partial melt in a

chondritic system. Evidence for partial melting at the eutectic is in the form of um-sized

veins dominated by FeS in all acapulcoites and mm- to em-sized veins of Fe,Ni-FeS in

Monument Draw. Temperatures were apparently sufficiently high to also mobilize

phosphates which are found in phosphate veins and associated with the Fe,Ni-FeS veins.

The detailed melting behavior of phosphates in these multi-component systems has not

been determined. However, phosphates are observed as late-crystallizing phases in a

variety of igneous rocks, including eucrites and SNCs, and should therefore be early

melting phases. Thus, we conclude that acapulcoites were heated in excess of 950°C,

where Fe,Ni-FeS eutectic melting occurred and Fe,Ni metal, troilite and phosphates were

mobilized. The physical details of melt migration in acapulcoites will be addressed in a

separate paper (McCoY et al., 1994b).

Partial melting of silicates in a chondritic system begins around 1050° C, and the

partial melt is roughly basaltic (plagioclase-pyroxene) in composition. However, we see no

evidence for silicate partial melting in the acapulcoites. In fact, Fe,Ni-FeS veins, which

start forming -980° C, sometimes cross-cut plagioclase in Monument Draw, Acapulco,

ALH A81187 and ALH 84190. This suggests that plagioclase was solid during formation

of the Fe,Ni-FeS veins and, thus, temperatures did not reach those required for silicate

partial melting. Our findings are in contrast to those of ZIPFEL et al. (1992) who suggest

peak temperatures of 1400-1500° C for Acapulco, based on Niflr ratios in metallic blebs

contained within mafic silicates. ZIPFEL and PALME (1993) further argue that high degrees

of silicate partial melting took place, resulting in mechanical segregation of chromite from
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the melt and, thus, explaining the highly variable Cr abundances amongst acapulcoites.

Heating to 1400° C would result in approximately 40% silicate partial melting (TAYLOR et

al., 1993). While ZIPFEL and PALME (1993) correctly assert that this high degree of partial

melting would allow mechanical segregation of chromite, it would also result in removal of

the other dense, immiscible phases such as Fe.Ni metal and troilite. However, as we and

others (PALME et al., 1981; SCHULTZ et al., 1982; HIROI and TAKEDA, 1991) have

shown, acapulcoites have chondritic proportions of Fe,Ni metal and troilite and, thus,

peak temperatures of 1400° C and associated high degrees of silicate partial melting are

inconsistent with the evidence. Since Cr predominantly occurs in minor phases such as

chromite and chromian diopside, we suggest that the Cr variability from sample to sample

of a given acapulcoite observed by ZIPFEL and PALME (1993) is due to heterogeneous

distribution of these phases and analysis of unrepresentatively small bulk rock samples.

2.5.2.2 Heat Source

The other question of importance in the heating of acapulcoites is the heat source.

The two major heat sources which have been invoked are collisional (e.g., impact) and

non-collisional (e.g., 26Al, electromagnetic induction). We will discuss each of these in

turn.

2.5.2.2.1 Collisional Heat Source. A number of authors have argued that many

of the features in acapulcoites were formed by impact and/or shock. KALLEMEYN and

WASSON (1985) argued that the textures and compositions of Acapulco and ALH A77081

resulted from brief, incomplete heating, possibly the result of impact-induced shock.

TAKEDA et al. (1993) have proposed a planetesimal collision model in which shock and the

resultant heating account for the features of primitive achondrites, including acapulcoites.

These authors do acknowledge that 26Al may have been an additional heat source.

We do not believe that impacts were the major heat source for the formation of the

acapulcoites. Certainly, the features of acapulcoites were not formed by disequilibrium
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shock effects, as suggested by KALLEMEYN and WASSON (1985). Two-pyroxene

equilibration temperatures, equigranular textures, abundant 120° triple junctions and relict

chondrules all argue that every phase in every acapulcoite was heated to temperatures in

excess of 950°C. In contrast, disequilibrium shock effects would melt the opaque phases

while heating the remaining phases to a somewhat lower temperature.

We also do not believe that heating of the entire parent body resulted from impact.

The most compelling evidence against impact-induced heating is the lack of shock effects in

the silicates of most acapulcoites. Only two acapulcoites (ALH A8ll87 and 84190) exhibit

shock effects in olivines; the remainder are unshocked. It is, of course, possible that

some shock features have been annealed in these rocks. However, there is no evidence for

whole-rock shock melt veins in acapu!coites, which should be created by the high levels of

shock required for heating to > 950°C and which would not be readily annealed. In

addition, there is no evidence of brecciation in acapu!coites. Again, large and/or numerous

shocks necessary for extensive heating should produce breccias. Even the features

observed in acapulcoites and attributed by these authors to shock are unlike those seen in

shocked ordinary chondrites. The Fe,Ni-FeS veins consist of alternating segments of

Fe,Ni metal and troilite. In contrast, shock-produced Fe,Ni-FeS veins are usually intimate

mixtures of Fe,Ni metal and troilite (STOFFLER et al., 1991). In all acapulcoites,

particularly the paired, very weakly shocked meteorites ALH A81l87/84190, veins of

metal and troilite differ from opaque shock veins in chondrites. In acapu!coites, metal and

troilite veins are found primarily along grain boundaries. In contrast, metal and troilite

veins in shocked ordinary chondrites show little preference to occur along grain boundaries

(E.R.D. SCOTT, pers. comm., 1993). Thus, no accepted indicators of shock exist within

most acapulcoites and even those features which have been attributed to shock are unlike

those in shocked ordinary chondrites.
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There does exist within all acapulcoites one enigmatic feature, which has been

attributed to shock and for which the true origin is uncertain. Cores of mafic silicates,

primarily orthopyroxene, in acapulcoites contains blebs of Fe,Ni metal and troilite.

TAKEDA et al. (1993) have argued that these veins were formed by shock, analogous to

blebs in the diogenite Yamato 74013. However, unlike blebs in Yamato 74013, blebs in

acapulcoites (with the exception of the smallest blebs in ALH A81187/84190) do not

appear to decorate annealed planar fractures. In addition, blebs in acapulcoite mafic

silicates occur only in the cores of the grains, surrounded by inclusion-free rims. This

emplacement is inconsistent with a shock origin. Finally, it should be noted that these

authors envision both the Fe,Ni-FeS veins and blebs as originating by shock. Yet, the

veins are predominantly FeS, while the blebs are predominantly Fe,Ni metal. Thus, they

probably do not have a common origin. ZIPFEL et al. (1992) argued that these blebs record

high temperatures and, thus, were trapped in the mafic silicates during crystallization of a

melt. As we have stated earlier, high degrees of silicate partial melting are inconsistent with

the mineralogy of the acapulcoites. SCHULTZ et al. (1982) argued that bleb-containing

mafic silicates formed semi-circular outlines, hinting at the existence of former chondrules.

Thus, these grains were trapped in mafic silicates during chondrule crystallization. These

grains then acquired bleb-free overgrowths during subsequent metamorphism. This model

is appealing, but we acknowledge that such bleb-bearing mafic silicates are extremely rare

in chondritic meteorites. A final possibility is that these blebs were during grain growth

and may represent the former boundary between two grains. This model would explain the

similarities in nitrogen isotopic composition (KIMand MARTI, 1993)between matrix metal

and the metal blebs. We do not know which of these models, or another model, is correct,

but these blebs have played an important role in deciphering the formation of acapulcoites.

2.5.2.2.2 Non-Collisional Heat Source. Many of the arguments against a

collisional heat source support a non-collisional heat source. Non-collisional heat sources
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(e.g., 26AI, electromagnetic induction) heat the all phases throughout the parent body,

consistent with the evidence for heating of all phases in all acapulcoites to temperatures in

excess of 950oe. Further, the lack of shock effects in acapulcoites and the absence of

brecciated acapulcoites are also consistent with a non-collisional heat source.

Evidence also exists that Fe,Ni-FeS veins of the type documented in acapulcoites

can be formed by non-collisional heat sources. IKRAMUDDIN et at. (1977) heated the

Krymka (L3) chondrite for 1 week at lOOoe temperature increments from 400-1000oe in a

low-pressure environment. These authors were primarily interested in changes in volatile

elements and their relationship to metamorphism. MCSWEEN et at. (1978) examined these

samples and reported Fe,Ni-FeS filling grain boundaries in the 900 0e experiment. Our

examination of the 9000 e sample revealed that the Fe,Ni-FeS veins produced are very

similar to those in acapulcoites, particularly ALH A8ll87/84190. These veins are typically

1-3 urn in width and tens of microns in length. They occur preferentially along grain

boundaries, but also cross cut silicates. The veins are dominantly troilite, but some contain

Fe,Ni metal. In those veins containing Fe,Ni metal and troilite, these phases are not

intimately mixed within the veins, but occur as distinct, alternating segments within a single

vein. No veins of phosphates were observed in the artificially-heated Krymka. The

similarities between these artificially-produced Fe,Ni-FeS veins and veins in acapulcoites

provides strong evidence that veins in acapulcoites were not produced by shock. We do

acknowledge that the 9000 e temperature of the experiments is somewhat lower than that

invoked for acapulcoites, probably owing to the different conditions of heating

(experimental apparatus vs. parent body) and the different compositions of Krymka

(particularly the FeO-rich matrix) and acapulcoites.
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2.5.3 Chronology and Thermal History

The remaining question we will address is the thermal history of acapulcoites and

implications for the physical history of their parent body. The incomplete data base on

ages and cooling rates of acapulcoites leaves many questions open to debate. While we

propose several possibilities in this section, the final solution must await further work on

all acapulcoites.

The formation age of the acapulcoites appears uncertain. PRINZHOFER et al. (1992)

have reported a Sm-Nd isochron age of 4.60±0.03 Ga for Acapulco. This is considerably

older than the widely-accepted age of -4.55-4.56 Ga for formation of the solar system and

would imply, if correct, a very old parent body for the acapulcoites. We believe that

further Sm-Nd isochron ages of other acapulcoites will be required before the formation

age of this body is known. While an age of -4.55 Ga is the most likely age, we cannot

exclude, at this point, any age older than -4.51 Ga.

A likely Sm-Nd age of 4.55-4.60 Ga coupled with 39ArA 0Ar ages of -4.51 Ga

would require a cooling interval between Sm-Nd closure and Ar closure on the order of 40

90 Myr. It is clear that if metallographic cooling rates measured in this work (-103

105eCIMyr at -600eC) had persisted throughout the cooling interval, older 39ArA OAr ages

would result. Instead, cooling rates must have been slower at higher temperature. ZIPFEL

et al. (1992) have calculated cooling rates of -100eClMyr in the temperature interval 900

1000ee. Thus, acapulcoites probably experienced a two-stage cooling history, but overall

cooling was rapid. Rapid cooling is consistent with the presence of unequilibrated

phosphates, high abundances of planetary noble gases and retention of two-pyroxene

equilibration temperatures on the order of the peak temperature.

The need for a two-stage thermal history in which the faster cooling rate is at lower

temperatures suggests that acapulcoite parent body had a complex physical history during

cooling. During normal cooling, we would expect cooling rates to decrease with
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decreasing temperature. We believe the increasing cooling rates required here point to

breakup of this parent body. Cooling rates of 103-105°ClMyr require cooling in bodies 500

m to 6 km in radius (HAACK et ai., 1990). The lack of shock features in most acapulcoites

suggest to us that these shock features do not reflect exposure of these meteorites in the

bottom of a crater during cooling. The possibility of breakup is even more plausible when

we consider the data of PELLAS and RENT (1992). These authors determined cooling rates

of 1.7°ClMyr in the temperature range -290-11O°C for Acapulco. This cooling rate, when

combined with other cooling rates, implies that this body reassembled and experienced

slow, low-temperature cooling after breakup. We caution, however, this the inferred slow

cooling at low temperatures has been documented for only a single acapulcoite and study of

other acapulcoites is needed. The parent body of the acapulcoites join a number of other

parent bodies which have experienced catastrophic fragmentation.

2.6 SUMMARY

We have conducted petrologic, chemical and isotopic studies of acapulcoites in an

attempt to constrain their genesis. Nine meteorites (Acapulco, Monument Draw, Yamato

74063, ALH An081, ALH A81261, ALH A81315, ALH 78230, ALH A81187 and ALH

84190) comprise the group of acapulcoites. All of these meteorites have roughly chondritic

mineralogies but achondritic textures. Acapulcoites can be readily distinguished from IAB

irons, nrCD irons, winonaites and ureilites on the basis of their oxygen isotopic

composition. The groups of acapulcoites and lodranites have essentially identical oxygen

isotopic compositions, indicating a possible origin on a common parent body.

Acapulcoites and lodranites differ from each other in their mafic silicate grain size.

Acapulcoites are fine-grained, while lodranites are coarse-grained. Acapulcoites have

equigranular textures and two members (Monument Draw and Yamato 74063) retain rare

relict chondrules. These meteorites are heterogeneous in their mineral and oxygen isotopic

compositions. All acapulcoites exhibit veins of Fe,Ni-FeS which cross-cut silicate phases.
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In most acapulcoites these veins are urn-sized, while they range up to em-sized in

MonumentDraw. Metallographic cooling rates are rapid, ranging from 103-106 °ClMyr.

Phosphates occur in association with Fe,Ni-FeS veins, forming separate veins and as

interstitial grains. Heating and cooling of acapulcoites occurred veryearly in the history of

the solar system, as evidencedby the 39ArA OAr ages of -4.51 Ga. Acapulcoites contain

noble gas abundances comparable to type 3 and 4 ordinary chondrites. Cosmic ray

exposure ages for all measured acapulcoites cluster around 6.5 Ma. Acapulcoites formed

from a precursor chondrite which differs from known chondrites in mineral and oxygen

isotopic compositions. Heating to -950-1050°C resulted in melting at the Fe,Ni-FeS

eutectic, but silicates did not melt. Silicate textures resulted from extensive solid-state

recrystallization. Local redistribution of Fe,Ni, FeS and phosphates can explain intra

groupheterogeneities in siderophile, chalcophile and rare earthelements in the acapulcoites.

Heating was by non-collisional sources (e.g., 26AI, electromagnetic induction). The

chronology and thermal history of the acapulcoites is highly uncertain, owing to a lack of

data on all acapulcoites. However, it appears that the acapulcoites experienced a three-stage

thermal history of slow cooling at high temperatures, rapid cooling at intermediate

temperatures and slowcoolingat lowtemperatures. This thermal historyprobably resulted

from breakup and gravitational reassembly of the acapulcoite parentbody. Finally, a single

impact event 6.5 Ma liberated all of the acapulcoites for which cosmic ray exposure ages

have been measured.
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CHAPTER 3

LODRANITES:
THEIR PROPERTIES AND GENESIS

To BE SUBMITTED TO Geochimica et Cosmochimica Acta

WITH CO-AUTHORS K. KEIL, R.N. CLAYTON, T.K. MAYEDA,
D.D. BOGARD, D.H. GARRISON AND R. WIELER

3.1 INTRODUCTION

Our ability to understand the process of igneous differentiation of asteroids has

been severely hampered by poor sampling of asteroidal bodies. Many meteorites formed

from total melts (e.g., eucrites, aubrites, irons) and, thus, reveal little information about the

processes of melting and melt migration. Other meteorites sample residues from partial

melting (e.g., ureilites), but these have experienced relatively high degrees of partial

melting and melt migration. Further, we have yet to recognize samples of the

complementary partial melts.

Acapulcoites and lodranites may represent our best opportunity to study a wide

range of degrees of partial melting. Since the work of BILD and WASSON (1976), it has

been recognized that Lodran probably sampled the residue of a partially molten region.

With the recovery of a diverse suite of lodranites and the related acapuicoites, the range of

degrees of partial melting experienced by this suite of meteorites has expanded

dramatically. Chapter 2 outlined the history of the acapulcoites. In contrast to the

acapulcoites, lodranites appear to have experienced significant degrees of silicate partial

melting and melt migration. Thus, they provide even greater insights into the physical and
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chemical details of these processes. This chapter addresses the properties and genesis of

the lodranites.

Lodranites are partially differentiated meteorites that have mafic silicate

compositions between those of enstatite and ordinary chondrites, oxygen isotopic

compositions that cluster around 8180 - 3.5%0 and 8170 - 0.75%0, and are coarse-grained.

Some, but not all, lodranites are enriched in Fe,Ni metal and, thus, have been called stony

irons by previous workers (e.g., PRIOR, 1915). In contrast, acapulcoites are fine-grained

(MCCOY et al., 1992a, 1993). Following these definitions, Lodran, Gibson, Yamato

791491, Yamato 791493, Yamato 74357, Yamato 8002, Yamato 75274, MAC 88177,

LEW 88280, EET 84302 and FRO 90011 are lodranites.

3.2 SAMPLES AND TECHNIQUES

We have examined ten of the eleven known lodranites (all except Yamato 75274),

including at least one sample from each of the pairing groups. The following thin sections

were studied: Gibson, UH 192; Lodran, USNM 481-4; Yamato 791491,61-2; Yamato

791493,91-2; Yamato 74357,62-3; Yamato 8002, 51-3; MAC 88177, 26; LEW 88280,

16; EET 84302, 12; and FRO 90011,1. We also studied two sections of Divnoe (UR 180

and a section in the private collection of W. Zeitschel), which we believe to be an

anomalous lodranite. Unfortunately, thin sections of many Antarctic lodranites are very

small (e.g., Y-8002,51-3 has an area of -8 mm-) and, thus, uncertainties on some modal

analyses are large.

Several of these meteorites have only recently been recovered and/or recognized as

lodranites. Gibson was found as a complete stone of 67.1 grams in Oct., 1991. It was

recovered by a prospector surveying a sandy area 150 meters from a highway

approximately 15 km north of Esperance, Western Australia (-33°41'S, 121°48'E). The

main mass is in the possession of David New. Frontier Mountains (FRO) 90011 was

recovered in the 1990-91 season and classified by FOLCO (1992) as an acapulcoite. It is a
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lodranite (MCCOY et al., 1993a). Elephant Moraine (EET) 84302 was classified as a

unique achondrite (SCORE and LINDSTROM, 1990) until its recognition as a lodranite

(MCCOY et al., 1993a). Pairing has been suggested for Yamato 8002 and Yamato 75274

(YANAI et ai., 1984) and is evident for Yamato 791491 and Yamato 791493 from

mineralogical data of NAGAHARA and OZAWA (1986) and HIRaI and TAKEDA (1991).

Data present below are consistent with such pairings.

Polished thin sections of lodranites were studied in transmitted and reflected light.

Mineral compositions were measured on a Cameca Camebax and a Cameca SX-50 electron

microprobe. Natural and synthetic minerals of well-known compositions were used as

standards. The maximum dimension of 25 mafic silicate grains in a single section were

measured to determine the average grain size. Of these grains, 23 were randomly selected.

We also sought the largest and smallest grain in each meteorite. Inclusion of these grains

did not significantly effect the average grain size. Olivines poikilitically enclosed in

pyroxenes were not included in these measurements, since they could not grow by the

same mechanism as other grains.

Measurements of oxygen isotopic compositions for most lodranites were made by

Drs. R.N. Clayton and T.K. Mayeda at the University of Chicago using techniques

described by CLAYTON and MAYEDA (1963, 1983). Weathering contaminants are

abundant in some lodranites. Samples of Yamato 74357, Yamato 8002, LEW 88280 and

EET 84302 were acid-washed prior to isotopic analyses. Data reported by CLAYTON et at.

(1984) and CLAYTON et ai. (1992) were preliminary and have been adjusted slightly.

Oxygen isotopic compositions of FRO 90011 were measured by FRANCHI et at. (1992)

using a laser fluorination technique.

A sample of Gibson (44 mg) was selected for 39Ar_40Ar age dating and irradiated in

the Los Alamos Omega reactor (irradiation constant, J, =0.0337). Stepwise temperature

extractions were made in a high vacuum, RF furnace equipped with a thermocouple, and
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the Ar isotopes released were measured on a mass spectrometer by Drs. D.D. Bogard and

D.H. Garrison of NASNJohnson Space Center. Corrections were made for extraction

blanks, radioactive decay, and reactor-produced interferences. Errors reported for

individual ages include uncertainties in these corrections plus analytical uncertainty in

measuring the 40ArJ39Ar ratios in the samples and the hornblende neutron flux monitors.

Errors in individual ages do not include an additional uncertainty of about ±1% due to the

accuracy of determining the flux and the absolute age of the hornblende.

Noble gases were analyzed in three different chips of Gibson by Dr. R. Wieler of

the ETH-Zentrum in Zurich, Switzerland. Mass spectrometric techniques are described by

GRAF et al. (1990a). Argon was separated from Kr and Xe by freezing the latter two gases

in a charcoal trap at -90 to -100°C. In two samples, the gases were extracted in a single

temperature step at 1800°C. For the third sample (73.9 mg), we tried to remove possibly

loosely bound atmospheric noble gases in a first step at about 300°C. This was not

successful, however, since the 300°C step contained less than 1% of either noble gas,

including Kr and Xe, which clearly are predominantly atmospheric (see results). The data

of this step are not given.

3.3 RESULTS

Lodranites have been the subject of numerous papers. Most of these examine a

single lodranite or a small number of lodranites. The most complete review of the

properties of lodranites (NAGAHARA, 1992) primarily addresses the mineral chemistry of

the lodranites. Our intention is to provide an overview of the all the lodranites, focussing

on properties which help to unravel the origins of these meteorites. We will also contrast

the properties of lodranites with those of acapulcoites, as discussed in Chapter 2. Data are

listed in Tables 3.1 and 3.2, along with references for the sources of data.
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TABLE 3.1. Modes and mineral chemistries for lodranites and the anomalous lodranite Divnoe.

Olivine Low-Ca Pyroxene High-Ca Pyroxene Plagioclase
Rev. Rev. Zoning? Fe,Ni FeS Weathering

Fa Zone? I Fs FeD CaD Fs Wo vol. % An (vol.%) (vol%) (vol.%)

LODRANITES

Gibson 3.1 (I) N (I) 5.8 (I) Y (I) W (I) 4.3 45.1 (I) 6.0 (I) 18.1 (I) 0.2 0.5 19.4 (I)
Yamato 8002 3.5 (2) N (2) 3.7 (2) N (2) Y (2) I.l 45.3 (II) 10.3 (2) 30.9 (2) 6.3 0.3 2.8 (2)
Yamato 75274 3.9 (3) N (3) 4.0 (3) N (3) Y (3) 1.4 44.3 (I I) 3.4 (II) 28 (II) 19.6 0.2 - (II)
Yamato 74357 7.9 (4) N (4) 13.8 (4) Y (4,9) Y (9) 6.3 42.8 (II) Tr. 2 (I,ll) 15 (4) 9.6 2.4 - (II)
EET 84302 8.4 (I) W (I ) 8.3 (I) N (I) Y (I) 3 42 (14) 11.4 (I) 23 (14,1 ) 13.1 O.I 2.8 (I)
FRO 90011 9.4 (13) Y (I) 12.6 (13) Y (1) Y (I) 5.2 44.9 (I) Tr. (I) 12.3 (13,1) 7.7 3.0 4.7 (I)
Yamato 791491 -12 (4) Y (4) 11.8 (4) N (4) Y (4) 5.2 43.9 (4) 0.25 (4) 18.2 (4) 4.2 5.3 4.5 (I)
Yarnato 791493 11.6 (5) Y (5) 12.2 (5) W (10) Y (10) 5.0 44.5 (10) 1.6 (11) 18.3 (10) 9.0 3.0 - (11)
Lodran 12.6 (6) Y (6) 13.8 (6) N (6) W (I) 6.4 43 (6) 0 (6) - 20 2.7 - (6)
MAC 88177 13.3 (7) N (7,8) 12.2 (10) N (7,8) Y (I) 6 42 (7,8) 0 (7) - 0.5 1.9 - (8)
LEW 88280 12.9 (I) N (I) 11.5 (I) N (I) W (I) 4.8 45.0 (I) 0 (I) - 10.3 2.5 5.5 (I)

0\
ANOMALOUS LODRANITE

0
Divnoe 26.6 (I) N (I) 23.3 (I) N (I) W (I) 10.3 43.7 (12) 0.1 (I) 37.5 (12) 1.3 6.6 9.8 (I)

I Reverse Zoning: Y - Yes. N - No (Homogeneous). W - Weak.
Previous analyses report no plagioclase. We identified a 2.2 mm long plagioclase (PTS .62-3).

( Possibly paired meteorites.
References: (I) This Work (2) Nagahara, 1992 (3) Mori et al., 1984 (4) Hiroi and Takeda, 1991 (5) Yanai and Kojima, 1982 (6) Bild and Wasson, 1976 (7) Takeda et al.,
1991 (8) Prinz et al.• 1991 (9) Miyamoto and Takeda. 1991 (10) Nagahara and Ozawa. 1986 (II) Yanai et al.• 1984 (12) Zaslavskaya et al.• 1990 (13) Folco, 1992
(14) Mason, 1986



TABLE 3.2. Petrologic, chemical and isotopic data for lodranites and the anomalous lodranite Divnoe.

Grain Size Two-Px Shock 0180 0170 ,:l170 Cooling Rate Cosmic-Ray
(11m) (°C)t Stage (%0) (%0) (%0) _ °C/Myr._ Method Exposure Age* (Ma)

LODRANITES

Gibson 540 1020 SI 3.57 0.53 -1.33 (I) 6.0-6.4 (I)
Yamato 8002 700 1030 SI-2 3.85 0.51 -1.49 (2)
Yamato 75274 - 1080 2.52 0.23 -1.08 (3)
Yamato 74357 580 1100 S3 3.44 0.48 - 1.31 (2) 1.5xl06 Diffusion (10) 17.5-20.5 (I I)
EET 84302 340 1150 SI 3.31 0.53 -1.19 (4)
FRO 9001 I 540 1020 SI 3.73 0.98 -0.96 (5) 5.9-6.4 (9)
Yamato 791491 560 1060 SI - - - -103 WoodMCR (I) 6.1-6.6 (9)
Yamato 791493 570 1030 SI - - - -103 Chromite Size (8)
Lodran 580 1070 SI 3.41 0.92 -0.85 (2) -105 WoodMCR (I) 4.0-4.3 (9)

0\ MAC 88177 620 1140 S4 3.52 0.60 -1.23 (2) 7.2-7.5 (9)
..... LEW 88280 610 1020 SI 3.40 0.78 -0.99 (4) -103 WoodMCR (I) 4.0-4.3 (9)

ANOMALOUS LODRANITE

Divnoe 940 1030 S3 5.05 2.29 -0.34 (4)

t Calculated using data on high-Ca pyroxene given in Table I.
* Reference indicates source of data used in calculation
( Possibly paired meteorites.
References: (I) This Work (2) Clayton et al., 1993 (3) Clayton et al., 1984 (4) R.N. Clayton, pers. comm., 1993 (5) Franchi et al., 1992
(6) Torigoye et al., 1993 (7) Bild and Wasson, 1976 (8) Nagahara and Ozawa, 1986 (9) Eugster and Weigel, 1993 (10) Miyamoto and
Takeda, 1991 (11) Takaoka et al., 1993



3.3.1 Petrography and Mineral Chemistry

3.3.1.1 Overall Texture

Lodranites are coarse-grained equigranular rocks which consist dominantly of low

Ca pyroxene and olivine, with minor amounts of chromite, troilite and chromian diopside,

variable amounts of Fe.Ni metal, plagioclase and hydrated iron oxides of terrestrial origin

and traces of phosphates and schreibersite. Numerous 1200 triple junctions are indicative

of extensive recrystallization.

Average mafic silicate grain sizes for most lodranites are -500-600 urn, Typical Io

variability on these values are 250 urn. Yamato 8002 has a larger average grain size (702

urn), but only 13 mafic silicate grains were present in the section examined and the average

has a large uncertainty (±510 urn). EET 84302 is finer-grained (343 urn) than most

lodranites, but significantly coarser-grained than most acapulcoites (150-200 ± 50-100 urn;

Chapter 2). Figure 3.1 illustrates Acapulco and Lodran at the same scale, demonstrating

the coarser-grained nature of the latter.

3.3.1.2 Shock Effects

Lodranites exhibit a wide range of shock effects. Lodran, EET 84302, FRO

90011, Yamato 791491, Yamato 791493, and LEW 88280 show no evidence for shock

effects in silicates and we classify them as shock stage S 1 (STOFFLER et al., 1991).

Gibson is also unshocked (S 1), but exhibits numerous semi-parallel veins of hydrated iron

oxides of terrestrial origin cutting silicates. We do not believe these veins are related to

shock. One olivine grain in Yamato 8002 exhibits undulatory extinction. However, the

small number of grains present in our thin section (,51-3) prevents definitive classification

and we consider Yamato 8002 to be SI-2. Yamato 74357 is weakly shocked (S3),

exhibiting undulatory extinction of olivines. It also exhibits urn-sized troilite and, rarely,

metal decorating planar fractures in mafic silicates. MacAlpine Hills (MAC) 88177 exhibits

prominent shock features. Olivines have multiple, intersecting sets of planar fractures and

62



~/ " ""-#it .....v4

FIGURE 3.1 Plane polarized, transmitted light photomicrographs of Lodran (a) and
Acapulco (b) to the same scale (bar =1 mm). Although acapulcoites and lodranites have
similar mineralogies, mineral compositions and oxygen isotopic compositions, they exhibit
markedly different grain sizes. Lodranites experienced silicate partial melting and became
coarse-grained, while silicates in acapulcoites did not melt and, hence, acapulcoites are
finer-grained.
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strong mosaicism. Shock veins of whole-rock melt, including finely-dispersed opaques,

cross-cut the specimen. Large (>100 urn) troilite grains are polycrystalline and Fe,Ni-FeS

composite grains are finely intergrown, indicative of rapid post-shock cooling. These

features correspond to shock stage S4 of STOFFLER et al. (1991).

3.3.1.3 Mafic Silicate Compositions

Lodranites exhibit broad a broad range of mafic silicate compositions. Olivine

ranges from Fa3.1 (Gibson) to Fal3.3 (MAC 88177) (Table 3.1). Individual olivine grains

in a number of lodranites exhibit reverse zoning (FeO decreasing from core to rim),

consistent with reduction. Reverse zoning is prominent in lodranites of intermediate olivine

composition (FaS.4-12.6). FRO 90011, Yamato 791491, Yamato 791493 and Lodran

exhibit strong reverse zoning, with cores of grains enriched in FeO by up to 1 wt.%

relative to the rims of the same grain. Weak reverse zoning is observed in EET 84302,

with cores enriched -0.5 wt.% relative to rims. No zoning was observed by us or has

been reported in the literature for Gibson, Yamato 8002, Yamato 75274, Yamato 74357,

MAC 88177 or LEW 88280.

Pyroxene Fs concentrations approximately correlate with Fa concentrations of co

existing olivines in lodranites. Pyroxenes exhibit a broad range of compositions (FS3.7_

13.S) and reverse FeO zoning. In general, lodranites in which the Fs concentration is

greater than the Fa concentration (e.g., Gibson, Fa3.1, Fs5.S) also exhibit inverse FeO

zoning in pyroxene. This is true for Gibson, Yamato 74357, FRO 90011 and Yamato

791493. Surprisingly, BILD and WASSON (1976) found no reverse zoning in low-Ca

pyroxenes in Lodran (Fa12.6, FSI3.S)' Many other lodranites (e.g., Yamato 8002,

Yamato 75274, EET 84302, and Yamato 791491) exhibit approximately equal Fa and Fs

values. The two lodranites with the highest Fa concentrations (MAC 88177 and LEW

88280) exhibit Fa concentrations 1.1-1.4 mole% greater than Fs concentrations.
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High-Ca pyroxene is also observed as a volumetrically minor phase in lodranites.

Thus, much of the compositional data for high-Ca pyroxene in lodranites (Table 3.1) is

from analyses of a single grain. All high-Ca pyroxenes in lodranites contain significant

chromium and, hence, are chromian diopsides. Both our studies and published analyses

(e.g., NAGAHARA and OZAWA, 1986), reveal that high-Ca pyroxene also exhibits reverse

zoning of FeO.

Additional constraints on the thermal history of lodranites may be provided by

consideration of Ca zoning in pyroxenes and orthopyroxene/clinopyroxene lamellae in

lodranites. Alliodranites exhibit reverse CaO zoning in orthopyroxene, reflecting exchange

of Ca between low-Ca and high-Ca pyroxene. The fact that CaO zoning is retained reflects

a lack of equilibrium and, possibly, rapid cooling. MIYAMOTO and TAKEDA (1991)

calculated a cooling rate of 1.5°C/yr for Fe-Mg and Ca diffusion in low-ca pyroxene. The

presence of CaO zoning of comparable magnitude in other lodranites also suggests rapid

cooling, although no comprehensive study has been completed. In addition to CaO zoning,

many lodranites exhibit very fine scale (-1-5 urn) lamellae of clinopyroxene in

orthopyroxene (e.g., Yamato 791491; NAGAHARA and OZAWA, 1986) and vice versa.

While we are unaware of any studies presence of these lamellae as they bear on the thermal

history of lodranites, they offer the potential to further constrain the cooling rates of these

meteorites.

3.3.1.4 Equilibration Temperatures

The co-existence of low-Ca pyroxene and chromian diopside in the lodranites

allows calculation of a two-pyroxene equilibration temperature. We have used the method

of KRETZ (1982), which is based on the diffusion of Ca between low-Ca and high-Ca

pyroxene. Uncertainties in the equilibration temperatures resulting from heterogeneity in

pyroxene compositions are approximately ±50°C for all lodranites. Uncertainties in the

derivation of the Kretz (1982) equations are ±60°C. Further, the effect Cr may have on the
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equilibration temperatures is unknown. We have not applied the method of LINDSLEY and

FROST (1992) and FROST and LINDSLEY (1992), since these authors also did not explicitly

consider the possible influence of Cr on two-pyroxene equilibration temperatures. It is

important to remember that these values are closure temperatures and, thus, reflect

minimum peak temperatures for these rocks.

Calculated two-pyroxene temperatures for lodranites range from 1021°C to 1154°C.

The two highest temperatures are for EET 84302 (1154°C) and MAC 88177 (1139°C).

These temperatures were calculated from data reported in preliminary studies and, thus, are

subject to larger uncertainties than other lodranite temperatures. We were unable to identify

chromian diopside in our examination of EET 84302. The paired meteorites Yamato 8002

and Yamato 75274 show a -50°C range in two-pyroxene equilibration temperatures,

consistent with uncertainties owing to zoning. While lodranites exhibit a range of two-

pyroxene equilibration temperatures, no correlation exists between these temperatures and

other parameters (e.g., mafic silicate compositions, plagioclase contents).

3.3.1.5 Plagioclase Composition. Abundance and Morphology

Plagioclase plays a particularly important role in understanding the genesis of

lodranites, in large part because of the variability it exhibits in composition, abundance and

morphology. Plagioclase compositions range from An12.3-30.9 (Table 3.1), but show no

correlation with mafic silicate compositions or plagioclase abundances. NAGAHARA

(1992) argued for a correlation between mafic silicate and plagioclase compositions in

lodranites, based on limited data for four lodranites (Yamato 8002, Yamato 75274, Yamato

791493 and Yamato 74357). Lodranites also exhibit a wide range of plagioclase

abundances (0-11.4 vol.%, Table 3.1). While plagioclase abundances do not exhibit

strong correlations with other parameters (e.g., mafic silicate compositions), some

interesting relationships are present. The high-Fa (Fal1.6.13.3) lodranites contain very low

abundances of plagioclase, while the two lowest-Fa lodranites (Gibson and Yamato 8002)
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have plagioclase abundances (6.0-10.3 vol. %) only slightly less than or equal to those

typically found in ordinary chondrites (9.6-10.3 wt, %; MCSWEEN et al., 1991) (Fig. 3.2).

EET 84302 is somewhat unusual in containing 11.4 vo1.% plagioclase, despite having an

intermediate mafic silicate composition (Fas.4, FSs.3)'

Finally, lodranites exhibit unusual morphologies of plagioclase. Plagioclase grains

often occur as mm-sized, interstitial grains which poikilitically enclose mafic silicate and

opaque mineral grains (Fig. 3.3). The best example of this is in Yamato 8002, although a

single, 2.2 mrn long plagioclase observed by us in Yamato 74357 (PTS ,62-3) exhibits the

same behavior. Plagioclase grain in Gibson and EET 84302 often surround most of a

single mafic silicate and are observed to pinch between multiple mafic silicates. In Yamato

791493, which contains only 1.6 vol% plagioclase, mm-long plagioclase grains are

observed to pinch between mafic silicates, with multiple grains in contact and surrounding

mafic silicates.

An interesting feature of Lodran, MAC 88177 and LEW 88280, which are

plagioclase-free, is the presence of an Al-rich phase. BILD and WASSON (1976) first noted

the occurrence of an Al-rich "phase" in Lodran, which chemically is close to stoichiometric

(K,Na)AlSisOlZ. PRINZ et al. (1991) report that an SiOz-rich feldspathic glass in MAC

88177 occurs along grain boundaries. Both the nature and origin of this material is

uncertain. PRINZ et al. (1978) argued that this material was trapped melt, while BILDand

TALLANT (1984) concluded that it was a mineral, based on Raman spectroscopy. The

highly shocked nature of MAC 88177, as discussed above, also presents the possibility

that this material is shock-melted. If this material is trapped melt, it is not clear why it

wouldn't be crystalline, basaltic melt. Future investigations of this material may elucidate

its connection to the partial melting occurring in the lodranites.
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FIGURE 3.2 Modal plagioclase content of lodranites (vol. %) vs. Fa (mol.%) of olivines.
Lodranites with low-Fa tend to have higher plagioclase abundances, while those with high
Fa have low plagioclase abundances. The degree of partial melting (as indicated by the
abundance of plagioclase) may be controlled by the FeD content of the system, which
effects the temperature of melting. Exceptions to the rule (e.g., EET 84302) may result
from real differences in peak temperature.
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FIGURE 3.3 Photomicrograph in transmitted light with crossed polars of Yamato 8002.
Plagioclase appears as an interstitial phase with black and white striations. In this
meteorite, plagioclase is interstitial to and surrounds mafic silicates and opaque phases.
This morphology indicates that a basaltic melt, from which the plagioclase crystallized,
flowed between the solid, mafic silicates grain in Yamato 8002. Scale bar =500 urn,
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3.3.1.6 Opaque Mineral Occurrences and Abundances

Fe,Ni metal and troilite are present in all lodranites. The predominant occurrence

is as large (l00 urn) interstitial grains of these two phases. A second occurrence of Fe,Ni

metal and troilite in lodranites is as blebs in the centers of mafic silicate grains, mostly

orthopyroxene. These blebs are tens of microns in size. They are predominantly Fe,Ni

metal, but blebs consisting of Fe.Ni metal and troilite or, rarely, just troilite can also be

found. The rims of these mafic silicate grains are free of blebs. This occurrence is

identical to that in acapulcoites (Chapter 2, and references therein). These blebs form a

volumetrically insignificant portion of the total Fe,Ni metal and troilite abundances in

lodranites.

Another occurrence of Fe,Ni metal and troilite is worthy of note. BILD and

WASSON (1976) first noted the presence of unresolvable Si02-rich material along cracks in

Lodran, and PRINZ et al. (1978) noted that Fe-rich material may also be present. Our

observations show that this material consists of irregular, urn-sized grains of Fe,Ni metal

and troilite intergrown with a darker (in reflected light), silicate material on a scale of a

micron (Fig. 3.4). The nature of the darker, silicate material is uncertain. The primary

occurrence is along grain boundaries, but this material occurs less frequently as diffuse

areas at the edge of and extending into mafic silicate grains. In addition to the urn-sized

grains of Fe,Ni metal and troilite, distinct veins of Fe,Ni metal and troilite also occur, with

each phase forming segments of these veins. A similar occurrence is observed in the paired

meteorites Yarnato 791491 and 791493 and in FRO 90011, where um-sized irregular blebs

of troilite are observed at grain boundaries. This material too is intergrown with an

unknown silicate phase, which, while not darker in reflected light, does have low

birefringence in transmitted light, crossed polars. The origin of these troilite-silicate

intergrowths is uncertain, but it may be related to the reduction evident in these mafic

silicates. We suggest that reduction in these meteorites might have occurred via interaction
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FIGURE 3.4 Reflected light photomicrograph of Lodran. Scale bar =50 urn, A micron
scale intergrowth of troilite and a Si02-rich material is present at the edges of large metal
and troilite grains and along silicate grain boundaries. A similar occurrence is observed in
the paired meteorites Yamato 791491 and 791493 The origin of these troilite-silicate
intergrowths is uncertain, but it may be related to the reduction evident in these mafic
silicates. We suggest that reduction in these meteorites might have occurred via interaction
with a S-rich fluid, rather than through interaction with a carbon-rich material, as in the
ureilites.
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with a S-rich fluid, rather than through interaction with a carbon-rich material, as in the

ureilites.

Lodranites exhibit a wide range of Fe,Ni metal abundances (Table 3.1). The

abundances of Fe,Ni metal in Gibson is anomalously low, owing to the severe weathering

it has experienced. Excluding Gibson, lodranites show a range of Fe,Ni metal abundances

from 0.5-20 vol.%. No correlation is observed between metal abundances and mafic

silicate compositions. MAC 88177 has an unusually low Fe,Ni metal abundance (0.5

wt.%), despite being only mildly weathered. ZIPFEL and PALME (pers. comm., 1993)

find that metal in MAC 88177 has the composition expected of a partial melt. In fact,

modes of MAC 88177 (0.5 vol.% Fe,Ni; 1.9 vol.% FeS) are broadly consistent with the

opaque assemblage of this meteorite being a eutectic Fe,Ni-FeS assemblage.

Lodranites contain uniformly low abundances of FeS relative to likely chondri tic

precursors. With the exception of Yamato 791493 (5.3 vol.% FeS), troilite abundances

range from 0.1-3.0 vol.%. Our section of Yamato 791493 (,91-2) exhibited extensive

plucking of silicates during thin section preparation and, hence, probably an overestimate

of troilite abundances. Even considering density differences between phases, the

abundances of troilite in lodranites (0.1-3.0 vol.%) is significantly below that observed in

ordinary chondrites (3.6-7.2 wt.%; KEIL, 1962). The lowest FeS abundance (0.1 vol.%)

among lodranites is observed in EET 84302, which has the highest plagioclase abundance

(11.4 vol.%) of any lodranite.

3.3.1.7 Cooling Rates

Past estimates of the cooling history of lodranites have favored either fast cooling

or slow cooling. BILD and WASSON (1976) used the method of WOOD (1967) to derive a

cooling rate of -700°C/Myr. As discussed earlier, MIYAMOTO and TAKEDA (1991)

derived a cooling rate of 1.5°C/yr from 1000-600°C for Yarnato 74357, based on modelling

of Fe-Mg and Ca zoning in orthopyroxene. In addition, NAGAHARA and OZAWA (1986)
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derived a cooling rate for Yamato 791493 of -lOOO°C/Myr from 800-600°C on the basis of

spinel grain size and spinel-olivine equilibration temperatures. In contrast, two estimates

suggest slow cooling for lodranites. BILD and WASSON (1976) calculated a cooling rate of

-10-30°C/Myr based on the maximum Ni content at the edge of taenite (SHORT and

GOLDSTEIN, 1967), while PRINZ et al. (1978) determined a cooling rate based on the size

and composition of schreibersite lamellae of lOoC/Myr. More recent work (1.r.

GOLDSTEIN, pers. comm., 1994) suggests that these techniques may be seriously in error

and, thus, evidence for slow cooling is, at best, tenuous. Still, cooling rates for most

lodranites have not been determined.

We have measured metallographic cooling rates, using the method of WOOD (1967)

with the revised cooling rate curves of WILLIS and GOLDSTEIN (1981), to clarify the

thermal histories of lodranites. Polished thin sections were etched with a solution of nitric

acid in alcohol for 20-30 seconds to reveal the kamacite-taenite structure. We did not etch

Gibson, which is highly weathered, or MAC 88177, which is highly shocked, since these

would not yield reliable metallographic cooling rates. Despite etching, taenite was not

identified in Yamato 8002, Yamato 74357, EET 84302 or Yamato 791493. The absence of

taenite in the first three of these may reflect their relatively reduced state (i.e., Fa3.5-8.4),

while a lack of taenite in Yamato 791493 might reflect the heterogeneous distribution of

taenite in this meteorite. Taenite was identified in Lodran, LEW 88280 and Yamato

791491 (which is paired with Yamato 791493). Taenite grains in these meteorites typically

exhibit a rim of strongly zoned taenite 1-20 11m in thickness surrounding a region of

plessite. Due to the small size of the taenite grains and their low central Ni concentrations,

we measured the Ni concentrations on etched grains. Although this may introduce small

errors in the absolute metallographic cooling rates, we are primarily interested in the

magnitude of the cooling rate, rather than its absolute value. Measurements were made in

the approximate centers of semi-equant taenite grains, the majority of which were rimmed
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by kamacite. Point selection was based on identification of the minimum Ni content, using

1 second count times on an LIF crystal centered on the Ni Ka peak. These taenite grains

have an average P concentration of <0.04 wt, % and should give reliable metallographic

cooling rates.

Metallographic cooling rates for Lodran, LEW 88280 and Yamato 791491 are

derived from the WOOD (1967) diagrams shown in Fig. 3.5. We favor a cooling rate for

Lodran of -104- 105°ClMyr. This is significantly faster than that found by BILD and

WASSON (1976) using the same technique. However, revisions in the cooling rate curves

since the work of BILD and WASSON (1976) yields considerably faster cooling rates. In

comparing the two data sets, our analyses tend to yield slightly lower Ni concentrations,

although the data of BILD and WASSON (1976) show considerable scatter. Using the lower

envelope of points from BILD and WASSON (1976), a cooling rate of l04°CIMyr would be

favored. Our data could yield a cooling rate an order of magnitude faster, if two grains of

6-9 urn in radius and -10 wt,% Ni are more heavily weighted, as recommended by WILLIS

and GOLDSTEIN (1983) to compensate for geometrical effects. We consider differences

between our data and that of BILD and WASSON (1976) minor, while both data sets point to

rapid cooling of Lodran in the temperature range -700-400°C. Rapid cooling (-1 03°CIMyr)

is also indicated for LEW 88280. While most of the grains are 30-100 urn in radius, a

single grain of 3 urn in radius is consistent with this interpretation. Yamato 791491

contains only three taenite grains, all of which are between 35 and 40 urn in size.

Compositions of these grains are consistent with cooling at -103°ClMyr, although this

estimate is uncertain.

3.3.2 Oxygen Isotopic Compositions

Oxygen isotopic compositions of lodranites are similar to those of acapu!coites, but

differ from lAB irons, IIICD irons, winonaites and ureilites (Table 3.2, Fig. 3.6), as first

discussed by CLAYTON et al. (1992). Thus, acapu!coites and lodranites likely sample a
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FIGURE 3.5 Plots of central Ni concentration vs. distance to nearest edge for taenite grains
in lodranites. Curves for cooling at 0.1-1OO°CIMyr from WILLIS and GOLDSTEIN (1981).
Curves for lOOO-lOOOO°CIMyr (dashed lines) are approximate. All three lodranites which
contain taenite experienced rapid cooling in the temperature interval from approximately
600-400°C. Lodran (a) cooled at -lOsoCIMyr, based on our data (solid circles). Data of
BILD and WASSON (1976) are representedas open circles (approximate positions). Using
these data, a cooling rate of 104°C/Myrmight be favored. Our data suggests that LEW
88280 (b) cooled at -103°C/Myr and Yarnato 791491 (c) at -103°c/Yr.
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FIGURE 3.6 Three-isotope oxygen plot for primitive achondrites. Symbols are the same
as in Fig. 2.1. On the basis of oxygen isotopic composition, acapulcoites-Iodranites can be
readily distinguished from lAB and IIICD irons and winonaites, as well as ureilites.
Acapulcoites and lodranites cannot be distinguished from one another based on oxygen
isotopic compositions. Data from CLAYTON and MAYEDA (1988), CLAYTON et al.
(1983), CLAYTON eta!' (1984), CLAYTON eta!' (1992), FRANCHI eta!' (1992) and R.N.
eLAYTON (pers. comm., 1993).
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different parent body from these other groups of meteorites. Oxygen isotopic compositions

of acapulcoites and lodranites overlap and these two groups cannot be distinguished based

on this criteria. The distinction between these two groups is based on texture and

composition (Chapter 1). CLAYTON et al. (1992) discussed possible relationships with

other meteorites (e.g., Kakangari, CR chondrites), but considered these similarities

accidental.

CLAYTON et al. (1992) also noted that acapulcoites and lodranites, as a group,

exhibited variation beyond that which could be attributed to mass-dependent fractionation

and laboratory contamination. Nine analyzed lodranites have an average ~170 = -1.16 ±

0.21%0. In contrast, equilibrated H chondrite falls have an average ~170 = 0.73±O.09%0

(N=22) (CLAYTON et al., 1991). Thus, lodranites exhibit an isotopic variation more than

twice that of ordinary chondrites within a single group. CLAYTON et al. (1992) noted that

no systematic difference in oxygen isotopic composition was observed between

acapulcoites and lodranites.

Oxygen isotopic compositions of lodranites are correlated with the Fa concentration

of olivine in lodranites, in much the same manner as in ureilites (CLAYTON and MAYEOA,

1988). Figure 3.7 illustrates Fa vs. ~170 in nine lodranites. The lodranites with the

lowest Fa concentrations also have the most negative ~170. A similar relationship may be

present in the acapulcoites. The low-Fa acapulcoites ALH A81187 and ALH 84190 do

have among the most negative ~170 values of all acapulcoites. However, the distribution

of Fa concentrations in acapulcoites is bimodal and it is not clear whether or not a

correlation exists within the acapulcoites. We selected ~170 as the measure of oxygen

isotopic composition, since it is unaffected by mass-dependent fractionation. Such

fractionation could have occurred in the lodranites as a result of plagioclase loss.

Plagioclase is enriched in 8180 relative to mafic silicates (CLAYTON, 1993) and, thus,

plagioclase removal could move the residues to lower 8180 values along mass fractionation
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FIGURE 3.7 Fa in olivine vs. ~170 for lodranites. Non-Antarctic and acid-washed
Antarctic lodranites are represented by solid squares; non-acid washed Antarctic lodranites
(Yamato 75274; MAC 88177) are represented by open squares. True ~170 values for the
non-acid washed Antarctic lodranites are less certain. Other meteorites exhibit a trend of
increasing ~170 with increasing Fa, similar to that observed in ureilites. This correlation is
of nebular origin and suggests that lodranites formed from a chemically and isotopically
heterogeneous precursor.
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lines. We do not, however, believe that this process determined the isotopic compositions

of lodranites, since all acapulcoites and some lodranites (e.g., Gibson, Yamato 8002)

contain chondritic abundances of plagioclase but still differ significantly in 8180 . A very

weak positive correlation (r2 = 0.378) exists between Fa and il l 70 in the lodranites.

However, two of the Antarctic lodranites (Yamato 75274 and MAC 88177) were analyzed

without acid-washing. CLAYTON and MAYEDA (1988) illustrated the effects of acid

washing on ureilites. Acid-washing caused small, but significant (-0.1 %0), shifts in il170 .

Further, the direction of shift was not constant among all Antarctic meteorites examined.

While such shifts certainly would not affect our conclusions about the membership of these

meteorites as lodranites, they may obscure the subtle correlation examined here. For these

reasons, we have excluded these meteorites and re-calculated the correlation coefficient.

The remaining seven lodranites have a correlation coefficient (r2) of 0.795 and, thus, are

correlated at the 95% confidence interval.

To determine the significance of the correlation between Fa and il l70 in lodranites,

we have conducted similar calculations for ureilites, using data from CLAYTON and

MAYEDA (1988). Ureilites do exhibit a correlation between Fa concentration of olivines

and oxygen isotopic composition, although both Fa and il170 exhibit much wider ranges in

the ureilites than in the lodranites. We used data from six ureilites which have Fa

concentrations between Fa2.5-16, a range comparable to that in lodranites. These were the

non-Antarctic Dingo Pup Donga and Dyalpur and the acid-washed Antarctic ureilites ALH

84136, Yamato 74659, Yamato 791538 and LEW 85440. While these ureilites exhibited a

larger range of il l70 (-1.29 to -2.42) than lodranites (-0.85 to -1.49), the correlation

coefficient of the six ureilites (r2 =0.764) is comparable to that of the lodranites (r2 =
0.795). Thus, we feel confident in our statement that Fa and il l70 are positively correlated

in lodranites.
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3.3.3 Chronology

3.3.3.1 39ArA OAr Ages

The calculated 39ArAOAr age and KlCa ratio as a function of fractional release of

39Ar for Gibson are shown in Fig. 3.8. Except for the first few temperature extractions, a

relatively precise "plateau" age is defined. Gibson also exhibits a decrease in KlCa of more

than an order of magnitude during stepwise extraction. Gibson shows two distinct peaks

in the rate of Ar release a a function of temperature, with minimum Ar release occurring at

the temperatures of rapid change in KlCa ratios. We have commonly observed this

behavior in chondrites and achondrites and attribute it to differences in ease of Ar degassing

from different mineral phases having different K/Ca. The somewhat lower age for the first

few extractions of Gibson are attributed to recent Ar diffusive loss from low retention sites

and these data are not considered in deriving the 39ArA OAr age. Gibson (a find) also

shows a very slightly lower age for a single extraction that represents early Ar release from

the higher temperature, lower K/Ca phase (at -0.75-0.8 39Arfractional release). We have

previously observed this effect in weathered meteorites and attribute it to modest Ar loss

from grain surfaces of the low K/Ca mineral phase, an analogous but smaller effect to the

demonstrated by the high KlCa phase in the first few extractions. The measured K

concentration in Gibson (203 ppm) is less than those of typical chondrites and similar to

many eucrites. Seven extractions of Gibson, releasing 8-99% of the total 39Ar, define a

"plateau" age of 4.484±O.018 Ga (where the error is one-sigma of the deviations from the

mean).

This 39ArA OAr age is, to the best of our knowledge, the first reported age for any

lodranite. TORIGOYE et al. (1993) reported that whole-rock Rb-Sr systematics for Yamato

8002 were consistent with a 4.50 Ga age, assuming an initial isotopic ratio for a CAl in

Allende. They did not, however, determine the age ofYamato 8002. We can also compare

the age of Gibson to that of acapulcoites measured in Chapter 2. The accuracy of the 39Ar
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cumulative release of 39Ar for stepwise extractions of Gibson. Individual age uncertainties
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releasing 50% of the total 39Ar are also indicated. Gibson has a "plateau" age of
4.484±O.O18 Ga.
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40Ar technique, unlike most other isotope chronometers, relies on the precise determination

of the neutron flux and the absolute age of the hornblende flux monitor. Because of these

factors, uncertainties in absolute 39ArAOAr ages of Gibson have an estimated value of

±O.04 Ga. However, Monument Draw and Gibson were irradiated together and, thus, we

can use the analytical uncertainties quoted above to compare their relative ages. Plateau

ages of these two meteorites differ slightly outside the combined limits of the quoted

analytical uncertainties, suggesting that Gibson (4.484±0.018 Ga) may have a slightly

younger (20-40 Ma) 39ArAOAr age than Monument Draw (4.517±O.011 Ga; Chapter 2).

3.3.3.2 Trapped Argon

We can use these data to examine Ar components other than 40Ar from in situ

decay of 40K. The components are: 37Ar, produced in the reactor from Ca; 36Arf38Ar =

-0.7, produced by cosmic ray spallation reactions, primarily on Ca; 38Ar produced in the

reactor from neutron capture on CI; and 36Arf38Ar =-5.3, for residual trapped gas in the

parental material to these meteorites. In Gibson, the 36Arf38Ar ratio is less than or equal to

0.35 for all temperature steps. Thus, all of the 36Ar in Gibson could be explained as a two

component mixture between 38Ar produced in the reactor from CI and spallation 36,38Ar.

There is no direct evidence for a trapped Ar component in Gibson.

3.3.4 Noble Gases

3.3.4.1 Cosmic Ray Exposure Age

The concentration of cosmogenic 21Ne and the shielding parameter (22Ne/2INe)cos

are very similar in all three splits (Table 3.3). The rather high (22Nef2INe)cos ratios

indicate a low shielding of a few em at most and presumably a small preatmospheric size of

Gibson. With the nuclide production model of GRAF et al. (1990b), we estimate a

shielding corrected 21 Ne exposure age of 6.0-6.4 Ma. Thereby, we assume a 21 Ne

production rate typical for L chondrites, which is appropriate in view of the Mg
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TABLE 3.3. Noble Gases in Gibson.

Cosrnoaenic Fraction
Mass (mg) 3He 4He 20Ne 2oNe/22Ne 22Ne/2lNe 36Ar 36ArP8Ar 40Ar 84Kr 132Xe 21Ne 38Ar 22Ne/21Ne

66.7 8.31 793 2.34 1.348 1.313 8.24 5.14 3190 0.307 0.040 1.32 0.067 1.211
0.40 35 0.09 0.007 0.007 0.33 0.03 130 0.020 0.003

144.1 8.66 1090 1.74 1.010 1.253 2.21 4.39 1830 0.097 0.024 1.37 0.099 1.211
0.40 45 0.07 0.005 0.006 0.09 0.02 70 0.008 0.002

73.9 8.62 945 2.17 1.225 1.290 4.95 5.08 3470 0.238 0.042 1.37 0.054 1.211
0.40 40 0.08 0.005 0.006 0.20 0.03 140 0.018 0.003

Noble gas concentrations in 10-8 cm3STP/g. I(J errors are given in italics.



concentration (-15.9 wt.%) estimated from modes and mineral chemistries. We also make

the reasonable assumption that the preatmospheric radius of Gibson was less than 30 em.

EUGSTER and WEIGEL (1993) report noble gas data of five lodranites. The 21Necos

and also the (22Nej21Ne)cos values in three of them (Yamato 791491, MAC 88177 and

FRO 90011) are similar to those in Gibson and thus the nominal exposure ages of these

three meteorites are also similar (Yamato 791491, 6.1-6.6 Ma; MAC 88177, 7.2-7.5 Ma;

FRO 90011, 5.9-6.4 Ma, calculated with the same assumptions as used for Gibson). For

the two other lodranites discussed by EUGSTER and WEIGEL (1993), Lodran and LEW

88280, we deduce nominal shielding corrected 21Ne exposure ages of 4.0-4.3 Ma. The

difference between these latter ages and those of the former four lodranites seem to be

significant, although errors of such exposure age values are on the order of 20%.

TAKAOKA et al. (1993) report for the lodranite Yamato 74357 a 21Ne exposure age of

11.7±1.5 Ma. With our method, we deduce, however, for the TAKAOKA et al. (1993) data

a considerably higher 21Ne age between 17.5 and 21.5 Ma, whereby the upper limits

reflects the assumption that the preatmospheric radius of Yamato 74357 did not exceed 70

em. This discrepancy is due to the fact that Yamato 74357 has a low (22Nef21Ne)cos ratio

of only -1.075, which indicates rather high shielding. As is shown by GRAF et al.

(1990b), the shielding correction of EUGSTER (1988) - used by TAKAOKA et al. (1993) 

overestimates 21Ne production rates at (22Nej21Ne)cos < 1.08. In any case, Yamato 74357

has a higher cosmic ray exposure age than any of the other lodranites discussed here.

Thus, at least two - and presumably three - ejection events are needed to account for the

exposure ages of all lodranites studied. It is interesting to note that four out of seven

lodranites have exposure ages in the same -5.5-7 Ma range as all acapulcoites (cf. Chapter

2). This is consistent with a single event on a common parent body for most acapulcoites

and lodranites for which cosmic ray exposure ages have been measured.
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3.3.4.2 Trapped Noble Gases

Lodranites and acapulcoites usually contain relatively large amounts of trapped

noble gases, similar to those in type 3 or 4 chondrites (PALME et aI., 1981; EUGSTER and

WEIGEL, 1993; TAKAOKA et aI., 1993). The Kr and Xe composition thereby often is

identical to that of so-called Q-gases found in carbonaceous chondrites. In all three

analyses of Gibson, however, Kr and Xe have atmospheric composition (data not given).

The only exception is 129Xe. The ratio of 129Xe/ 132Xe ranges between 1.12 and 1.27,

indicating the presence of radiogenic 129Xe. Otherwise, Kr and Xe in Gibson are

obviously mostly atmospheric contamination, presumably trapped in the abundant

weathering products. A generous upper limit for primordial 132XeQ is 0.005x I0-8 cm-'

STP/g. This is roughly 20 times less than the trapped Xe in, for example, Monument

Draw and is also less than what is usually found in type 5 or 6 chondrites. Unfortunately,

the concentration of trapped 36Ar cannot be reliably determined because of the possible

contamination with atmospheric Ar and because the concentration of radiogenic 40Ar is

difficult to estimate reliably. Since - in chondrites at least - a large fraction of the trapped

Xe survives dissolution of the meteorite by HFIHC1, it seems unlikely that the primordial

trapped Xe in Gibson could have been lost nearly completely during terrestrial weathering.

3.4 DISCUSSION

We focus here on three aspects of the history of these meteorites: the nature of the

precursor chondritic material, the heating and melting of lodranites, and the timing and

thermal history of lodranites. Finally, we discuss relationships between Iodranites and

other meteorites.

3.4.1 Precursor Chondritic Material

Lodranites are highly modified rocks which retain little, if any, textural traces of

their precursor chondritic material. No relict chondrules have been identified in any

lodranites, undoubtedly owing to the extensive grain growth which has occurred in these
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meteorites. It seems unlikely that all of the intra-group variability observed in lodranites is

due to igneous processes.

Most notable among these features is the variability of mafic silicate and oxygen

isotopic compositions and their correlation. We believe that both the variability and

correlation of properties results from nebular processes. Similar ranges in mineral and

isotopic compositions, as well as correlations between these two, are observed in other

groups of meteorites and attributed to a nebular origin. Ordinary chondrites (H, Land LL)

show a correlation between .1170 and mafic silicate compositions (CLAYTON and

MAYEDA, 1991), as do ureilites (CLAYTON et al., 1988). Reduction is the only other

possible explanation for this correlation, but we find this unlikely. In such a model, a

homogeneous precursor would experience varying amounts of reduction, which would

alter both the mafic silicate and isotopic compositions of that precursor. While it is clear

that reduction has influenced mafic silicate compositions, this process has been incomplete.

Further, we find it unlikely that reduction could alter oxygen isotopic compositions on the

order of 0.7%0 in .1170 . Thus, we attribute the features to inheritance from a chemically

and isotopically heterogeneous precursor.

Other mineralogical and chemical features of lodranites are also best explained by

heterogeneity in the precursor chondritic material. Abundances of Fe,Ni metal abundances

vary from 0.5-20 vol.% (excluding the highly weathered Gibson). It appears unlikely that

magmatic processes produced this variation (as discussed later) and, thus, such variability

may have been inherited from the precursor. It is not surprising that such variability

existed in a single group of meteorites. KEIL (1968) documented extensive variability of

metal abundances in enstatite chondrites (1.6-28.0 wt.% in EL chondrites). We are not

suggesting that lodranites formed by modification of enstatite meteorites, but merely use

this as an illustration of the heterogeneity which is possible in chondrite groups. Finally,

plagioclase compositions are highly variable (An12.3-30.9) and exhibit no correlation with
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mafic silicate compositions or plagioclase abundances. While it is clear that plagioclase in

lodranites has been melted (discussed below), we do not believe that heterogeneity in

plagioclase compositions is related to this melting. We attribute this variability to the

precursor chondritic material.

3.4.2 Heating and Melting

Lodranites have experienced extensive modification by heating. This is evident

from the equigranular textures and abundant 120° triple junctions. In this section, we

explore the heating and melting experienced by the lodranites and attempt to constrain the

heat source (e.g., collisional vs. non-collisional) for this heating.

3.4.2.1 Evidence for Fe,Ni-FeS Partial Melting

Lodranites have experienced Fe,Ni-FeS eutectic melting. The first partial melt in a

chondritic system forms between 950-980°C, depending on composition, and consists of

85 wt.% FeS and 15 wt.% Fe,Ni (KULLERUD, 1963; KUBASCHEWSKI, 1982). Thus,

removal of a small amount of eutectic melt will have a dramatic effect on the troilite

abundance of the residue. Indeed, lodranites are significantly depleted in troilite (0.2-5.3

vol.%) than likely chondritic precursor material (e.g., 3.6-7.2 wt.% FeS in ordinary

chondrites; KEIL, 1962). It appears that Fe,Ni-FeS eutectic melting has occurred in the

lodranites at 950-1050°C.

InChapter 2, we argued that acapu!coites had experienced melting at the Fe,Ni-FeS

eutectic, but not silicate partial melting. In the acapu!coites, the Fe,Ni-FeS eutectic melt is

trapped in veins which range from I1m- to em-sized. Most Iodranites, in contrast, do not

exhibit such veins. We infer that in lodranites, the melt migration distances were

considerably longer and the melts left the source regions, leaving the residues we sample as

lodranites. Irregular patches and occasional veins of Fe,Ni-FeS in some lodranites (e.g.,

Lodran, Yamato 791491, Yamato 791493) cannot account for the missing Fe,Ni-FeS

eutectic melt, since these lodranites are also depleted in FeS. These patches and veins may

87



represent incomplete trapping of melt as it migrated out of the source region, although most

melt left these rocks.

3.4.2.2 Silicate Partial Melting

Lodranites have experienced silicate partial melting. Silicate partial melting of an

olivine-rich rock in the system Fo-An-SiOz will occur at the peritectic point, yielding a

basaltic melt which contains -55% plagioclase (MORSE, 1980). Thus, removal of this

basaltic partial melt will result in a significant depletion of plagioclase in the residual source

rocks. In fact, most lodranites contain significantly less plagioclase than likely chondritic

parental rocks (9.6-10.3 wt.% in ordinary chondrites; MCSWEEN et al., 1991). Yamato

74357, FRO 90011, Yamato 791491, Yamato 791493, Lodran, MAC 88177 and LEW

88280 contain 0-1.6 vol.% plagioclase. This depletion of plagioclase indicates removal of

basaltic partial melt from the lodranites.

Some lodranites, however, contain abundant plagioclase. Plagioclase abundances

in Gibson (6.0 vol.%), Yamato 8002 (10.3) and EET 84302 (11.4) are all equal to or only

slightly less than plagioclase abundances in ordinary chondrites. Evidence for silicate

partial melting is present in these rocks as well. In Yamato 8002, single plagioclase

crystals poikilitically enclose mafic silicate grains, indicative of interstitial basaltic partial

melt. NAGAHARA (1992) suggested that Yamato 8002 may have formed in a melt stream,

since melts migrate rapidly at moderate degrees of partial melting, but provided no

supporting evidence. Interstitial textures for plagioclase grains are also observed in Gibson

and EET 84302. In addition, EET 84302 exhibits an association between plagioclase and

high-Ca pyroxene (FIELD et al., 1993; S.W. FIELD, pers. comm., 1993). This association

is typical of that expected in a basaltic partial melt and suggests to us that basaltic partial

melting did occur, but that those melts did not migrate from the rock, but were trapped in

situ.
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Redistribution of minor phases may also result from silicate partial melting.

TAKEDA et at. (1993) reported that a portion of polished thin section EET 84302,19 was

rich in chromite. We did not observe this chromite-rich lithology in our section (,12).

Records from numerous workers (M.M. LINDSTROM, pers. comm., 1993) indicate that

only a small portion, perhaps an area 2 mm on a side, of the 59.6 gram stone contains this

chromite-rich lithology. Most of EET 84302 resembles normal, metal-bearing lodranites.

TAKEDA et al. (1993) argued that this lithology formed by deposition of chromite in a small

area as a result of movement of large amounts of Cr-rich silicate partial melts. They cited

the absence of olivine and enrichment of pyroxene in the vicinity of the chromite-rich

lithology as evidence of reaction between CrZ03 in the melt and olivine to form chromite

and pyroxene. If correct, this is another consequence of silicate partial melting in the

lodranites.

The peak temperatures of lodranites can be estimated by the degree of partial

melting. TAYLOR et al. (1993) used the melting of peridotite (MCKENZIE and BICKEL,

1988) to model the degree of partial melting vs. temperature for chondri tic systems.

Basaltic partial melting starts at -1150°C in an ordinary chondritic system. Evidence for

silicate partial melting in all lodranites suggests this temperature as the minimum

temperature to which lodranites were heated. The maximum temperature for the lodranites

comes from the degree of partial melting necessary for complete melting and removal of

plagioclase. Removal of 10% plagioclase would require -20% silicate partial melting under

equilibrium conditions and peak temperatures on the order of 1250°C. Thus, a relatively

small range of peak temperatures can result in a wide range of silicate partial melting.

It is interesting to note that these temperatures are higher than the two-pyroxene

geothermometer temperatures. However, two-pyroxene geothennometer temperatures are

closure temperatures and a period of relatively slow cooling likely occurred between the

peak temperature and pyroxene closure. Further, the two-pyroxene geothermometer
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temperatures show no correlation with degree of partial melting. We suggest that an

additional factor may have influenced partial melting in the lodranites. It is widely known

that the FeO content of mafic silicates strongly influences melting temperatures. Lodranites

with low FeO contents tend to exhibit relatively low degrees of silicate partial melting (as

measured by plagioclase abundances; Fig. 3.2), while high-FeO lodranites exhibit

extensive silicate partial melting. We suggest that the wide range of FeO concentrations

present in these meteorites may have strongly influenced the degree of silicate partial

melting. There are, however, exceptions to these rules (e.g., EET 84302) and we suggest

that these exceptions were caused by differences in peak temperature.

Finally, we dispute the claim that lodranites may have experienced high degrees of

partial melting or total melting (e.g., ZIPFEL and PALME, 1993). Such high degrees of

partial melting would have resulted in gravitational segregation and removal of Fe,Ni metal

and troilite from a chondritic system. The interstitial nature of most Fe.Ni metal in

lodranites suggests that this did not occur. In addition, noble gases probably would have

been lost. Even if the melting occurred in a large, magmatic system which was closed,

redistribution of noble gases would have occurred.

3.4.2.3 Heat Source

The other question of importance in the heating of lodranites is the heat source.

This question has been explored in detail in Chapter 2 and will be touched on only briefly

here. The two major heat sources which have been invoked are collisional (e.g., impact)

and non-collisional (e.g., 26AI, electromagnetic induction). TAKEDA et al. (1993) have

argued that impact and/or shock during planetesimal collision was the major heat source for

partial melting in the lodranites, with a small contribution from decay of radioactive

elements. If such an impact was the heat source for the lodranites, extensive annealing of

shock features would have had to occur, since most lodranites exhibit no shock features in

their silicates. However, some features produced in such an impact event, such as whole
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rock shock melt veins and brecciated textures, would not be readily annealed. Whole-rock

shock melt veins are present in only one lodranite (MAC 88177). In this lodranite, there is

no evidence that these veins have been annealed and we believe that these formed by post

cooling shock. In addition, there is no evidence of brecciation in lodranites. For these

reasons, we favor a non-collisional heat source (e.g., 26Al, electromagnetic induction) for

the lodranites.

3.4.3 Chronology and Thermal History

We are interested in three aspects of the chronology and thermal history of the

acapulcoites - their age of formation, their cooling history and their ejection from their

parent body. Unfortunately, we have only poor constraints on some aspects of lodranite

history.

The timing of formation of the lodranite parent body is very poorly constrained.

Our 4.484±O.018 Ga 39ArA 0Ar age for Gibson is, to the best of our knowledge, the only

measured age of any lodranite. With the prolonged thermal history experienced by the

lodranites, it is clear that this age does not represent the age of the formation of the lodranite

parent body. However, it does place a lower limit on this age. More likely, the lodranite

parent body formed -4.55 Ga ago at the same time as many other meteorite parent bodies.

Clearly, high quality Sm-Nd ages of lodranites are needed to resolve this issue.

The cooling history of lodranites appears to be complex. Several lines of evidence

suggest that lodranites experienced a period of slow cooling at high temperatures. Two

pyroxene equilibration temperatures of lodranites are IOO-200°C below peak temperatures

inferred from the degree of partial melting. As two-pyroxene equilibration temperature

reflect the cessation of diffusion, relatively slow (l-lOO°C/Myr) cooling must have

occurred between the peak temperatures and the establishment of the two-pyroxene

equilibration temperature. A second argument for slow cooling comes from the -70 Ma

difference between the likely formation age of the lodranite parent body and the -4.48 Ga
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39ArA OAr age. If the rapid cooling rates indicated at lower temperatures had persisted

from the peak temperature to Ar closure, the total cooling interval would have been much

less than 70 Ma. Thus, a period of slow cooling at high temperatures might be indicated.

After this slow cooling, a period of very rapid cooling occurred between perhaps 1000°C

and 400°C, as indicated by cooling rates of -103-1 06°ClMyr by a variety of methods (Table

3.2). Finally, suggestions have been made that lodranites experienced a period of slow

cooling (-lOoClMyr) at temperatures below 500°C (e.g., BILD and WASSON, 1976; PRINZ

et al., 1978), although this work appears incorrect and further studies (e.g., fission-track

cooling rates) are needed to confirm this finding. Although our picture cooling of

lodranites is somewhat incomplete owing to a lack of data, it appears that lodranites

experienced slow cooling (-1-100°C/Myr) followed by rapid cooling (103-106°C/Myr).

This suggests that the lodranite parent body was at least partially disrupted by a large

impact while at a temperature of ~ 900°C. The cooling rates in the middle temperature

range suggest fragmentation into pieces which range in radius from approximately 200 m to

6 km (using eqn. 12 of HAACK et al., 1990). Evidence for slower cooling (-lOOC/Myr)

again at lower temperatures suggests that these fragments may have reaccreted into a larger

body at a temperature of between -600°C (the lower temperature for the metallographic

cooling rate) and -500°C (temperatures cited by BILD and WASSON, 1976 and PRINZ et al.,

1978). Not surprisingly, a similar scenario for breakup and reassembly has been

postulated for the acapulcoites (Chapter 2), strengthening the argument that these groups

shared a common parent body.

Finally, we can date the impact events which sampled the lodranites. It seems

unlikely that this would date a collision on the parent asteroid. Instead; collisions over the

last 4.5 billion years have probably broken the parent asteroid into a series of smaller

objects and we are dating ejection from one of these smaller objects. Yamato 74357 was

ejected from its parent object between 17.5 and 21.5 Ma. At 5.5-7 Ma, we infer that a
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second event sampled Gibson, Yamato 791491, MAC 88177 and FRO 90011. This is

similar to the cosmic ray exposure age of all four acapulcoites for which cosmic ray

exposure ages have been measured (Acapulco, Monument Draw, Yamato 74063 and ALH

A77081), implying a common sampling event and parent body. Perhaps a third event

sampled Lodran and LEW 88280 4.0-4.3 Ma ago, although the 4.0-4.3 Ma and 5.5-7.0

Ma events are not well resolved.

3.4.4 Related Meteorites

Lodranites appear to represent a wide range of degrees of silicate partial melting of a

chemically heterogeneous precursor. We believe that several other meteorites, or groups of

meteorites, may be related to lodranites in sampling a common parent body or having

experienced common processes on different parent bodies.

3.4.4.1 Acapulcoites

Acapulcoites and lodranites appear to come from a common parent body. These

two groups of meteorites share a variety of common properties. They have the same

mineralogy, but differing mineral abundances. Lodranites exhibit heterogeneous and

correlated mafic silicate and oxygen isotopic compositions. The ranges of these

compositions in lodranites overlap those of acapulcoites, although acapulcoites do not

show a strong correlation between oxygen isotopic and mafic silicate compositions. Both

groups are enriched in trapped noble gases. Complex thermal histories suggest breakup

and reassembly of the acapulcoite-Iodranite parent body. In addition, four acapulcoites and

five lodranites share a common cosmic ray exposure age (5.5-7 Ma). Further, EET 84302

is intermediate in many of its properties (e.g., mafic silicate grain size, plagioclase

abundances) between the two groups (MCCOY et al., 1993; FIELD et al., 1993).

There are, however, important differences between the two groups and these

differences can be attributed to the different degrees of partial melting experienced by each

group. Acapulcoites were heated to -950-1050°C and experienced only Fe,Ni-FeS eutectic
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melting. Melt migration distances were small (urn's to em's) and chemical fractionation did

not occur (Chapter 2). In contrast, lodranites were heated to -1100-1250°C, with melting

of both the Fe,Ni-FeS eutectic and the basaltic component. Melts migrated from the source

rocks, leaving residues (e.g., lodranites) which were depleted in FeS and plagioclase.

Another likely consequence of this difference in peak temperature is the differences in 39Ar

40Ar ages. Acapulcoites were heated to lower temperatures and are -4.51 Ga old, while

lodranites were heated to a higher temperature and are -4.48 Ga old. Acapulcoites and

lodranites appear to represent differing degrees of heating and partial melting of a common,

isotopically and chemically heterogeneous precursor.

The differences in grain size between the lodranites and acapulcoites probably

reflects the presence or absence of a silicate partial melt. Grain growth in these rocks

probably occurs by Ostwald ripening, with the diffusion rate through the inter-grain

medium as the controlling factor in determining the grain size. Diffusion rate in silicate

melts (summarized by TAYLOR, 1992) are up to six orders of magnitude faster than those

in crystalline rocks. Thus, the lodranites, which once contained silicate melt, became much

coarser grained than the acapulcoites, which lacked silicate melt. Because of the speed of

grain growth in the presence of silicate melt, TAYLOR (1993) argued that the silicate melt

must have migrated from the lodranite source regions in times of the order of 103 years.

Otherwise, lodranites would be much coarser grained. We are currently exploring the grain

growth mechanism in these rocks more fully.

3.4.4.2 Divnoe

It is clear that lodranites exhibit a wide range of features, some of which were

inherited from the precursor chondritic material (e.g., Fa, Fs, An, Ll170, metal abundance)

and some of which are related to the degree of partial melting (e.g., plagioclase abundance,

troilite abundance). It is, however, not clear that we have sampled the entire range of

materials from the lodranite parent body. Specifically, materials which extend either the
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range of heterogeneity among the precursor material or the degree of partial melting would

be of great interest. Divnoe may be such a meteorite.

The Divnoe meteorite was recovered in 1981 and has been extensively described in

a series of abstracts (ZASLAVSKAYA and PETAEV, 1990; PETAEV et al., 1990;

ZASLAVSKAYA et al., 1990). The properties of Divnoe which we shall consider are

summarized in Tables 3.1 and 3.2. It is clear that Divnoe is quite unlike the lodranites in

many of its properties. Specifically, it has more FeO in olivines and low-Ca pyroxenes and

a less negative D,170 . It is also much coarser grained (944 urn) and exhibits elongate

olivines and rare 5-10 mm pyroxenes which poikilitically enclose olivines.

Although these properties are unlike those in lodranites, they are what we would

expect for a high-FeO lodranite. Divnoe extends the correlation of Fa vs ~170 observed in

lodranites. On a three-isotope oxygen plot (Fig. 3.6), a line through both the main group

of lodranites and Divnoe would define a slope of -1 parallel to the ureilites. Although the

oxygen isotopic compositions of Divnoe is essentially identical to those of silicate

inclusions in lAB irons, we do not favor an origin of Divnoe on the lAB parent body.

Most important, Divnoe (Fa26.6) is much higher in FeO than IAB silicates (Faj.g; BUNCH

et al., 1970). The higher degree of partial melting expected for a high-FeO lodranite would

also result in plagioclase depletion and a coarser grain size, as observed in Divnoe. One

problematic feature of Divnoe is that it is not depleted in troilite as expected. We have no

ready explanation for this feature, but would note that partial melts can migrate into, as well

as out of, any portion of this parent body.

Our conclusion that Divnoe is an anomalous lodranite has been called into question

by DAVIS et al. (1993), based on trace element analyses of olivine and clinopyroxene.

They argued that clinopyroxene was had a higher LalLu ratio and lacked the negative Eu

anomaly observed in other lodranites and, thus, was inconsistent with removal of a

pyroxene-plagioclase-phosphate partial melt. Indeed, the history of clinopyroxene in
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Divnoe does appear to differ substantially of the in other lodranites. In Divnoe, the multi-

mm sized pyroxenes may be trapped partial melts themselves and, thus, differ in their trace

elements characteristics from those in other lodranites. If our assertion that Divnoe is an

anomalous, high-FeO lodranite is correct, future recoveries should include meteorites

intermediate in properties (e.g., Fa, ~170, grain size) between Lodran and Divnoe.

3.4.4.3 Sombrerete

Sombrerete is an ungrouped iron meteorite which contains 7.3 vol.% of rounded

silicate inclusions (PRINZ et al., 1982). These silicate inclusions consist of 14.7 wt.%

orthopyroxene (En6S), 66.7 % albitic glass, and 9.0 % quench plagioclase, with traces of

other phases. PRINZ et al. (1983) argued that these silicate inclusions represent highly

fractionated minimum melts. CLAYTON (1993) noted that the oxygen isotopic composition

of Sombrerete (MAYEDA and CLAYTON, 1980) lies at the lower end of the acapulcoite-

lodranite group and suggested that Sombrerete could be the complementary partial melt to

the depleted lodranites. We question whether Sombrerete could have formed on the same

parent body as the lodranites, although the processes which effected these two parent

bodies were probably very similar. Objections to this idea include the very high FeO

content of Sombrerete orthopyroxene. This is much higher than observed in any lodranite.

While the first partial melts are enriched in FeO relative to the bulk rock, enrichments of

this magnitude would probably not occur. Using likely distribution coefficients, we

calculate that a partial melt of Sombrerete composition would represent less than 0.5%

partial melting of a Fa3 source region. Such low percentages of partial melting are

unrealistic. Further, the ~170 of Sombrerete (-1.41%0) is most similar to those of the

lowest FeO lodranites (-Fa3), not the highest FeO lodranites. Finally, Sombrerete does not

contain abundant troilite, as we might expect if it is complementary to the lodranites. Thus,

we find it unlikely that Sombrerete originated on the acapulcoite-lodranite parent body. We

have observed the complementary Fe,Ni-FeS-basaltic partial melts trapped within an
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acapuIcoite host in LEW 86220. This meteorite will be discussed in a subsequent paper

which addresses the fate of the partial melts.

3.4.4.4 Ureilites

Differences in mineralogy and oxygen isotopic compositions suggest that lodranites

and ureilites did not share a common parent body. However, they do appear to have

remarkably similar histories, as first noted by TAKEDA et al. (1991). As discussed earlier,

the precursor chondritic material for ureilites was, like the lodranites, chemically and

isotopically heterogeneous (CLAYTON and MAYEDA, 1988), with a correlation between

mafic silicate and oxygen isotopic compositions. Ureilites have also experienced partial

melting and melt removal (WARREN and KALLEMEYN, 1992; SCOTT et al., 1993). The

extent of partial melting in the ureilites (-15-25%; SCOTT et al., 1993) was probably equal

to greater than that in the acapulcoites and lodranites «1-20%), as suggested by the lack of

plagioclase in the ureilites. In the case of the ureilites, these partial melts were probably

lost by explosive volcanism. We explore the role of explosive volcanism for the

acapuIcoites and lodranites more fully in a subsequent paper. It appears that both ureilites

and lodranites formed by partial melting of a chemically and isotopically heterogeneous

parent body.

3.5 SUMMARY

We have conducted petrologic, chemical and isotopic studies of acapuIcoites in an

attempt to constrain their genesis. Eleven meteorites (Lodran, Gibson, Yamato 791491,

Yamato 791493, Yamato 74357, Yamato 8002, Yamato 75274, MAC 88177, LEW 88280,

EET 84302, FRO 90011) comprise the group of lodranites. Lodranites and acapulcoites

are indistinguishable on the basis of oxygen isotopic composition, butthey are distinct in

the average grain sizes of their mafic silicates, with lodranites being significantly coarser

grained. Lodranites exhibit a diverse range of petrologic and mineralogical features. They

exhibit a wide range of mafic silicate compositions (Fa3-13), a diverse range of shock
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features (S1-4), a wide range of plagioclase (0-11.4 voI.%), Fe,Ni metal (0.5-20 voI.%)

and troilite (0.2-5.3 voI.%) abundances. They all appear to have experienced high peak

temperatures and rapid metallographic cooling rates. The only dated lodranite, Gibson,

cooled to Ar closure at 4.48 Ga. Lodranites were liberated from their parent body during

1-3 impact events, with most having cosmic ray exposure ages of 5.5-7 Ma. Lodranites

formed from a chemically and isotopically heterogeneous precursor, in which the mineral

and oxygen isotopic compositions were correlated. It also appears that plagioclase

compositions and metal abundances may have been heterogeneous within the precursor

body. Heating of this parent body to temperatures between -1050-1250°C resulted in both

Fe,Ni-FeS and basaltic partial melting. In most lodranites, depletions of troilite and

plagioclase testify to the removal of these partial melts. The lodranites may have

experienced a three-stage cooling history of slow cooling at high temperatures, rapid

cooling at intermediate temperatures and slow cooling at low temperatures, although data

supporting such a history is incomplete. Such a thermal history may be related to breakup

and gravitational reassembly of the parent body. Excavation of sampled lodranites

occurred primarily at 5.5-7 Ma. The acapulcoites sample the same parent body, but were

heated to lower temperatures and, thus, experience lower degrees of partial melting.

Divnoe may be a high-FeO lodranite and experienced a higher degree of partial melting.

The parent bodies of Sombrerete and the ureilites probably experienced similar processes,

but were distinct from the acapulcoite-lodranite parent body.
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CHAPTER 4

PARTIAL MELTING AND EXPLOSIVE
VOLCANISM ON THE ACAPULCOITE

LODRANITE PARENT BODY

TO BE SUBMITTED TO Geochimica et Cosmochimica Acta

WITH CO-AUTHORS K. KEIL, D.W. MUENOW,
L. WILSON, R.N. CLAYTON ANDT.K. MAYEDA

4.1 INTRODUCTION

Recent studies of acapulcoites and lodranites (Chapters 2 and 3, and references

therein) have made progress towards understanding the genesis of these meteorites.

Among the more significant conclusions from these studies are: (1) Acapulcoites and

lodranites can be distinguished from other meteorites, including winonaites and ureilites,

on the basis of their oxygen isotopic composition (CLAYTON et al., 1992). (2) Acapulcoites

and lodranites also share similar mineralogies, mineral compositions, thermal histories and

cosmic ray exposure ages. (3) These similarities indicate that acapulcoites and lodranites

sample a common parent body. (4) Acapulcoites and lodranites differ from each other in

grain size and abundances of plagioclase and troilite. (5) Plagioclase and troilite abundances

are related to the degree of partial melt extracted from the source regions. Acapulcoites and

lodranites are residues from these source regions. Acapulcoites experienced Fe,Ni-FeS

eutectic melting, but not silicate partial melting, while lodranites experienced silicate partial

melting. (6) Both acapulcoites and lodranites experienced early heating and rapid (possibly

complex) cooling. 39ArA OAr ages of two acapulcoites are 4.50 (Acapulco) and 4.52

(Monument Draw) Ga, while one lodranite is 4.48 Ga (Gibson; BOGARD et al., 1993).
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(7) There are now nine acapulcoites representing five fall events and eleven lodranites

representing nine distinct fall events. Thus, acapulcoites and lodranites are not oddities,

but significant groups. (8) Lodranites appear to have experienced a similar history to

ureilites, although on different parent bodies. Both groups groups are residues from partial

melting of a chemically and isotopically heterogeneous parent body.

In this paper, we examine the acapulcoite-lodranite parent body as a whole,

focussing not on the individual meteorites or groups of meteorites, but on processes that

altered this parent body. First, we examine the wide range of partial melting which affected

different portions of the body. Acapulcoites and lodranites appear to sample a continuous

sequence of increasing degrees of partial melting. In addition, we have modelled the

process of crack and dike formation and melt migration and compare the results of these

calculations with observations. We explore the fate of the partial melts. We have

measured the volatile contents of Acapulco and Lodran to determine if volatile abundances

are sufficient to drive partial melts off of the acapulcoite-lodranite parent body. We will

show that most but not all of the partial melts escaped from the parent body by explosive

volcanism. Further, examination of the residues from these degassing experiments provide

further constraints on the petrogenesis of acapulcoites and lodranites. Finally, we examine

meteorites in which partial melts were trapped on the body. These include LEW 86220, in

which Fe,Ni-FeS-basaltic partial melts were trapped within an acapulcoite host. Finally,

we consider how the diversity of materials on the acapulcoite-lodranite parent body might

influence interpretations of the geology of S-asteroids.

4.2 SAMPLES AND TECHNIQUES

LEW 86220 was studied in detail for this work. Polished thin section LEW

86220,4 was studied in transmitted and reflected light. Mineral compositions were

measured on a Cameca Camebax and a Cameca SX-50 electron microprobe. Natural and

synthetic minerals of well-known compositions were used as standards. The maximum
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dimension of 25 mafic silicate grains in a single section were measured to determine the

average grain size. Of these grains, 23 were randomly selected. We also sought the largest

and smallest grain in each meteorite. Inclusion of these grains did not significantly effect

the average grain size. Olivines poikilitically enclosed in pyroxenes were not included in

these measurements, since they could not grow by the same mechanism as other grains.

Polished thin section LEW 86220,3 (JSC) and ,2 (Smithsonian) and the main mass at the

Smithsonian were also briefly examined. All exhibit similar textures.

The oxygen isotopic composition of LEW 86220 was measured by Drs. R.N.

Clayton and T.K. Mayeda of the University of Chicago using techniques described by

CLAYTON and MAYEDA (1963,1983).

The volatile contents of Acapulco and Lodran were determined by Dr. D.W.

Muenow of the University of Hawaii using dynamic high-temperature mass spectrometry.

Details of the apparatus and technique are given by MlJENOW et al. (1992). These authors

did not, however, discuss the cooling history of the residues. Charges cool at an

exponential rate, with cooling from the peak temperature of 1300°C to 600°C in -1 min.

and cooling from 600°C to room temperature in -5 hrs. A consequence of the rapid

cooling at high temperatures is that metal textures do not resemble those in acapulcoites and

lodranites. Samples of Acapulco (81.59 mg) and Lodran (80.35 mg) were supplied by the

Acapulco Consortium (Kurt Marti) and the Smithsonian Institution (Roy S. Clarke, Jr.),

respectively. These two meteorites were selected because they are the only observed falls

within their respective groups and, thus, problems with terrestrial weathering are

minimized. Polished thin sections were prepared from the heated residues of Acapulco

(UH 206) and Lodran (UH 208) and studied in transmitted and reflected light. These

sections are preserved in the meteorite collections of Planetary Geosciences at the Univ. of

Hawaii at Manoa.
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Modelling of crack formation and propagation and melt migration by Dr. L. Wilson

of the University of Hawaii follows computational models described by WILSON and KEIL

(1991), MUENOW et al. (1992) and KEIL and WILSON (1993). Readers are referred to

these papers for a detailed explanation of the model. Briefly, expansion due to partial

melting creates pressure within a rock. This pressure can be accommodated by expansion

of gas and/or melt into voids (if any are present) and by elastic compression of both the

liquid and the solid. Pressure that cannot be accommodated by these mechanisms is excess

pressure. The method for calculating excess pressure is given in MUENOW et al. (1992)

(pp. 4276-4277). The relationship between excess pressure and percent of melting is

illustrated in Fig. 5 of MUENOW et aL. (1992), which we have show as our Fig. 4.2. If this

excess pressure exceeds the tensile strength of the rock, typically 1-10 MPa, the rock will

fracture and crack formation will begin. With increasing degrees of partial melting, cracks

will grow and propagate. A detailed review of the mechanics of dike formation and

propagation is given by POLLARD (1987). Calculations of dike size in this paper follow

this treatment. Eventually cracks will reach the surface, where eruption will occur. If

excess pressures are high enough, eruption velocities will exceed escape velocities and

melts will leave the parent body.

4.3 PARTIAL MELTING AND MELT MIGRATION

Acapulcoites and lodranites exhibit a wide range in the degree of partial melting.

The detailed petrology of acapulcoites and lodranites are given in Chapters 2 and 3. Here

we only reiterate that evidence which is used to infer the degree of partial melting. We

divide the sequence of partial melting into five stages (<1, 2-3, -5, -10, -20 vol.% partial

melting of the whole rock). For each of these stages, we examine the petrologic features

indicative of partial melting and melt migration, list the meteorites which fall into this stage

of partial melting, and compare the results of modelling of partial melting and melt

migration with the petrographic evidence. Examples of each stage are shown in Fig. 4.1.
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FIGURE 4.1 Meteorites which represent the range of partial melting and melt migration
present on the acapulcoite-lodranite parent body.
a) Photomicrograph of Acapulco. Scale bar = 1 mm. Acapulco, like most acapulcoites,
experienced <1 vol.% partial melting. This partial melting involved the Fe,Ni-FeS eutectic.
Melt migration distances were small (tens of microns) and the chemistry of the bulk rock
was unchanged. Grain growth in the absence of a silicate partial melt was small, resulting
in a relatively fine-grained rock.
b) Hand sample of Monument Draw. Partial melting probably reached 3 vol. % in
Monument Draw. The Fe,Ni-FeS eutectic melt migrated into urn- to em-sized veins.
Silicate partial melting did not occur.
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FIGURE 4.1 (cont.) Meteorites which represent the range of partial melting and melt
migration present on the acapulcoite-lodranite parent body.
c) Photomicrograph of EET 84302. Scale bar = 1 mm. EET 84302 is depleted in
plagioclase and exhibits evidence of very local migration of a basaltic partial melt, indicative
of -5 vol.% partial melting. Grain growth was more efficient in the presence of a silicate
partial melt, resulting in a medium-grained rock.
d) Photomicrograph of Yamato 8002. Scale bar =500 um, Partial melting probably
reached -10 vol.% in Yamato 8002 with extensive melting of the basaltic component. This
partial melt has migrated to fill areas between mafic silicates.
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FIGURE 4.1 (cont.) Meteorites which represent the range of partial melting and melt
migration present on the acapulcoite-lodranite parent body.

e) Photomicrograph of Lodran. Scale bar = 1 mm. Lodran is depleted in troilite and
plagioclase is absent, indicating very efficient removal of the Fe,Ni-FeS and basaltic
components and partial melting of -20 vol.%. The residue, which we sample as Lodran,
became coarse-grained while the partial melt was present.
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4.3.1 <1% Partial Melting

4.3.1.1 Observations

Most acapulcoites experienced very low degrees of partial melting. Fe,Ni metal

and troilite veins 1-5 urn in width and tens of microns in length cross-cut all silicate phases,

including plagioclase. These cross-cutting relationships imply that Fe,Ni-FeS eutectic

melting occurred, but that silicates were never molten. The small average mafic grain sizes

of acapulcoites (150-200 urn: Fig. 4.Ia) are consistent with the absence of a silicate partial

melt. If acapulcoites originally contained 5 wt.% FeS, a eutectic melt (85% FeS, 15%

Fe,Ni) would comprise less than 6 wt.% or -4.6 vol.% (using a bulk density of -3.9 and a

density of the melt of -5.1). However, we believe that partial melting in most acapulcoites

was far below this value. Acapulco, Yamato 74063, ALH A7708I, ALH A8126I, ALH

A8I315, ALH 78230, ALH A8II87, ALH 84190 all exhibit rare Fe,Ni-FeS veins which

comprise <1 vol.% of the whole rock. We cannot unequivocally dismiss the possibility

that larger (100 urn), metal-troilite grains were also molten, but find no supporting

evidence. Thus, we believe that most acapulcoites experienced <1% partial melting.

4.3.1.2 Modelling

At 1% partial melting, liquid pockets of Fe,Ni-FeS will form at grain boundaries.

Since porosity is low, only elastic compression of the liquid and solid can compensate for

the pressure increase. Partial melting of 1% would generate excess pressures of -10 MPa

(Fig. 4.2). Excess pressures of 10 MPa will exceed the tensile strength of the rock (a few

MPa) and cracks will form. At this low level of stress, crack lengths will be on the order

of the grain size (-200 urn), Excess pressures of 10 MPa in a crack 200 urn long would

result in a crack width of -0.2 urn. For 10 MPa excess pressures to enlarge cracks, a I urn

wide crack would need to be -20 mm long. These findings are broadly consistent with

petrographic observations. Fe,Ni-FeS veins in these acapulcoites are commonly tens of

microns in length and a micron in width. The unreasonably large size needed to enlarge
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formed on the outside of melting grains as a functionof the fractional amount of the grain
radius, r/r.; which is occupied by melt. The equivalent volume % melting is shownon the
top axis. Figure from MUENOW et al. (1992).
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cracks means that most cracks did not grow and, thus, melt was trapped in situ and the

bulk composition of the acapulcoites was unchanged, consistent with observations.

4.3.2 2-3% Partial Melting

4.3.2.1 Observations

As with other acapulcoites, Fe,Ni-FeS veins cross cutting silicate phases in

Monument Draw indicate melting at the Fe,Ni-FeS eutectic, but without silicate partial

melting (Chapter 2). Thus, the degree of partial melting was certainly less than 6 wt.%

(-4.6 vol.%). The presence of em-sized metal veins in Monument Draw (Fig. 4.lb)

implies that this acapulcoite did experience a higher degree of partial melting than other

acapulcoites. Examination of the largest available hand sample indicates that the largest

vein isat least 6 em in length, but this vein has been truncated on both ends by fusion

crust. The original length is unknown. It is seems unlikely that the modal abundance of

metal in the veins of Monument Draw represents the degree of partial melting. Although

FeS-rich networks are found in the silicates adjacent to the em-sized veins, the ratio of

FeSlFe,Ni is not in eutectic proportions. Instead, it appears that significant melt migration

occurred and metal was introduced into Monument Draw from adjacent areas.

Unfortunately, the main mass is not available for examination and the vein has been

truncated by fusion crust. There are also Fe,Ni-FeS grains in Monument Draw which do

not appear to have been associated with this vein and, hence, were not molten. The

presence of a significant proportion of melted Fe,Ni-FeS and unmelted Fe,Ni-FeS suggests

to us that melting probably reached 2-3 vol.%, although this estimate carries considerable

uncertainties. Monument Draw is the sole example of 2-3% partial melting on the

acapulcoite-lodranite parent body.

4.3.2.2 Modelling

Monument Draw obviously experienced significant coalescence of melt and growth

of cracks. At 3% partial melting, excess pressures in grain-edge melt pockets would be
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-40 MPa (Fig. 4.2). Such pockets would enlarge if they were 1.25 mm in length. While

most cracks would be less than this, presumably some small fraction were this size and did

enlarge. At this point, enhanced melt migration would occur. If a vein were I mm wide

and isolated, pressures of 40 MPa would point to lengths of -250 mm. Cracks of this

length would almost certainly interact with smaller cracks and pressures would decrease. If

the pressure decreased to 10 MPa, dikes I mm in width would be on the order of I m long.

The presence of em-sized veins in Monument Draw is broadly consistent with the

calculations given here, although we cannot estimate the original length of these veins in

Monument Draw.

4.3.3 5% Partial Melting

4.3.3.1 Observations

One example exists of a meteorite from the acapulcoite-lodranite parent body which

experienced -5 vol. % partial melting - EET 84302. EET 84302 exhibits a dramatic

depletion in troilite abundances (0.1 vol.% FeS) relative to probable chondritic starting

materials. This depletion points to complete melting and loss of the Fe,Ni-FeS eutectic

melt and, thus, partial melting of at least 6 wt.% or 4.6 vol.%. Indirect evidence for

silicate partial melting in EET 84302 comes from the grain size (340 urn) (Fig. 4.1c),

which is significantly larger than acapulcoites (150-200 urn) and reflects rapid grain growth

in the presence of a silicate melt. The shapes of some plagioclase grains, which pinch

between and partially surround mafic silicates, also indicates some silicate partial melting

(Chapter 3). We believe that the degree of silicate partial melting was quite low and, thus,

assign EET 84302 to 5% partial melting of the whole rock. A second lodranite, Gibson,

probably experienced partial melting of -5 vol.%. Gibson is somewhat coarser grained

(540 urn) than EET 84302 and also exhibits plagioclase which pinches between mafic

silicates, indicative of silicate partial melting. Although troilite abundances are low (0.5
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vol. %), the extensive weathering experienced by Gibson (19.4 vol.% FeOOH) places

greater uncertainties on the amount of eutectic melt removed.

4.3.3.2 Modelling

Modelling of melt migration at degrees of partial melting in excess of 5 vol.%

becomes complex. With the onset of silicate partial melting, melt migration will involve

both an Fe,Ni-FeS melt and a basaltic partial melt. These two would certainly be

immiscible and so one would occur as droplets within the other, whichever was present in

the larger amount locally. Since the densities of these two liquids differ dramatically, they

would attempt to migrate to opposite ends of a given dike. If we assume that volatiles were

also present (as discussed later), the gas bubbles would rise through both components to

the leading edge of the cracks. When two dikes intersect, a complex set of distribution

conditions would arise. Thus, modelling the process of melt migration is difficult. It is

clear, however, that EET 84302 must have contained significant cracks (perhaps a km long

and mm wide) and migration and loss of the Fe,Ni-FeS melt occurred through these

cracks. It is interesting to note that significant loss of the Fe,Ni-FeS melt does not occur

until the onset of silicate partial melting. Apparently, the silicate partial melting opens

pathways that allow melt migration, thus changing the bulk composition of the rock.

4.3.4 -10% Partial Melting

4.3.4.1 Observations

Yamato 8002 appears to have experienced significant degrees of partial melting,

including silicate partial melting. Unfortunately, the section of Yamato 8002 available for

study was very small (-8 mm-) and our observations are somewhat limited. Like EET

84302, Yamato 8002 exhibits a significant depletion in troilite (0.3 voI.%) relative to

ordinary chondrites, pointing to removal of the entire eutectic melt (-4.6 voI.%). Indirect

evidence for the presence of a silicate partial melting comes from the grain size of Yamato

8002 (700 urn), indicating rapid grain growth in the presence of a silicate partial melt.

110



Most significantly, Yamato 8002 contains numerous plagioclase grains which poikilitically

enclose mafic silicates (Fig. 4.1d), indicating that basaltic partial melt occupied much of the

interstitial portion of Yamato 8002 (Chapter 3). We cannot confidently assess whether all

of the plagioclase (-10 vol.%) in Yamato 8002 crystallized from a basaltic melt, but

estimate that at least a significant portion of it did. If 3% of the plagioclase crystallized

from a melt, then the rock once contained 6 vol.% silicate melt and partially melted to -10

vol.%. Uncertainties in these estimates mean that the partial melting could have been 8-15

vol.% in Yamato 8002. Yamato 8002 appears to be the only example of such degrees of

partial melting.

4.3.4.2 Modelling

Modelling of the partial melting finds that melt migration should have been

extremely efficient at this degree of partial melting. Pressures within melt pockets would

have been -100 MPa and all melt pockets with initial lengths greater than 100 urn would

have grown. Since the grain size of the lodranites prior to the onset of silicate partial

melting would have been in excess of this value, as judged by the grain size of

acapulcoites, almost all of the melt pockets would have grown considerably. As a

consequence, a very efficient network would have formed and melt migration would occur.

4.3.5 20% Partial Melting

4.3.5.1 Observations

Many lodranites experienced complete removal of the Fe,Ni-FeS and basaltic partial

melts. Most lodranites (e.g., Lodran, MAC 88177, LEW 88280, Yamato 75274, Yamato

74357, FRO 90011, Yamato 791491, Yamato 791493) contain only small amounts of

plagioclase (0-3.4 vol.%) and FeS « 3 vol.%). Removal of the Fe,Ni-FeS eutectic melt

would account for -4.6 vol.%, while removal of the basaltic component would account for

nearly 20% partial melt (assuming 10% plagioclase in the precursor and a basaltic partial

melt of -55% plagioclase). Lodran probably comes closest to the complete removal of both
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components and, thus, would represent almost 25 vol.% partial melting. Other lodranites

may have experienced slightly lower degrees of partial melting -20 vol.%. Uncertainties in

the original plagioclase and troilite concentrations could result in uncertainties of ±5%, but

would not change the general conclusion of large degrees of partial melting and melt

removal. The coarse grain size of lodranites (Fig. 4.1e) (Chapter 3) are consistent with the

presence of a partial melt.

4.3.5.2 Modelling

Melt migration at 20% partial melting must have been extremely efficient. These

rocks are depleted in both the Fe,Ni-FeS eutectic melt and the basaltic partial melt. Melt

pockets would have been pressurized to 200-300 MPa, leading to the formation of an

extremely efficient set of dikes for melt migration. In fact, melt migration would have more

closely resembled porous flow, rather than migration through isolated or interconnecting

dikes. Almost all melt was removed during this flow.

4.3.6 Summary of Degrees of Partial Melting

It is clear that the acapulcoite-lodranite parent body experienced a wide range in the

degree of partial melting. Partial melting probably occurred at a range of temperatures

between 950-1250°C. While acapulcoites did not experience silicate partial melting and

lodranites did, it is clear that these meteorites form a nearly continuous sequence and the

boundary between the groups is somewhat arbitrary. Our distinction is largely based on

comparison with the type meteorites, Acapulco and Lodran. While this sequence is

continuous, it is clear that not all stages are represented equally. The lowest and highest

degrees of partial melting are more heavily represented with only one or two meteorites

falling within each of the intermediate degrees of partial melting. Modelling of this process

is reasonably consistent with petrologic observations.
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4.4 FATE OF THE PARTIAL MELTS

Acapulcoites and lodranites are the residues of partial melting and melt migration.

In the case of the acapulcoites, this melt migration was very localized (microns to

centimeters) and bulk compositions were unchanged. In the lodranites, melts migrated out

of the rock, leaving residues depleted in troilite and plagioclase relative to likely chondritic

precursors. What we have yet to consider is the fate of the partial melts. In this section,

we discuss the likelihood that many of these melts were lost from the parent body via

explosive volcanism. We also present evidence that some melts were trapped in the parent

body.

4.4.1 Explosive Volcanism

WILSON and KEIL (1991) first suggested that basaltic partial melts could be

explosively erupted from an asteroid and lost into space 4.55 Ga ago, thus explaining the

absence of basaltic meteorites and clasts from the aubrite parent body. For this mechanism

to operate on asteroidal-sized bodies «100 km radius), basaltic partial melts only need to

contain -500 ppm of total volatiles. The expansion and buoyancy of these volatiles would

drive the melt to the surface of an asteroid, where its eruption velocity would exceed the

escape velocity of the asteroid. Since this work, many other authors have expanded on the

idea of explosive volcanism as a mechanism for removing partial melts. MUENOW et al.

(1992) measured volatile contents in enstatite chondrites (similar to the likely precursor of

the aubrites) and showed that the volatile contents were more than sufficient to drive

explosive volcanism. KEIL and WILSON (1993) have invoked this process for removing

even dense Fe,Ni-FeS partial melts, which would be negatively buoyant in the absence of

volatiles. Removal of these melts can explain the sulfur depletions in cores of differentiated

asteroids. Both WARREN and KALLEMEYN (1992) and SCOTT et al. (1993) have invoked

explosive volcanism to explain the absence of basalts on the ureilite parent body. The

former authors touched upon the possibility that this mechanism acted on the parent bodies
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of "primitive achondrites", including acapulcoites and lodranites, but did not explore the

subject in detail.

4.4.1.1 Partial Melting on a Small «100 km radius) Parent Body

Evidence presented by us and other authors strongly suggests that the acapulcoite

lodranite parent body satisfied at least two of the criteria for explosive volcanism. First, it

is clear that partial melts, both Fe,Ni-FeS and basaltic, were present on this parent body

(Chapters 2 and 3, and references therein). The size of the acapulcoite-Iodranite parent

body is somewhat more uncertain, but it was probably relatively small «100 km).

Metallographic cooling rates for acapulcoites and lodranites range from -103-105°C/Myr,

implying cooling in objects less than 10 km in radius (Chapters 2,3). However, these

objects were probably the fragments of the breakup of the acapulcoite-Iodranite parent

body, as argued in Chapters 2 and 3, and do not reflect the size of the original parent body.

They do constrain the minimum size of the original parent body to -10 km in radius.

Cooling rates at higher temperatures, which are indicative of cooling of the original parent

body, are uncertain. ZIPFELet al. (1992) have argued for cooling rates of -lOO°ClMyr for

Acapulco between 900 and lOOO°e. This would imply a body approximately 20 km in

radius (using the model of HAACK et al., 1990). BOGARD et al. (1993) argued for an

average cooling rate in excess of 10°ClMyr from -1OOO°C to Ar closure, implying cooling

in a body of -65 km radius. In short, there is no evidence requiring a parent body greater

than 100 km in radius and considerable evidence that the original parent body was smaller

than 100 km. The third requirement for explosive volcanism - the presence of a few

hundred ppm volatiles - has not been addressed by previous workers.

4.4.1.2 Volatiles in Acapulco and Lodran

We have measured the volatile abundances in Acapulco and Lodran. These

meteorites were selected because they are the only falls of their types. Thus, concerns

about terrestrial weathering are minimized. First, we discuss volatile abundances, release
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temperatures and sources. Secondly, we discuss differences between Acapulco and

Lodran and implications for explosive volcanism on the acapulcoite-lodranite parent body.

Finally, we have examined the residues of these experiments, since they might mimic the

processes occurring on the acapulcoite-lodranite parent body.

4.4.1.2.1 Volatile abundances, releasetemperatures and sources. Volatiles released

upon heating of Acapulco and Lodran can be broadly grouped as either terrestrial

contaminants or volatiles indigenous to the meteorites (Table 4.1; Fig. 4.3). Contaminant

volatiles include physically adsorbed H20 (with a possible contribution from hydrates),

low-molecular-weight hydrocarbons, and C02. Physically adsorbed H20 is released

between -150 and 450°C and comprises -600 ppm of both meteorites. Low-molecular

weight hydrocarbons (CH4, C2H6) were observed only in Acapulco and probably result

from contamination by cutting fluids or other handling. The lack of such contaminants in

Lodran probably reflects the fact that this material was removed from a larger piece by

breaking, rather than cutting. Both Acapulco and Lodran contain C02 released at

temperatures between 250 and 575°C. This C02 component is much more abundant in

Acapulco (1940 ppm) than in Lodran (300 ppm). The presence of large amounts of low-

temperature C02 in association with low-molecular weight hydrocarbons in Acapulco

suggests that much of the C02 results from organic contaminants. In contrast, the low

abundances of CO2 in Lodran most likely result from decomposition of carbonates. Small

amounts of C02 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 CO2 in Lodran corresponds to only -0.07 wt.% CaC03.

Volatile species which appear to be indigenous to the meteorite include CO, C02

(that portion released at high temperature, >1085°q, S, Cl and Na. Acapulco released 630

ppm of CO over a relatively narrow temperature interval between 1165and -1250°C.
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TABLE 4.1. Abundances and release temperatures for volatiles
in Acapulco and Lodran.

Acapulco Lodran

Release Abundance Release Abundance
Volatile Tempeature (0e) (ppm) Ternperatue (0e) (ppm) Source

Contaminants

H?O -150-450 580 -150-400 600 PhysciallyAdsorbed
CH4 345-505 200 OrganicContaminant
C2H6 345-505 480 OrganicContaminant
CO2 250-550 1940 375-575 300 OrganicContaminant

CarbonateDecomposition

Indigenous

CO 1165--1250 630 Reduction Product?
CO2 -1100-1200 110 1085-1128 100 Unknown
S 1000-1300 16000* 1035-1250 11800* TroiliteDecomposition
CI 1150-1300 250* 1100-1250 10* Phosphate
Decomposition?
Na 1075-1300 1130* <10 FeldsparDecomposition

* Probably not all released at temperatures within the operating limits«1300°C).
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FIGURE 4.3 Mass pyrograms for volatiles in Acapulco and Lodran released between
-100-1300°C. Each graph shows ion intensity vs. temperature for different mass/charge
ratios. Indicated is the ion measured, its neutral molecular precursor and the mass/charge
ratio. Dashed lines indicate background levels. For each volatile, Acapulco and Lodran are
plotted to the same scale. For almost every volatile, Lodran is significantly more depleted
than Acapulco. Volatiles: a, b - H20; c, d - CH4; e, f - CO, C02, C2H6.
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Na, S and Cl. For each volatile, Acapulco and Lodran are plotted to the same scale. For
almost every volatile, Lodran is significantly more depleted than Acapulco. Volatiles: g, h
- CO2; i,j - S2; k, 1- Clz; m, n - Na.
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Lodran did not release any CO. The source of this CO in Acapulco is uncertain, but it

could result from reduction of mafic silicates by graphite, with release of CO. Acapulcoites

are known to contain graphite (SCHULTZ et al., 1982). The lack of CO in Lodran would

suggest that all graphite had been exhausted in this meteorite. Indigenous CO2 is released

in both meteorites around 1100°C and comprises approximately 100 ppm. The source of

this C02 is uncertain. Incomplete release of S, CI and Na also occurs in both meteorites up

to the maximum operating temperature of the system of -1300°C. The source of S is

almost certainly the decomposition of troilite, with Acapulco (16000 ppm) releasing more S

than Lodran (11800 ppm). This result is broadly consistent with the depletion of troilite in

Lodran relative to Acapulco, although the small sample sizes and incomplete gas release

makes this conclusion uncertain. Acapulco (250 ppm) and Lodran (10 ppm) both release

CI in the temperature interval between -II00-1300°C. The major carrier of CI in

acapulcoites is chlorapatite and the release of CI may represent decomposition of this phase.

Petrographic evidence suggests that phosphates melted in the acapulcoites (Chapter 2). The

increased abundance of CI in Acapulco relative to Lodran may reflect the greater

abundances of phosphates in acapulcoites relative to lodranites. Finally, Na is released

during decomposition of feldspar. The near absence of Na in Lodran reflects the complete

absence of feldspar in this meteorite. The small amount of Na may be released by the late

stage melt products described by BILD and WASSON (1976).

4.4.1.2.2 Acapulco vs. Lodran and Implications for Explosive Volcanism. It is

apparent that Acapulco contains significantly greater volatile contents than Lodran (Fig.

4.3). This is entirely consistent with our conclusions in Chapters 2 and 3, where we

argued that acapulcoites experienced only Fe,Ni-FeS partial melting, while lodranites also

had basaltic partial melting. Thus, Lodran should be more depleted in volatiles. While

Acapulco is certainly not the direct parental material to Lodran, Acapulco is probably a very

good approximation, probably differing only in mafic silicate and oxygen isotopic
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composition. It is clear that Acapulco contains more than sufficient indigenous volatiles to

drive explosive volcanism. The release of CO alone (630 ppm) is sufficient to drive this

process, according to WILSON and KEIL (1991). Further, the volatiles are released at or

near peak temperatures reached by lodranites (-1250°C). Thus, volatile contents and

release temperatures in acapulcoites, which are similar to the lodranite precursor material,

are sufficient to drive basaltic volcanism in the lodranites.

The high volatile abundances of Acapulco and Lodran indicate that partial melts,

both basaltic and Fe,Ni-FeS, were expelled from their parent body by explosive volcanism.

WILSON and KEIL (1994) calculate that pyroclast sizes should have been in the range of 30

urn to 4 mm. Such pyroclasts would have a short lifetime, being either collisionally

destroyed, possibly swept up by still-accreting bodies, or falling into the Sun under the

influence of the Poynting-Robertson effect. Thus, these materials do not remain as distinct

meteorites. Since Fe,Ni-FeS partial melts were also lost, a core almost certainly never

formed on this parent body. Indeed, none of the groups of irons with silicate inclusions

(e.g., lAB, nICD) have oxygen isotopic compositions similar to acapulcoites and

lodranites. The silicate-bearing iron Sombrerete has similar oxygen isotopic compositions,

but is probably from a different parent body (Chapter 3).

4.4.1.2.3 Petrology of the Experimental Residues. The experimental heating of

these residues to temperatures of l300 DC in vacuum might simulate heating of these

materials in asteroids. The major difference between heating in asteroids and in the

laboratory is the time scales involved. The total experimental heating time from room

temperature to l300DC was -4 hours. The samples then cooled in vacuum where the

temperature drops from l300DC to 600DC in -1 min. In contrast, the acapulcoite-lodranite

parent body was formed, heated to peak temperatures ranging from -950--1250D C and

cooled to Ar closure over a period of 40-70 Myr (Chapters 2 and 3). Many processes

which would have operated on the parent body (e.g., diffusion, grain growth) would be
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minimal in the experimental charges. However, significant textural changes did occur in

the heated samples.

Residues of the Acapulco heating experiments exhibit both similarities to and

dramatic differences from unheated Acapulco (Chapter 2). The heated residue of Acapulco

has abundant 1200 triple junctions, and mafic silicates commonly contain blebs of Fe,Ni

metal and troi1ite, as found in unheated Acapulco. In addition, the average mafic grain size

of the residues (190±68 11m; N= 10) is similar to unheated Acapulco (170 11m). The heated

residue is highly vesicular (10.3 vol. % vesicles, based on modal analyses of 232 points).

Vesicles are round, ovoid and elongate and reach 500 11m in maximum dimension.

Perhaps more remarkable, the heated residues exhibit dramatic changes in the abundance

and morphology of early melting (e.g., Fe,Ni-FeS and basaltic) components. The residue

is depleted in troi1ite (0.8 vol.%) compared to unheated Acapulco (3.6%; PALME et al.,

1981). It appears that loss of the Fe,Ni-FeS eutectic melt was particularly efficient in the

heated samples. In fact, 3.6 wt. % FeS would contain 13,000 ppm of sulfur. The

experimental charge degassed 16,000 ppm of sulfur. The other dramatic change is the

morphology of plagioclase. Rather than occurring as discrete grains, plagioclase coexists

with a feathery or skeletal augite in a quenched melt. This melt, which comprises 21.5

vol.% of the residue, pinches between and envelops mafic silicate grains. The depletion of

troilite and occurrence of plagioclase in the heated samples are actually quite similar to those

in some lodranites (e.g., Yamato 8002). The major differences can be reasonably

attributed to shorter heating times and faster cooling rates of the experimental charges.

In contrast, Lodran exhibits virtually no changes from the unheated state. The

charge is not vesiculated, consistent with the low abundances of volatiles released. As

expected, the average mafic grain size (520±/63 urn;N= 10) of the heated residue is similar

to that of unheated Lodran (580 11m). The only substantial difference is that Fe,Ni and FeS

veins and patches between and within silicates, described in unheated Lodran (Chapter 3),
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are somewhat more abundant in the heated samples. The dramatic changes in Acapulco and

insignificant changes in Lodran heated to 1300°C are consistent with our proposed thermal

histories. Lodran had reached a temperature of -1250°C on its parent body and. thus,

experienced little change upon experimental heating. In contrast, Acapulco had been heated

to only -lOOO°C on its parent body and. thus, experienced substantial changes upon

experimental heating to 1300°C. ZIPFEL and PALME (1993) suggested that Acapulco

reached moderate (-30%) silicate partial melting, requiring temperatures of -1250°C. If the

proposal of ZIPFEL and PALME (1993) were correct, Acapulco should resemble the heated

residue of our experiments. However, Acapulco is quite different from the residues of

these experiments, strongly suggesting that Acapulco was not heated to 1250°C.

4.4.2 Trapped Partial Melts

It is clear that the acapulcoite-lodranite parent body satisfies the three requirements

for explosive volcanism and, hence, loss of partial melts to occur. However. this process

should not be 100% efficient. We should find some traces of the partial melts. In this

section. we consider three types of partial melts which might remain on the parent body.

First, some partial melts should remain trapped in situ, unable to migrate from their source

rocks. Secondly, partial melts should exist which filled veins that did not reach the surface

or coated the walls of dikes which were conduits to the surface. Finally, we should

consider the fate of partial melts which did reach the surface of the parent body. We shall

consider the first and last of these possibilities first, since they have been discussed by

previous authors.

4.4.2.1 Melts Trapped In Situ

Chapters 2 and 3 present abundant evidence that some partial melts were formed

within the acapulcoites and lodranites, but migrated only very short distances (microns to

centimeters). The best examples of such melt migration are the Fe,Ni-FeS eutectic melt

veins observed in acapulcoites and the basaltic partial melts trapped in some lodranites
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(e.g., Yamato 8002, EET 84302, Gibson), from which interstitial plagioclase grains

crystallized. Apparently, driving forces for melt migration were not enough to allow

migration of these melts from their sources.

4.4.2.2 Melts Reaching the Surface

WILSON and KEIL (1993,1994) have considered the fate of partial melts which

reach the surface, refining the earlier calculations of WILSON and KEIL (1991), and so we

touch only briefly on the subject in this paper. These authors have calculated the likely

sizes and velocities for most particles which actually reach the surface of the asteroid. They

find that pyroclast sizes should range between -30 urn and -4 rnrn. If driving pressures

are in excess of -1 MPa and gas contents are in excess of 500 ppm, then all of the

pyroclasts can be erupted from a 10 krn radius parent body and be lost into space. If gas

contents are less than -300 ppm, the eruption velocities of the coarser pyroclasts will not

exceed escape velocities and some of the partial melts (at least 10% of the erupted mass on

a 30 krn radius body and at least half on a 100 km radius asteroid) will be retained. In the

case of the acapulcoite-Iodranite parent body, gas contents in the magma exceeded 500 ppm

and all of the melts which reached the surface of the parent should have escaped. The most

likely scenario is that pyroclasts formed from the melt droplets would have been

collisionally destroyed and that no traces of these partial melts still exist. It is possible,

however, that these melts could have survived if they re-accreted to another parent body.

Such partial melts would be small, round objects with compositions ranging from basaltic

to Fe,Ni-FeS-rich and they would probably have cooled rapidly. Such a description easily

describes many chondrules and we should not rule out the possibility that explosively

erupted partial melts are contained within the chondrule population. However, no study to

date has identified such objects.
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4.4.2.3 Partial Melts Trapped During Transport to theSurface

Some partial melts may have migrated substantial distances within the acapulcoite

lodranite parent body (meters to kilometers), but not been able to escape from the parent

body. These melts may have coated the conduits to the surface or been dikes which were

unable to reach the surface. We have identified such a rock. Lewis Cliff (LEW) 86220 is a

small meteorite, measuring only 4 by I by 1.5 ern and weighing 25.0 grams. It was

initially described as an iron with silicate inclusions (MARTINEZ and MASON, 1988).

Examination of the hand sample by us showed that it was not a typical iron with silicate

inclusions. As initially noted by MARTINEZ and MASON (1988), metal has a string-like

texture, rather than forming a matrix into which silicates are embedded. Further, mafic

silicates (Fa7' Fsg) are more FeO-rich than typically found in lAB irons, which are the

most abundant group of irons with silicate inclusions. The oxygen isotopic composition of

LEW 86220 (8 180 =3.75%0, 8170 =0.73%0, ~170=-1.22%0) confirmed its link to the

acapulcoite-lodranite parent body, not to any of the groups of irons with silicate inclusions

(e.g., lAB, IIICD). Figure 4.4 shows a photomosaic of an entire thin section of LEW

86220.

Lewis Cliff 86220 is unique among our samples of the acapulcoite-lodranite parent

body. It consists of two different lithologies. The boundary is neither regular nor formed

by brecciation. Instead, it appears that one of the lithologies intruded the other while

molten. It is, in fact, difficult to draw the exact boundary between the two. The host

lithology is an acapulcoite. It is relatively fine-grained (150±70 urn) and consists of olivine

(Fa7.4io.2, N=6), orthopyroxene (FS9.l iO.2, W01.8iO.2, N=5), clinopyroxene

(FS3.8W043.7), plagioclase (AnIS.lil. d, metal and troilite. Modal analyses were not

conducted due to the small area of the section and the difficulty in determining the boundary

between the lithologies. However, the acapulcoite host does not appear depleted in either

plagioclase or troilite. The second lithology is a coarse-grained gabbro. One plagioclase
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FIGURE 4.4 Transmitted light photomosaic in crossed polars of LEW 86220. Scale bar =
2 mm. LEW 86220 is composed of an acapulcoite host region (fine-grained), into which
has been intruded a coarse-grained, gabbroic, Fe,Ni-FeS-rich partial melt, presumably
derived from partial melting of a lodranite source region.
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grain in this lithology is 9 mm in diameter and clinopyroxene grains are typically 1-3 mm in

maximum dimension. Highly-zoned plagioclase (An8.6-18.5, mean 13.8±3.5, N=lO)

clinopyroxene (FS3.9±O.Z, W043.4±O.7, N=7), Fe,Ni metal and troilite are the major phases,

with minor orthopyroxene (FS9.6±O.3, WOZ.l±O.4, N=3). Troilite occurs predominantly

within the large plagioclase grains. Metal is concentrated at boundaries between the two

lithologies.

The mineralogy, texture and distribution of the two lithologies suggests that LEW

86220 represents an acapulcoite host into which Fe,Ni-FeS eutectic and basaltic partial

melts have injected. We reject a local origin for the coarse-grained lithology, since the host

does not appear depleted in either plagioclase or troilite. We envision that a lodranite

source region was heated to -1250°C, at which point the Fe,Ni-FeS and basaltic

components would be molten and would migrate upwards with the expansion of volatiles.

The distance over which this melt migrated is uncertain, but could have ranged from

hundreds of meters to kilometers. At some point, the melt passed through an acapulcoite

region, represented by the host of LEW 86220. This acapulcoite region ranged from 100

300°C cooler than the source of the melts and, at this point, the melts began to cool and

were trapped. 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 measured

the metallographic cooling rate of LEW 86220 and, like all acapulcoites and lodranites, it

cooled very rapidly (-103°ClMyr; Fig. 4.5). However, this cooling rate almost certainly

represents the cooling rate of a small fragment after parent body breakup and not the

cooling rate during the igneous history of the meteorite (Chapters 2 and 3). We believe that

the injection of partial melts from a lodranite source region into a cooler acapulcoite region

provides the best evidence to date that acapulcoites and lodranites sample a common parent

body.
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FIGURE 4.5 Plots of central Ni concentration vs. distance to nearest edge for taenite grains
in LEW 86220. Curves for cooling at 0.1-100°ClMyr from WILLIS and GOLDSTEIN
(1981). Curves for 1000-10000°ClMyr are approximate. Like all other acapulcoites and
lodranites, LEW 86220 experienced very rapid cooling (-1 03°ClMyr). This cooling
probably occurred in a fragments tens of kilometers in diameter after parent body breakup.
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4.5 IMPLICATIONS FOR S·ASTEROIDS

A major focus of asteroid studies over the past 20 years has been the attempt to link

classes of asteroids (defined by the properties of their reflection spectra) with classes of

meteorites. One of the most vigorously debated of these potential links is with the S

asteroids. Many investigators had long assumed that the abundant S-type asteroids were

the parent bodies of the ordinary chondrites, the most abundant type of meteorite among

falls. However, laboratory spectra of ordinary chondrites provide a poor match with S

type asteroids. More recently, a number of investigators have proposed that most, if not

all, S-asteroids are partially differentiated. A complete review of the properties and

possible origins of S-asteroids is given by GAFFEY et al. (1993). Since our study of

acapulcoites and lodranites provides an opportunity to understand the detailed structure and

petrology of a partially differentiated meteorite parent body, it might also provide important

constraints on the nature of the S-asteroids.

GAFFEY et al. (1993) have divided the spectrally diverse S-asteroids into seven

subtypes, which they interpret as representing different types of meteoritic materials.

These authors suggest the possibility that these subtypes could represent compositionally or

petrologically distinct layers or units which were present within a partially differentiated

parent body. Our work would seem to suggest that the range of such diversity may be

even greater than envisioned by GAFFEY et al. (1991). The acapulcoite-Iodranite parent

body contained a diverse range of materials and breakup of this parent body could result in

a diverse range of fragments. If a fragment were dominantly composed of acapulcoite

material, it would be spectrally indistinguishable from chondri tic material. Further,'

documented compositional heterogeneity within the acapulcoites shows that this material

could range from quite reduced (F'4 in ALH A81187/84190) to almost as oxidized as H

chondrites (Fa12 in Acapulco). If the body were dominantly composed of lodranites, it

could range from essentially chondritic and probably low in FeO (like Yamato 8002) to
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Lodran, which is metal-enriched, troilite- and plagioclase-depleted and oxidized (FaI3)'

Further, even more oxidized acapulcoites and lodranites may exist, such as Divnoe (which

is highly enriched in olivine relative to pyroxene). Finally, fragments could exist which are

similar to LEW 86220, with basaltic-Fe,Ni-FeS-rich dikes intruding an acapulcoite region.

The range of FeO in the partial melts would vary with degree of partial melting. In short,

fragmentation of a single parent body like the acapulcoite-lodranite parent body could

produce all of the subtypes of S-asteroids. Thus, asteroid families composed of all

subtypes could result from breakup of one parent asteroid. Further, individual fragments

would probably contain multiple lithologies and the regolith would represent a mixture of

these lithologies. Thus, reflectance spectra of the regolith may not provide the identity of a

unique, underlying bedrock. An understanding of detailed petrology of partially molten

asteroids like the acapulcoite-lodranite parent body can lead to a much greater

understanding of asteroid spectral properties.

4.6 SUMMARY

We have reviewed petrologic evidence for a wide range of partial melting in the

acapulcoites and lodranites. Partial melting on this parent body ranged from <1 vol.% to

probably >20 vol.% of the whole rock. At low degrees of partial melting, only Fe,Ni-FeS

eutectic melting occurred with short migration distances for partial melts, forming

acapulcoites with chondritic compositions, but achondritic textures. At high degrees of

partial melting, Fe,Ni-FeS and silicate partial melts were formed and removed from their

source regions, leaving the depleted residues we sample as lodranites. We have modelled

this process by calculating both the excess pressure and dike size 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. We have explored the fate of the partial melts. Constraints on

the parent body size and measurements of volatile contents in Acapulco and Lodran suggest
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that most of the partial melts were lost from the parent body by explosive volcanism.

Examination of the residues from degassing experiments are consistent with inferred peak

temperatures and igneous histories of acapulcoites and lodranites determined from

petrologic studies. Some partial melts, however, did not escape their parent body. Fe,Ni

FeS veins in acapulcoites and interstitial plagioclase in lodranites are indicators of the

presence of trapped partial melts. LEW 86220 represents a unique case in which basaltic

Fe,Ni-FeS partial melts migrated from a lodranite source region into a cooler acapulcoite

region, where they were trapped. The diversity of materials on this single parent body

provides a mechanism for understanding the diverse range of spectral subtypes recognized

among the S-type asteroids.
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CHAPTER 5

FUTURE WORK

The work here provides a general framework outlining the history of acapulcoites

and lodranites. While it incorporates much of the currently available data, it also highlights

some of the more important omissions from both our data base on acapulcoites and

lodranites and our sampling of the acapulcoite-lodranite parent body. We will address

these two issues.

5.1 DATA ON EXISTING ACAPULCOITES AND LODRANITES

There are a variety of measurements which must be made on acapulcoites and

lodranites before we gain complete understanding of these meteorites. Among these

measurements are bulk compositions of representative samples and major and minor

element mineral compositions, particularly of trace phases. However, the most important

measurements which can be made concern the thermal histories of acapulcoites and

lodranites. Formation ages, as measured by high-precision Sm-Nd ages, are lacking for all

but Acapulco and even this age (4.60 Ga; PRINZHOFER et al., 1992) is disputed. The only

planned Sm-Nd work on acapulcoites that we are aware of is dating of Monument Draw by

Larry Nyquist of Johnson Space Center. Clearly, such dating is extremely important. The

high-temperature cooling history of acapulcoites is uncertain. ZIPFEL et al. (1992) claimed

a cooling rate of 100cC/Myr between 900-1000cC for Acapulco by diffusion in mafic

silicates, but, again, this technique has been applied only to Acapulco. We have estimated

cooling rates from metal phases for six acapulcoites and lodranites, but confirmation of the

rapid metallographic cooling rates by other methods would be valuable. Zoning and

exsolution within pyroxenes in lodranites provides tantalizing evidence in support of these

rapid metallographic cooling rates, but this work has been limited to only a single lodranite

(MIYAMOTO and TAKEDA, 1991). Finally, hints of slow cooling at low temperatures are

given by a variety of methods, including fission tracks. Again, only Acapulco has been
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studied by this method (PELLAS and FIEN!, 1992). Finally, cosmic-ray exposure ages

provide clues into the number of events sampling the acapulcoite-lodranite parent body and,

hence, a measure of how well this body is sampled (EUGSTER and WEIGEL, 1993). If the

measurements outlined here are made on a large number of acapulcoites and lodranites, it is

clear that our understanding of the physical history of this parent body would increase

enormously.

5.2 FUTURE RECOVERIES

Probably more important than data yet to be garnered from existing acapulcoites and

lodranites is the wealth of information we can gain from recoveries of new types of

meteorites from the acapulcoite-lodranite parent body. We believe that there are four types

of meteorites which may appear in future meteorite recoveries. First is a breccia from the

acapulcoite-lodranite parent body. In the 4.55 Ga since the formation of the solar system,

the acapulcoite-lodranite parent body has likely experienced numerous impacts and it seems

likely that breccias should exist on this body. Recovery of such a meteorite would provide

definitive evidence for a common parent body of these two groups of meteorites.

Secondly, we may recover samples of the erupted basaltic-Fe,Ni-FeS partial melts. Our

calculations suggest that some amount of material may have been retained on the

acapulcoite-lodranite parent body. While this amount was probably small and the material

was subjected to collisional destruction on the parent body, such a meteorite may be found

in the future. More likely, clasts of such partial melts might occur in regolith breccias

recovered from the acapulcoite-lodranite parent body. Third, it is possible that future

meteorite recoveries will include medium- to high-FeO acapulcoites and lodranites. It is

possible that we have not sampled the full range of original chemical and isotopic

heterogeneity on the acapulcoite-lodranite parent body. In fact, Divnoe may be an

anomalous, high-FeO lodranite (Chapter 3). If so, future recoveries should include

meteorites intermediate in mineral composition, oxygen isotopic composition and texture
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between Divnoe and Lodran. Finally, we know precious little about the chondrites from

which acapulcoites and lodranites were formed. Extensive solid-state recrystallization and

partial melting has obscured many of the original features of these meteorites. It is possible

that future recoveries would include chondritic meteorites of petrologic type 5-6 from the

acapulcoite-lodranite parent body. Recovery of any or all of these meteorites will

substantially increase our understanding of the acapulcoite-lodranite parent body.
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CHAPTER 6
CONCLUSIONS

1) Acapulcoites and lodranites are equigranular aggregates of pyroxene, olivine and

Fe,Ni metal, with or without plagioclase and troilite.

2) Acapulcoites and lodranites can be distinguished from other groups of

meteorites by their oxygen isotopic compositions.

3) Acapulcoites and lodranites can be distinguished from each other on the basis of

grain sizes and modal mineralogies. Acapulcoites are fine-grained with chondri tic

abundances of plagioclase and troilite, while lodranites are coarse-grained and usually

exhibit depletions of troilite and/or plagioclase.

4) Acapulco, Monument Draw, Yamato 74063, ALH A77081, ALH A81261,

ALH A81315, ALH 78230, ALH A81187 and ALH 84190 are classified as acapulcoites.

Lodran, Gibson, Yamato 791491, Yamato 791493, Yamato 74357, Yamato 8002, Yamato

75274, MAC 88177, LEW 88280, EET 84302 and FRO 90011 are classified as lodranites,

5) Acapulcoites and lodranites both formed by heating of a chemically and

isotopically heterogeneous precursor chondrite. Remnant chondrules in Acapulco are the

only textural clues to the nature of the chondritic precursor.

6) Acapulcoites were heated to 950-1050°C, where melting occurred at the Fe,Ni

FeS eutectic. No silicate partial melting occurred. The Fe,Ni-FeS eutectic melt migrated in

urn- to em-sized veins, but did not leave the rock.

7) Lodranites were heated to 1050-1250°C, with melting of both the Fe,Ni-FeS

eutectic and basaltic components. These melts migrated efficiently, depleting the rocks in

plagioclase and troilite.

8) Some partial melts (e.g., Fe,Ni-FeS melts in acapulcoites, basaltic partial melts

in some lodranites) were trapped in situ after migrating microns to centimeters. Partial

melts which reached the surface were lost by explosive volcanism. In meteorite (LEW
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86220), basaltic partial melts from the lodranite source region are trapped in an acapulcoite

host.

9) Heating of the parent body appears to have resulted from non-collisional heat

sources (e.g., 26AI or electromagnetic induction), not by impact-generated heating.

10) Heating and cooling of the acapulcoite-lodranite parent body occurred

relatively rapidly in the early history of the solar system. Acapulcoites have 39ArA OAr ages

of -4.51 Ga and lodranites have 39ArA OAr ages of -4.48 Ga. The age differences are

consistent with the higher temperature reached by the lodranites.

11) A thermal history of slow cooling-rapid cooling-slow cooling in both

acapulcoites and lodranites points to a breakup and reassembly history for the acapulcoites

and lodranites.

12) Cosmic-ray exposure ages point to one to three collisional events for sampling

all of the known acapulcoites and lodranites.
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