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Abstract—We have conducted petrologic, chemical, and isotopic studies of acapulcoites (Acapulco,
Monument Draw, Yamato 74063, ALH A77081, ALH A81261, ALH A81315, ALH 78230, ALH A81187
and ALH 84190) in an attempt to constrain their genesis. Acapulcoites have distinctly different oxygen
isotopic compositions than silicate inclusions in IAB and IIICD irons, winonaites and ureilites and, thus,
formed on a different parent body. Oxygen isotopic compositions, which are slightly heterogeneous
within the group, overlap with lodranites, indicating a likely origin on a common parent body. These
groups can be distinguished on the basis of mafic silicate grain size. All acapulcoites have mafic silicate
compositions intermediate between E and H chondrites, roughly chondritic mineralogies, achondritic,
equigranular textures, micrometer to centimeter sized veins of Fe,Ni-FeS which cross-cut silicate phases,
rapid metatlographic cooling rates at ~600—400°C (10°-10°°C/Myr) and trapped noble gas abundances
comparable to type 3-4 ordinary chondrites. They exhibit variable mafic silicate zoning, abundance of
Fe,Ni-FeS veins, REE abundances and patterns and, possibly, cosmic ray exposure ages (~5-7 Ma).
Monument Draw and Yamato 74063 retain rare relict chondrules. Phosphates are associated with Fe,Ni-
FeS veins or form separate veins in Monument Draw and Acapulco. Heating and cooling of acapulcoites
occurred very early in the history of the Solar System, as evidenced by the *Ar-*’Ar ages of ~4.51 Ga.
These ages appear distinctly younger than the likely formation time for Acapulco of 4.557 Ga, but are
older than analogous **Ar-*’Ar ages for most chondrites.

Acapulcoites formed from a precursor chondrite which differs from known chondrites in mineral and
oxygen isotopic compositions. Heating to ~950—1000°C resulted in melting at the Fe,Ni-FeS cotectic,
but silicates did not melt. Silicate textures resulted from extensive solid-state recrystallization. Heating
was by noncollisional sources (e.g., *Al, electromagnetic induction). Despite uncertainties owing to a
lack of data, acapulcoites may have experienced a three-stage thermal history of slow cooling at high
temperature, rapid cooling at intermediate temperatures, and slow cooling at low temperatures, possibly
resulting from breakup and gravitational reassembly of the parent body. The complex thermal history
is also reflected in disequilibrium REE abundances. One or at most two impact events (~7 Ma and
possibly ~5 Ma ago) are consistent with the cosmic ray exposure ages of all four acapulcoites for which
cosmogenic noble gas data exist.

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 under-
standing the igneous histories of asteroids are rocks which
have properties that place them between the unmelted chon-
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drites and the igneous achondrites, i.e., rocks that have expe-
rienced partial, but not total melting. We suggest that two
such groups of meteorites, the acapulcoites and lodranites,
experienced different degrees of partial melting on a com-
mon parent body. This paper is the first in a series on the
petrologic, geochemical, and isotopic properties of the aca-
pulcoite-lodranite group and the history of its parent body
and deals with the acapulcoites; lodranites and the unique
meteorite LEW 86220 are discussed in separate papers (Mc-
Coy et al., 1996a,b). Here, we outline criteria for distin-
guishing acapulcoites from other groups of meteorites and
discuss the properties of acapulcoites. We have extensively
studied the newly recovered acapulcoite Monument Draw
and compare it to other acapulcoites. We show that Monu-
ment Draw exhibits spectacular macroscopic and micro-
scopic manifestations of properties present in all acapul-
coites. We conclude that acapulcoites formed by noncolli-



2682 T. J. McCoy et al.

Acapulcoites
Lodranites

Terrestrial Mass
LEW 86220 Fractionation
IAB Irons
[1ICD Irons
‘Winonaites

w
L}
xp>rdxOom

Uteilites

17
8 O (%)

1AB-NIICD-
Win

6130 (%)

Fi16. 1. Three—isotope oxygen plot for primitive achondrites,
showing that acapulcoites-lodranites have essentially identical oxy-
gen isotopic compositions, but can clearly be distinguished from
other primitive achondrites as well as ureilites. Plotted are the acapul-
coites Acapulco, Monument Draw, ALH A77081, ALH 78230, Ya-
mato 74063, ALH A81187, and ALH 84190, and the lodranites
Lodran, Gibson, Yamato 8002, Yamato 74357, MAC 88177, LEW
88280, EET 84302, FRO 90011; LEW 86220 is an unusual meteor-
ite: its oxygen isotopes are typical for the acapulcoite-lodranite clan,
but it consists of an acapulcoite main portion, intruded by Fe,Ni-
FeS-~basaltic partial melts, presumably removed from a lodranite
source (from Clayton and Mayeda, 1988; Clayton et al., 1983, 1984,
1992; Franchi et al., 1992; and this work).

sional heating to temperatures of ~950—1000°C of
chondritic precursor material unlike that of known chon-
drites. At these temperatures, cotectic 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, possibly related to breakup and
gravitational reassembly of their parent body.

2. CLASSIFICATION

Among the unusual meteorites recovered in Antarctica and else-
where are some with mafic mineral compositions intermediate be-
tween enstatite and ordinary chondrites; they have roughly chondritic
(primitive) bulk compositions, but distinctly achondritic textures.
These include silicate inclusions in IAB and IIICD irons, the stony-
iron lodranites, and stones similar to Acapulco and Winona. These
meteorites have collectively been dubbed primitive achondrites
(Prinz et al., 1983).

Acapulcoites-lodranites have characteristic oxygen isotopic com-
positions which set them apart from other groups of primitive achon-
drites. 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 acapulcoites, lodranites,
and of the unusual meteorite LEW 86220 show essentially complete
overlap (Fig. 1), suggesting origin on one parent body. However,
they are clearly different from other primitive achondrites, sug-
gesting that the acapulcoite-lodranite parent body was different from
those of other primitive achondrites (Fig. 1). A number of other
primitive achondrites which may be members of the acapulcoite-
lodranite group, have not been adequately studied for oxygen isoto-
pic 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 distin-
guish acapulcoites from lodranites. Of these, the one which can be
applied most easily is the grain size of the mafic silicates (Fig.
2). Acapulcoites have smaller average grain sizes (150-230 pm),
whereas lodranites have larger ones (540—700 pm). Elephant Mo-
raine (EET) 84302 is intermediate in grain size (340 pm), but for
other reasons is classified as a lodranite. As we show in a subsequent
paper (McCoy et al., 1996a), lodranites have been heated to higher
temperatures and suffered greater degrees of partial melting, includ-
ing silicate partial melting. We classify as acapulcoites the meteorites
Acapulco, Monument Draw, Yamato 74063, ALH A77081, 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. Mason
(1995) recently classified QUE 93148 as a lodranite based on its
petrographic properties. LEW 86220 also belongs to this group,
based on an oxygen isotopic composition that is typical of the acapul-
coite-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 (McCoy et al.,
1996b). 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 paired. Petrology ( Yanai and Kojima,
1987) and find locality (Yanai, 1984) strongly suggest that ALH
78230 is also paired with these meteorites. Score and Lindstrom
(1990) further suggested that ALH A81187 and ALH 84190 are
paired; this is consistent with our petrologic and textural data.

3. SAMPLES AND TECHNIQUES

We have conducted petrologic, chemical and isotopic studies of
eight of the nine acapulcoites (all except Yamato 74063 ). The recov-
ery of Monument Draw has not been previously reported in the
literature. Monument Draw was found in 1985 by Joe Don Nevill
as a single stone of 524.5 g near Monument Draw, Andrews County,
Texas, USA (32°30.2'N, 102°44.6'W), about 18 miles northwest
of Andrews, Texas, USA, 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 Technical University
removed a 123.9 g end piece, which was sent to Glenn Huss for
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FiG. 2. Average grain sizes (um) of individual acapulcoites and
lodranites. Acapulcoites have small average grain sizes (150-230
um), while most lodranites have larger average grain sizes (540—
700 pm). Only a small number of grains could be measured from
Yamato 8002, resulting in greater uncertainties in the mean grain
size (700 pm). Elephant Moraine (EET) 84302 is intermediate in
grain size (340 pm), but for other reasons is classified as a lodranite.
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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 Technical 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, centimeter-sized metal veins.

We studied in transmitted and reflected light polished thin sections
(PTS) of Monument Draw (UH 149, 187, and 239 from H498.1;
Zeitschel PTS from H498.2), Acapulco (USNM 5967; UH 165;
ASU section from ASU #1163), ALH A77081 (NIPR, 51-3; MWG,
12 and, 5), ALH 78230 (NIPR, 51-3), ALH A81261 (MWG, 8),
ALH 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 twenty-five mafic silicate grains
in a single section was measured to determine the average grain
size. Of these grains, twenty-three were randomly selected. We also
sought the largest and smallest grains in each meteorite. Inclusion
of these grains did not significantly affect the average grain size.
Olivines poikilitically enclosed in pyroxenes were not included in
these measurements, since they did not grow by the same mechanism
as other grains. While averages calculated from a small number of
grains carry large standard deviations, they sufficiently illustrate
the gross differences in grain size between equilibrated ordinary
chondrites, acapulcoites, and lodranites, and it is for this purpose
that we will use this data later in the paper.

Mineral compositions were measured on a Cameca Camebax and
a Cameca SX-50 electron microprobe at the University of Hawaii.
Natural and synthetic compounds of well-known compositions were
used as standards. Analyses of phosphates were conducted using the
technique described in McCoy et al. (1994). Modal analysis of
Monument Draw was conducted with the electron microprobe, using
for mineral identification semiquantitative 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 among all mineral phases. Fluorine was used
for distinction between apatite and whitlockite. Metallographic cool-
ing 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 a mixture
of 2% nitric acid in 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 kama-
cite. The point within each taenite with the minimum Ni content
was selected using 1 second count times on a LIF crystal calibrated
on the NiK peak. These taenite grains have average phosphorus
contents of <0.02 wt% and therefore should give reliable metallo-
graphic cooling rates.

Trace element abundances in phosphate and silicate phases in
Monument Draw (PTS UH 239) were determined with PANURGE,
a modified Cameca IMS-3f ion microprobe (Huneke et al., 1983)
using energy filtering techniques similar to those described by Ken-
nedy and Hutcheon (1992) and Kennedy et al. (1993). Absolute
concentrations were calculated for Ca-normalized sensitivity factors
determined from analyses of glass and mineral standards spanning
the compositional range of the Monument Draw minerals. Standards
included Angra dos Reis pyroxene and whitlockite, Durango apatite,
fassaitic pyroxene glass, and Moore County eucrite plagioclase. Flu-
oride interferences in Monument Draw fluorapatite were corrected
following the approach given by Zinner and Crozaz (1986).

Samples of Monument Draw (H498.2) were also analyzed for
noble gases at ETH, Ziirich, Switzerland, and for oxygen isotopes
at the University of Chicago, Chicago, Illinois, USA. Noble gases
were analyzed in a 119 mg chip in a single extraction at 1800°C,
using mass spectrometric techniques described by Graf et al.
(1990a). Krypton and xenon were separated from Ar by a charcoal
trap at —90 to —100°C. Measurements of oxygen isotopic composi-
tions 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 analy-
ses, to eliminate terrestrial weathering effects.

Samples of both Acapulco and Monument Draw were dated at

NASA/ISC using the *Ar-*"Ar technique. A 52 mg sample of Aca-
pulco and three samples of the NL-25 hornblende flux monitor
(along with other samples) were irradiated in the Brookhaven Na-
tional Lab (BNL) high flux beam reactor. The hornblende samples
defined values for the irradiation constant, J, of 0.11349 = 0.00019,
0.11254 £ 0.00015, and 0.11084 + 0.00021; the individual uncer-
tainties are derived from uncertainties in measured ratios, blank and
reactor corrections and typical corrections of ~1% for atmospheric
argon released from the hornblende at temperatures above 500°C.
Values of I differ by amounts that are greater than individual uncer-
tainties because of a flux gradient in the BNL reactor. Thus, we
interpolated the known relative positions of Acapulco and two adja-
cent hornblendes and derived a J value for Acapulco of 0.11301
+ 0.00024, where the error includes the uncertainty in relative posi-
tions. A 60 mg sample of Monument Draw was neutron irradiated
in the Los Alamos Omega West reactor. Two samples of hornblende
NL-25 defined J values of 0.03343 + (0.00006 and 0.03394
+ 0.00006; the difference in J values again exceeds the individual
uncertainties. However, because the orientation of the irradiation
package was inverted half-way through the irradiation, it is not
obvious that this difference represents a flux gradient. Thus, we
adopted an average J value of 0.03368 + 0.00026 for Monument
Draw. Stepwise temperature extractions of Acapulco and Monument
Draw were made in a high vacuum induction furnace equipped with
a thermocouple, and the argon isotopes released were measured on
a mass spectrometer. Hornblende monitors were preheated at 500°C,
then extracted in a single 1550 °C step. Corrections were made to the
argon isotopes for extraction blanks, radioactive decay, and reactor-
produced interferences. Some characteristics of reactor corrections
for the BNL and Los Alamos reactors and of the NL-25 hornblende
monitor are presented by Bogard et al. (1995).

4. RESULTS

Here, we will not reiterate the results of previous investi-
gations of the acapulcoites but, rather, focus on new results
from our work on Monument Draw. However, we will com-
pare the petrologic, mineralogic, and isotopic features of
Monument Draw with data on other acapulcoites (Table 1).

4.1. Petrography, Mineralogy and Mineral
Compositions

4.1.1. Texture

Monument Draw, like all other acapulcoites (Acapulco,
Palme et al., 1981; ALH A77081, Takeda et al., 1980; Ya-
mato 74063, Yanai and Kojima, 1991), consists of equigra-
nular olivine, orthopyroxene, chromian diopside, plagio-
clase, Fe,Ni metal, troilite, whitlockite, chlorapatite, and
chromite (Fig. 3). Recrystallization in all acapulcoites is
evident from the abundant 120° triple junctions, as noted by
Palme et al. (1981). Monument Draw has an average grain
size of 150 pym (o = 66 pm, N = 25) and a range from
50-720 pm, well within the range of other acapulcoites
(Table 1). The meteorite is moderately weathered, with hy-
drated iron oxides of terrestrial origin occurring as veins,
patches and pigments.

4.1.2. Modes

Modal analysis of Monument Draw was conducted on
PTS UH 239 using electron microprobe qualitative analyses
on a grid pattern of 870 points covering the entire section.
Note that PTS UH 239 contains both Fe,Ni-FeS veins and
a phosphate vein. Monument Draw is composed of (in vol%)
olivine (23.3), orthopyroxene (38.6), chromian diopside
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TABLE 1. Summary of mineralogical, petrological and isotopic data on acapulcoites.

Olivine Low-Ca Px High-Ca Px Plag. Relict Shock Two-pyroxene Geo-  Grain Ee,Ni-FeS_Yeing Phosphate
Fa Fs Fs Wo vol. % Chondrules? Stage thermometer (°C)* Size (um) Lm cm Veins
Acapuico 119 Q2 126 @ 5 413 @2 88 @ No (1Y) S1 1170 [v3) 170 Yes No Yes
Momument Draw 101 (1) 106 (1) 44 460 (1) 98 (1) Yes 1)) S1 980 6] 150 Yes Yes Yes
Yamato 74063 109 (3) 107 () 44 445 (3 Yes @ 1040 )

[ ALH A77081 107 (1) 105 (1) 44 446 () 412 (467) Maybe (1) S1 1040, 1050  (1,4) 170 Yes No No
ALH A81261 108 (1) 104 (1) 45 440 (1) 126 (1) No [0)] s1 1060 m 160 Yes No No
ALH AB1315 106 (1) 104 (1) 47 437 () 156 (1) No ()] s1 1070 ()] 160 Yes No No
ALH 78230 103 (¢ 98 () 45 436 (5 7 M No m s1 1090 ()] 170 Yes No No

[ ALH A81187 42 (1) 68 (1) 33 425 Q) 66 (1) No (1)) S2 1130 ()]} 230 Yes No No
ALH 84190 42 (1) 6.5 [¢)] 100 (1) No [4}] S2 220 Yes No No

Noble Gas Cosmic-ray Metallographic

510 70 A0 Bulk REE Ages (Ga) Abund Exp ¢ Age (Ma)* Cooling Rate

Acapulco 373 090 -1.04 (8)!  LREE Earich (2,13) 47103 K-Ar @) Typed Trapped (2) ~6.5-7 @ ~10%CMyr (1)
@12XcCl1 4604003 SmNd (11)
4.50310.022 PAr4Ar (1)

Monument Draw 363 104 -0.85 (8) Fat@1XCl (13) 4.51720.011 Ar40Ar (1) Type4 Trapped (1) ~6.5-7 o ~10‘°C/My'r (0)]

Yamato 74063 352 093 -091 (8 Flat with small - Eu  (9) ~45 Rb-SrModel (9) Type3 Trapped (12) ~6.4 12)

@1-2XCl1 4.55640.053 YAr-40Ar (10)

[ ALHATX81 357 073 -L13 (8 Flat@2XCl ©® 4501015 K-Ar ) Type4 Trapped (6) ~5.5 ©)

ALH A81261 Aat@1XCl (13) 4.51140.007 PAr-4Ar (14) ~10%CMyr (1)
ALH A81315
ALH 78230 397 107 -099 (8 Slight LREE Depleted (9) 4.53110.021 3Ar40Ar  (10)

@12XCl
ALH A81187 299 052 -1.03 (1) 4.50740.024 PAr-©Ar (14) No Taenite (1)
ALH 84190 254 020 -112 (1)

* Reference indicates source of data used in cakculations.

1 Data reported in refi (8) were preliminary and bave been revised in this work.
All data on shock stage, grain size and presence of veins from this work.

( Inds probably P

References: (1) This Work (2) Pame et al., 1981 (3) Yanai and Kojima, 1991 (4) Takeda et al., 1960 (5) Yanai and Kojima, 1987 (6) Schukz et al., 1982 (7) Hiroi and Takeda, 1991 (8) Clayton et al.,
1992 (9) Torigoye et al., 1993 (10) Kaneoka et al., 1992 (11) Prinzhofer et al., 1992 (12) Takaoka and Yoshida, 1991 (13) Zipfel and Paime, 1993 (14) Mittlefehldt et al., 1996

(3.0), plagioclase (9.8), Fe,Ni metal (13.9), troilite (5.6),
whitlockite (0.3), chlorapatite-fluorapatite (0.5), chromite
(trace), and hydrated iron oxides of terrestrial origin (4.9).
Results for major phases probably accurately reflect their
abundances. Uncertainties based on number of counts are
~ *1 vol% for minor phases (e.g., whitlockite, chlorapa-
tite). In modal composition, this meteorite is remarkably
similar to other acapulcoites (Acapulco, Palme et al., 1981;
ALH A77081, Schuitz et al., 1982; ALH 78230, Hiroi and
Takeda, 1991). Three features of these modes are notewor-
thy. 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%; Van Schmus and Ribbe, 1968;
McSween et al., 1991) abundance. This is the case for all
acapulcoites (Table 1), although a wide range of abundances
have been reported for different specimens of one and 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.

4.1.3. Relict chondrules

The only relict chondrule discovered in Monument Draw
(PTS UH 187) is a relatively well-preserved, radiating py-
roxene chondrule ~1.9 mm in maximum dimension (Fig.
4). In addition, Yanai 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, delin-
eate semicircular contours, hinting at the existence of former
porphyritic chondrules. They also note the existence of feld-
spar with included chromites, reminiscent of feldspar-rich
chondrules. Thus, relict chondrules are present in at least
two, and possibly three, acapulcoites.

4.1.4. Silicate compositions

Mafic silicates in Monument Draw, as in all acapulcoites,
are intermediate in FeO between ordinary chondrites and
enstatite chondrites. Data for mafic silicates analyzed in this
work are given in Table 2 and a summary of this data and
literature data is given in Table 1. Monument Draw olivine
averages Fa,p, (¢ = 0.2, N = 11; range Fagg 194) and low-
Ca pyroxene averages Fs;o¢.04 and Wo, ;.95 (N = 11; range
Fsio1-114) (Table 2). A single chromian diopside has
Fs,4Wo046. Seven of the nine acapulcoites, including Monu-
ment Draw, have roughly similar mafic silicate composi-
tions, ranging from Faps_ 110 and Fsjo4.156, 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, although other members
of the group have olivine with Fa only marginally higher
than Fs of pyroxene.

Acapulcoites as a group show a range of zonation in their
mafic silicates. Our work did not reveal any zonation in the
silicates of Monument Draw. In contrast, Zipfel et al. (1995)
report Ca zonation in olivine, orthopyroxene, and clinopy-
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Fig. 3. Transmitted light photomicrographs in crossed polars of acapulcoite textures. Scale bars = | mm. (a)
Monument Draw consists of equigranular orthopyroxene, 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 and FeS. (b) Acapulco is mineralogically similar to Monument Draw.
Veins of Fe,Ni—FeS, which are prominent in Monument Draw, are rare in Acapulco.

roxene in Acapulco. They found no zoning in MgO and
FeO in these silicates. Takeda and Miyamoto (1994) also
reported zoning within the pyroxene of Acapulco. They illus-
trate a depletion at the rim of orthopyroxene of CaO and
Al,0O; and perhaps a small increase in FeO. Finally, Yugami
et al. (1993) report that orthopyroxene grains in ALH
AB81187 show rims significantly depleted in FeO relative to
their cores. Olivine grains in ALH A81187 exhibit no zon-
ing. They attribute this feature in ALH A81187 to incomplete
reduction, as supported by the relative Fa and Fs values
reported above. The differences in zoning among the acapul-
coites may have important implications for the thermal his-
tories experienced by these meteorites, as discussed later.

4.1.5. Equilibration temperatures

The coexistence of low-Ca pyroxene and chromian diop-
side in acapulcoites allows estimation of two-pyroxene equil-
ibration temperatures. Using the transfer equations 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 tempera-
ture (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 to 1090°C, consistent with the relative
uncertainty due to pyroxene compositional variability of
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FiG. 4. Photomicrograph of the single relict chondrule, a radiating pyroxene chondrule, in Monument Draw.

Transmitted, plane polarized light. Scale bar = 500 ym.

~50°C. In addition to this uncertainty, 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 acapul-
coites, we caution against placing too much faith in the
absolute values, which may be affected by errors, for exam-
ple, due to the significant Cr contents of the pyroxenes. Kretz
(1982) did not consider the possible influence of Cr, stating
only that minor (nonquadrilateral) elements were assumed
to have a negligible effect. We also note that chromian diop-
side is relatively rare in these meteorites and our average
chromian diopside analyses were typically based on one to
three analyses, often of a single grain.

4.1.6. Shock effects in silicates

We have classified Monument Draw (PTS UH 239) as
shock stage S1 (unshocked) of Stoffler et al. (1991), based
on study of twenty randomly selected olivines with high
interference colors and sizes of 110—-720 pm; grains within
500 pm 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 extinc-
tion. 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
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 undu-
latory 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
S1 is justified.

Palme et al. (1981) noted the unshocked nature of Aca-

pulco, and our studies indicate shock stage S1 for Acapulco,
ALH A77081, 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.

4.1.7. Metal-troilite

Metal and troilite occur in acapulcoites dominantly as
irregular, interstitial grains of ~100 um in size, but also in
lesser abundances as inclusions in mafic silicates, and as
veins. Metal and troilite are commonly in contact, but do
not show the tight intergrowths typical of shock-melted as-
semblages (Keil et al., 1992). Etching of metal grains re-
veals that metal in all but the low-FeO acapulcoites ( ALH
A81187/84190) is 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 oliv-
ines 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 ubiqui-
tous, 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 pgm in diameter. Allan Hills A81187 and
ALH 84190 appear to contain two populations of Fe,Ni-
FeS inclusions. The first population is, like those described
above, dominantly Fe,Ni metal 5—-10 ym in diameter and
occurs in the centers of mafic silicates, with no obvious
relationship to cracks. A second type found in the same
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Fig. 5. Hand sample of Monument Draw exhibiting centimeter—
sized veins of Fe,Ni metal.

mafic silicate grains is smaller (1-3 pm) and occurs in
parallel sets.

We discovered centimeter- to micrometer-sized veins of
metallic Fe,Ni (Fig. 5) and metal plus troilite in Monument
Draw, and micrometer-sized veins in all other acapulcoites
we studied; veins have not previously been reported from
acapulcoites. The centimeter-sized vein was seen in all hand
samples of Monument Draw and appears to be entirely com-
posed of metallic Fe,Ni, although FeS-rich network-like
areas occur very near the vein. We were unable to examine
the main mass of the meteorite to determine if other portions
of the vein contain troilite. Microscopy indicates that the
vein is composed of multiple parent taenite crystals from
which numerous grains of kamacite and zoned taenite have
formed. Several veins 3—10 mm in length and 100-300 g4m
in width are often roughly perpendicular to the centimeter-
sized vein and, in a few cases, 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 micrometers in width and tens to hundreds of
micrometers in length are found in all acapulcoites and cross-
cut all silicates including plagioclase. These veins are present
at abundances <1 vol% in all acapulcoites. No precise deter-
mination of their abundance was made. In some sections of
Monument Draw, numerous parallel micrometer-sized veins
appear to be perpendicular to the elongation of the centime-
ter-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 micrometers width and tens of
micrometers length. Fe,Ni metal is rarer, undoubtedly be-
cause it weathers more readily than troilite. We therefore
suggest that many of these micrometer-sized veins were once
filled with Fe,Ni metal and troilite, which was subsequently
altered by terrestrial weathering. In Acapulco, micrometer-
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 pum
in width and hundreds of micrometers in length, and are

dominated by troilite, but a vein composed of segments of
Fe,Ni metal and troilite was identified in ALH 84190. Veins
are considerably less abundant and smaller (~1 gm width,
tens of micrometers in length) in the paired meteorites ALH
A77081, ALH A78230, ALLH A81315, and ALH A81261.

4.1.8. Metallographic cooling rates

We determined the metallographic 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 Widmanstétten pattern. The
presence of this mixture resulted in some scatter on diagrams
of Ni concentrations 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 ~10° K/Ma
(Fig. 6a). Monument Draw has a somewhat faster cooling
rate of ~10* K/Ma (Fig. 6b). Acapulco appears to be the
most rapidly cooled acapulcoite. Taenite compositions in
Acapulco are essentially invariant for grains in the radius
range of 7-66 um, and extrapolation of the cooling curves
suggest a rate of ~10° K/Ma or 0.1 K/a (Fig. 6¢). ALH
84190 (and, presumably, the paired ALH A81187) exhibit
no taenite upon etching, consistent with the low fayalite
contents of its olivines relative to other acapulcoites. How-
ever, like all other acapulcoites, ALH 84190 does contain
polycrystalline kamacite, consistent with rapid cooling 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 size,
¥Ar-“Ar age).

4.1.9. Phosphates

The compositions of phosphates are of particular impor-
tance to understanding the genesis of acapulcoites, not only
because they are the major REE carriers, but also because
preliminary work revealed evidence for phosphate mobiliza-
tion and formation of phosphate veins in Monument Draw.
For these reasons, we have studied in detail the phosphates
in Monument Draw. Phosphates occur 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 ). Modal analy-
ses suggest that these phosphates account for ~1% of the
whole rock, but errors on the mode are too large to assess
the relative abundances of whitlockite and apatite. Mass bal-
ance of La using our measured mineral compositions and
the bulk composition of Zipfel and Palme (1993) suggests
that whitlockite is more abundant than apatite. In Acapulco,
phosphates occur in similar settings, but apatite is much
more abundant than whitlockite (Zipfel et al., 1995). We
have discovered a 1.8 mm long and ~200 xm wide vein in
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FiG. 6. Plots of central Ni content vs. distance to the nearest edge for taenite grains in acapulcoites. Curves for

Acapulco that consists of F-Cl-bearing apatite (PTS USNM

5967).

Vein-forming phosphates . The most prominent occurrence
of phosphates in Monument Draw is as whitlockite veins.
One such vein in PTS UH 149 is ~2.5 mm long and 100—
200 pm wide (Fig. 7). A linear feature in its center is now

cooling at 0.1-100 K/Ma from Willis and Goldstein (1981). Curves for 10°-10° K/Ma are approximate. All
acapulcoites experienced rapid cooling in the temperature interval from approximately 600 to 350°C. ALH A81261
(a) cooled at ~10° K/Ma; Monument Draw (b) at ~10* K/Ma; and Acapulco (c) at ~10° K/Ma.
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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.
This vein (whitlockite #3) is essentially homogeneous in
major and minor elements (Tables 3 and 4), with the excep-

FiG. 7. Transmitted, plane polarized light photomicrograph of a whitlockite vein in Monument Draw (PTS UH

149). Scale bar = 500 pgm. 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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TABLE 3. Major (wt.%) element compositions of phosphates in Monument Draw.

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

Mineral! Cl-A Cl-A Cl-A FA Cl-A ‘Whit Whit Whit Whit Whit Whit
FeO b.d. 0.08 0.08 bd. 0.11 0.19 0.16 0.21 0.29 0.24 0.31
MuO 005 006 006 007 006 004 bd 0.04 b.d. b.d. b.d.
MgO 0.06 0.05 0.04 0.07 0.10 3.57 3.64 3.65 3.68 3.66 3.75
Ca0 54.3 54.7 54.9 54.6 54.8 47.7 47.8 47.7 47.9 47.6 47.8
Na,O 0.40 0.35 0.34 0.33 0.36 2.82 2.82 2.80 2.83 2.94 2.85
K;0 b.d. b.d. 0.03 bd. 002 003 0.08 006 0.03 0.05 0.06
P,0s 41.4 41.6 41.6 41.2 41.5 46.5 46.7 46.8 46.9 46.9 46.4
F 1.50 1.70 1.65 1.97 1.75 b.d. b.d. b.d. b.d. b.d. b.d.
Cl 4.07 3.55 3.59 3.08 3.44 b.d. b.d. b.d. b.d. b.d. b.d.
Total 101.85 102.11 102.46 101.37 102.13 100.84 101.09 101.30 101.58 101.29 101.15
OCLF 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
F/@+C1) 0.37 0.43 0.42 0.51 0.45 - - - - - -
Grain 4 5 6 7 8 9 10 11 11 11 11
Microprobe 12 13 14 15 16 17 18 19 20 21 22
Position Core Rim Rim Core
Mineral ‘Whit Whit ‘Whit FA FA FA Cl-A RA FA F-A FA
FeO 0.10 0.25 0.13 0.31 0.44 0.31 0.44 b.d. 0.04 b.d. b.d.
MnO 0.06 b.d. 0.04 0.06 b.d. 0.07 0.09 0.05 0.03 b.d. 0.04
MgO 3.62 3.62 3.57 0.05 0.04 b.d. b.d. 0.19 0.21 0.18 0.19
Ca0 48.0 478 476 56.0 56.1 559 54.5 559 559 55.9 55.8
Nay,O 2.81 2.90 2.82 b.d. b.d. 0.12 0.37 b.d. b.d. b.d. b.d.
K,0 0.06 0.05 0.04 b.d. b.d. b.d. 0.02 b.d. b.d. b.d. b.d.
P,0s 46.8 46.5 46.6 42.5 41.6 41.8 42.3 41.7 42.4 42.0 42.3
F b.d. b.d. b.d. 3.70 3.58 2.65 1.18 4.31 4.03 4.21 4.08
(o] b.d. b.d. b.d. 0.37 0.61 2.02 4.46 0.15 0.16 0.18 0.16
Total 101.43 101.13 100.86 103.05 102.33 102.97 103.33 102.34 102.83 102.65 102.59
O=CLF 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+Cl) - - - 0.94 0.90 0.68 0.30 0.98 0.98 0.97 0.98

1 Whit = Whitlockite; Cl-A = Chlorapatite; F-A = Fluorapatite; Cl- vs. F-apatite based on F/(F+Cl)

b.d. = below detection limits

tion of Fe, which has been extensively mobilized in Monu-
ment Draw by terrestrial weathering. The REEs in whitlock-
ite #3 are enriched to 100-200 X CI and the HREE abun-
dances vary by about a factor of two within the vein (Table
4, Fig. 8a). LREEs are slightly enriched relative to HREEs
(CI-normalized La/Yb ~1.5) and there is a prominent nega-
tive Eu anomaly (Fig. 8a).

Phosphates are also a prominent component of the milli-
meter- to centimeter-sized Fe,Ni-FeS veins in Monument
Draw. Multiple major and/or minor element analyses were
conducted on two whitlockite grains (#2, 5) associated with
the largest vein. Whitlockite #2 is a millimeter-sized, irregu-
lar grain with REE abundances of ~150 X CI and a less
fractionated REE pattern than that in vein #3. Abundance
variations from point to point are barely outside of measure-
ment uncertainty (Fig. 8b; Table 3). Whitlockite #5 is also
a millimeter-sized irregular grain with homogeneous major,
minor, and trace element contents and REE abundances simi-
lar to whitlockite #2 (Tables 3 and 4).

We also analyzed a single, semi-equant chlorapatite grain
(#1) ~1mm in diameter associated with the large Fe,Ni-FeS
vein. This grain has variable F and Cl contents (Table 3),
but these elements do not exhibit a regular zoning pattern.

The REE pattern is nearly flat with a negative Eu anomaly
and the abundances are a factor of ~3 lower than in whit-
lockite. At equilibrium, apatite should have roughly 5 times
less REEs (Murrell et al., 1984; Davis et al., 1993). REE
abundances are 30 to 50% higher and the Eu anomaly corre-
spondingly deeper in the core of the grain compared to two
spots near the edge (Fig. 8c), suggesting that the grain is
zoned for REEs. Fluorapatite #11 is an ovoid (300 X 225
um) grain associated with the large Fe,Ni-FeS vein, with
four analyses at both the core and rim yielding F/(F + Cl)
ratios of ~0.98 (Table 3). REE abundances in fluorapatite
#11 are a factor of two higher than in apatite #1 and the
abundance pattern is similar (Fig. 8c). The magnitude and
sign of the difference in REE abundance between a chlorapa-
tite and fluorapatite in such close proximity are surprising
in view of the indications from liquid-crystal systems that
REE concentrations in apatite should correlate positively
with the C1/(Cl + F) ratio (Murrell et al., 1984; Jolliff et
al., 1993).

Interstitial phosphates. Phosphates #4,6,7,8,9,10, and 12—
16 are irregularly shaped interstitial grains ranging in size
from 60 pym to ~ 1mm. They include whitlockite, chlorapa-
tite, and fluorapatite, with F/(F + Cl) ratios for apatite
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ranging from 0.30 to 0.90 (Table 3). Grain numbers corre-
spond to those given in Tables 3 and 4. Grains 12-16 were
not analyzed for major elements by electron microprobe.
One grain (#6) consists of an intergrowth of chlorapatite
and whitlockite (Fig. 9). The REE patterns are similar to
those of vein-forming phosphates, with whitlockites exhib-
iting flat patterns with a negative Eu anomaly and apatites
exhibiting patterns slightly enriched in LREEs (Fig. 10).
REE abundances tend to be lower in the interstitial phos-
phates and there is a considerable range in absolute abun-
dance, particularly among the apatites; La concentrations
vary by a factor of ~2. These lower abundances do not
result from beam overlap with silicates. SEM images show
the SIMS analysis points to be entirely within phosphate and
the Si* intensities are typically very low (e.g., Table 4).
The large spread in abundances indicates that the REEs are
not well equilibrated between Monument Draw phosphates.

Striking evidence for chemical disequilibrium can be seen
in the REEs from chlorapatite #10 (Fig. 10b). This grain
has relatively low REE abundances, a LREE-enriched pat-
tern, and a positive Eu anomaly. Two analyses of apatite
#10 agree well and neither SIMS crater overlaps silicates,
as shown by SEM images and very low Si™ intensity (con-
verted to ppm Si for the second measurement, Table 4).
Since phosphates typically try to exclude Eu, a positive Eu
anomaly implies that the local region has a precursor highly
enriched in Eu and did not produce enough plagioclase for
complete uptake. The REEs were clearly not diffusing over
millimeters or the excess Eu would have redistributed.

To elucidate the unusual pattern in chlorapatite #10 and to
investigate further the degree of disequilibrium in Monument
Draw, we measured REE abundances in plagioclase, ortho-
pyroxene, and olivine adjacent to several of the phosphates.
Plagioclase, orthopyroxene, and olivine adjacent to chlorapa-
tite #10 exhibit low REE abundances and, except for the
positive Eu anomaly in plagioclase, surprisingly similar REE
patterns (Fig. 11a). There is little evidence of a local excess
of Eu?*. The REE patterns in all three silicates are much
flatter than expected for equilibrium partitioning and the
difference in REE concentrations both between apatite and
the silicates and among the silicates is much less than antici-
pated (Richardson and McSween, 1989; Davis et al., 1993).
Orthopyroxene has a Cl-normalized La/Lu ratio ~40X
higher than the equilibrium value, while the value in plagio-
clase is ~20X lower than expected. Similar behavior of
the REE:s is found in the mineral assemblages surrounding
whitlockites #2 and #14 (Fig. 11b,c). Both whitlockites ex-
hibit flat REE patterns with abundances of ~120X chondritic
and negative Eu anomalies. Orthopyroxene is again charac-
terized by a rather flat REE pattern with a much greater
than expected (La/Lu),. Although the REE abundances
and patterns in the silicates and phosphates are qualitatively
consistent with equilibrium partitioning, the relative concen-
trations of La in whitlockite and orthopyroxene differ by
only a factor of ~1500-5000 instead of the equilibrium
value near ~50,000 (e.g., Davis et al., 1993). This indicates
that redistribtuion of REEs among minerals has taken place
but that equilibrium has not been achieved. The absence of
equilibrium is also shown by the spread of 2—-3X in REE
abundances in orthopyroxene surrounding whitlockites #2

and #14 and up to 8X between orthopyroxene adjacent to
whitlockite #15 (Table 4).

4.2. ¥Ar-“Ar Chronology

Argon isotopic data, along with the calculated ages and
K/Ca ratios for each temperature extraction of Acapulco and
Monument Draw, are given in Table 5. Ages have been
calculated using the “°K abundance and decay parameters
recommended by Steiger and Jaeger (1977). Errors reported
for individual ages were compounded from uncertainties in
blank and reactor corrections plus analytical uncertainties in
measuring the **Ar/*Ar ratios in the samples. To facilitate
comparisons of ages at different release temperatures, age
uncertainties do not include uncertainties in neutron fluence
(J) discussed earlier.

4.2.1. PAr-“Ar ages

Calculated *Ar-*°Ar ages and K/Ca ratios as a function
of fractional release of **Ar for Acapulco and Monument
Draw are shown in Fig. 12. Each meteorite defines a ‘‘pla-
teau’’ of essentially constant age across a significant fraction
of its **Ar release. Each meteorite also exhibits a decrease
in K/Ca 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 temperatures of
rapid change in K/Ca ratios (~70% **Ar release). We have
commonly observed this behavior in chondrites and achon-
drites and attribute it to differences in ease of Ar degassing
from mineral phases having different K/Ca ratios. For Aca-
pulco the rates of Ar release from these phases show greater
overlap. The somewhat lower relative ages for the first few
extractions of Acapulco (0-22% *Ar release) are attributed
to recent Ar diffusive loss from low retention sites with high
K/Ca, and these data are not considered in deriving the *Ar-
“*Ar age. Monument Draw (a find) also shows a very slightly
lower age for a single extraction (1050°C at ~75% *Ar
release) that represents early Ar release from the phase with
lower K/Ca. 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. It is an
analogous but smaller effect to that demonstrated by the
first extractions of the high K/Ca phase. The very slightly
elevated ages for Monument Draw at ~2—15% *Ar release
are probably not due to occluded atmospheric “Ar, as we
see no direct evidence for this in the isotopic data. Measured
K from Ar concentrations of irradiated samples of Acapulco
(535 ppm) and Monument Draw (354 ppm) are less than
those of typical chondrites (Jarosewich, 1990).

Six extractions of Acapulco, releasing 22-97% of the
total *Ar, define a plateau age of 4.510 *+ 0.011 Ga. (The
age for each extraction is weighed by the relative amount
of *°Ar it released, and the error is lo of deviations from
the mean age.). Twelve extractions of Monument Draw
(0.5-99% of the *Ar release) define a plateau age of 4.517
+ 0.011 Ga. If we exclude the 1050°C extraction with a
slightly lower age and the 500-725°C extractions with
slightly elevated ages, 81% of the *Ar released from Monu-
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Vein Phosphates
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Fic. 8. REE abundances for vein phosphates from Monument
Draw normalized to CI chondrites (Anders and Grevesse, 1989). (a)
Three measurements of whitlockite #3, a vein—forming phosphate. 1
o relative errors are shown for one of the measurements. (b) Six
measurements of whitlockite #2, which is assoicated with the largest
Fe,Ni—FeS vein. The six measurements are essentially within uncer-
tainties of one another (1 o errors are shown for one measurement).
(c) Three measurements from chlorapatite #1 and one from fluora-
patite #11, both of which are associated with the largest Fe,Ni--FeS
veins. The core of chlorapatite #1 has higher REE abundances than
two points near the edge. Fluorapatite #1 has higher REE abundances
than chlorapatite #1, perhaps reflecting differences in partitioning
between the two phases.

ment Draw define a ‘‘plateau’’ age of 4.517 = 0.006 Ga.
Within analytical uncertainties, the ages of Acapulco and
Monument Draw are identical. The *Ar-*“’Ar age spectrum
of Monument Draw is unusual in showing identical ages
across almost the entire *’Ar release. This indicates that no
significant thermal event has affected this meteorite during
the past 4.5 Ga.

We also examined the argon isotopic data for Monument
Draw in an isochron plot of “’Ar/**Ar vs. *Ar/*Ar (Fig.
13). All extractions define a highly linear (r? = 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 measurable excess “°Ar component not associated
with K.

The analytical uncertainties of =6—11 Ma quoted above
for the ages of Monument Draw and Acapulco demonstrate
that in favorable cases it is possible, in principle, to deter-
mine the *Ar-*’Ar ages of meteorites with high precision.
However, dating by *Ar-*’Ar is an activation analysis tech-
nique and thus possesses an additional uncertainty parameter
not present in some other chronometers. The age uncertain-
ties quoted above do not include uncertainties in measuring
neutron fluence constants, J, nor in determining the absolute
age of the NL-25 hornblende fluence monitor. The uncertain-
ties in J quoted earlier are +£0.2% for Acapulco and +0.8%
for Monument Draw and would increase the uncertainties
for the *Ar-“°Ar plateau ages to 4.510 + 0.020 Ga for Aca-
pulco and 4.517 = 0.046 Ga for Monument Draw. However,
the good agreement of * Ar-*’Ar ages between Acapulco and
Monument Draw, which were irradiated separately, suggests
that the uncertainties associated with J values are overesti-
mated. For absolute ages there is an additional estimated
uncertainty of up to 0.5% in the absolute age of the NL-
25 hornblende, a topic we discuss later in greater detail.

FiG. 9. Backscattered electron image of phosphate #6, surrounded
by silicates (s) and metal (m). This grains consists of both apatite
(a) and whitlockite (w). Ion probe pits for points #1 and #2 and
for a preliminary analysis point (p) can be seen. Scale bar = 100
pm.
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The *Ar-*°Ar ages reported here for Monument Draw and
Acapulco are identical within their relative uncertainties to
¥Ar-*Ar ages of 4.511 + 0.007, 4.519 = 0.017, and 4.507
+ 0.024 Ga that we recently determined for acapulcoites
ALH A81261, EET 84302, and ALH A81187, respectively
(Mittlefehldt et al., 1996). All five acapulcoites analyzed at
JSC are consistent with a common age of 4.51 = 0.02 Ga,
where the larger error includes uncertainties associated with
the absolute age of the hornblende age monitor. (Only the
uncertainty associated with the Monument Draw age exceeds
this error limit.) Kaneoka et al. (1992) reported slightly
older ages of 4.531 = 0.021 Ga and 4.556 * 0.053 Ga for
acapulcoites ALH 78230 and Yamato 74063, respectively.

Interstitial Phosphates
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FiG. 10. Cl-normalized REE abundances for interstitial phos-
phates from Monument Draw. (a) Whitlockites tend to have flat
patters with a negative Eu anomaly. The Eu anomaly is smaller in
grains with lower REE abundances, suggesting that these grains are
farther from equilibrium REE partitioning. One analysis is plotted
for grains #6, and #14 because the measurements are so similar
(e.g., Fig. 10b). The spread in REE abundances among the intersti-
tial grains indicates that Monument Draw did not achieve chemical
equilibrium with respect to the REEs. (b) Fluorapatites and chlorap-
atites are relatively enriched in LREESs and typically have a negative
Eu anomaly. One grain, chlorapatite #10 has a large positive Eu
anomaly and a more fractionated pattern than the other apatites. This
unusual pattern and the relative large spread in the REE abundance
between the grains again points to a lack of large-scale chemical
equilibrium (see text).
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FiG. 11. CI-normalized REE abundance for phosphates and asso-
ciated silicates. (a) Chlorapatite #10 and associated plagioclase,
olivine, and orthopyroxene. Chlorapatite #10 is the only phosphate
found to have a positive Eu anomaly. The patterns for plagioclase,
olivine, and pyroxene are broadly consistent with theoretical expec-
tations, except that the differences between REE abundances are
smaller than expected. (b) Whitlockite #14 (2 measurements) and
associated olivine and orthopyroxene. Again, patterns are generally
consistent with expectations, but there are significant abundance
differences among the orthopyroxenes and the partitioning between
phosphate and silicate is not as extreme as expected. (¢) Vein whit-
lockite #2 and associated orthopyroxene and plagioclase. This as-
semblage appears to be somewhat more equilibrated than those in
(a) and (b), but is still not fully equilibrated (cf., Davis et al.,
1993).
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TABLE 5. Argon isotopic data for Acapulco and Monument Draw. Columns show extraction temperatures in °C,
3 Ar concentration in units of 10 cm®STP/g, calculated 3*Ar-°Ar age in Ga, calculated K/Ca elemental ratio, and
the “CAr/¥Ar, 3Ar/®Ar, 3 Ar/PAr, and %Ar/PAr ratios and their uncertainties. The 38/39 and 36/39 ratios have
been multiplied by 100. All data have been corrected for radioactive decay, blanks, and reactor-produced
interferences. Uncertainties shown were derived from uncertainties in these corrections and in measured ratios.

Listed ages do not include an uncertainty arising from the neutron flux monitor.

Temp. ¥Ar AGE K/Ca 40739 3839 3139 36/39

°C 10t Ga x100 x100 x100

Acapulco

400 0.010 - 42 16 ~22,700 ~1540 126+.19 ~7740
530 0.148 5.28 +.004 20.1145 15713 233+14 2631.06 539139
700 0.974 3.208 £.007 15.1+.17 43712 606128 349104 103 +.59
800 342 3.748 £.003 22312 62.1+1 143+ 4 237402 031109
875 399 4.375 £.002 229+2 915+.1 1.66+.14 230102 0.19t07
925 430 4.487 1.002 19.2+2 98.0%.1 4.15+.14 275103 0.43+.09
975 494 4497 £.002 13411 98.61.1 12.5+.14 3.93+.04 098 +.11
1025 5.02 4.510 +.003 9.61 +.10 94+.2 31.2+.02 549 +.06 133+11
1075 3.00 4519 +.002 7.61 £.08 999+.1 39.2+2 6.93 .07 1.78 +.18
1200 927 4.506 £.002 3.78+.04 99.1+.1 70512 1401 578118
1275 193 45021006  0.533 +.006 989+4 21119 99.011.1 213149
1375 0.708 42971014 02711.004 873+7 92.0+1.0 19543 14212
1500 0.229 41801030  0.365 +.008 812115 15443 145 13 347418
1600  0.056 2.375 £.166 652183 243431 27.146.1 8.111.0 56 £12
Monument Draw

400 0.014 —-- 9413 oo 2280 6.018.6 194 142
500 0.026 3.695 +.042 9.744.1 201 16 67211 5411226 50.016
610 0.196 4.519 £.008 13314 33412 125 1 398+.11 4.06+.93
675 0.355 4.522 +.007 16412 33411 41.015 32104 1.69 £47
725 0498 4.5321.010 17112 33612 2514 3.09+.04 1.01 .31
775 09528 4.516.005 17.6+2 33311 16812 3.001.03 0.67+£.19
800 0.940 4.517 £.003 17.8+2 33317 14712 297103 057+.17
850 128 4.524 £.002 16.2+2 335+5 19.712 3261.03 0.63 .16
900 0.882 4.523 +.004 139+.1 33519 26+2 381+04 074121
950 0.634 4.520 +.006 6.161.07 33411 11916 857109 425156
1050 0.441 4.490 +.005 221102 328+1 1045 239125 77770
1150 1.19 4.509 £.005 1.88+.02 33211 90.5+5 28.1+30 997+30
1225 0.346 45231008 0.636+.007 33542 14117 830195 62.6%1.1
1350 0.196 45081014  0.327 £.004 33213 19312 161 +2 574 16
1550  0.085 4389+.032 03551.008 308 16 27748 149 13 ~1040

The Ar age data reported by Kaneoka et al. (1992) show
greater scatter, and the ages are defined by a smaller fraction
of the total *Ar release. Within their respective uncertainties,
the ages reported for ALH 78230 and Yamato 74063 overlap
the value of 4.51 Ga determined by us. In addition, Schultz
et al. (1982) reported a classical K-Ar age of 4.50 = 0.15 for
acapulcoite ALH A77081, and Palme et al. (1981 ) reported a
classical K-Ar age of 4.7 + 0.3 for Acapulco. Thus, argon
data on eight acapulcoites show no evidence for significant
thermal heating more recently than ~4.5 Ga ago.

4.2.2. Argon diffusion and meteorite cooling history

Stepwise temperature release data can be used to deter-
mine the Ar diffusion characteristics, D/a?, and to constrain
the thermal history of these meteorites. The release rate of
¥ Ar and changes in K/Ca ratios with extraction temperature
indicate that at least two distinct phases degassed Ar from
both meteorites. We used Monument Draw to calculate val-
ues of D/a” because Ar release during stepwise extraction
shows almost complete separation between two phases,
whereas Acapulco shows greater overlap. As the Ar diffusion
properties of these two phases obviously differ, we used
Arrhenius plots of *Ar (Fig. 14) to evaluate the Ar diffusiv-
ity of each phase separately. Figure 14 also shows diffusion
data for the release of *°Ar from the low K/Ca phase. The

trend for *SAr diffusion data is generally similar to but more
linear than that for *Ar from the same phase and suggests
an activation energy for argon diffusion from the high-tem-
perature phase of ~69 kcal/mol. The plot for *Ar from the
high K/Ca phase (containing ~76% of the K and “°Ar) is
strongly linear (except for the first extraction which released
very little *Ar), and its slope yields an activation energy
for Ar diffusion of 50 kcal/mol. This difference in activation
energy means that, at ~1000°C, Ar diffuses a factor of ~10°
more readily from the low-temperature, high K/Ca phase
than from the high-temperature, low K/Ca phase. Acapulco
shows similar, but less well-defined diffusion data. Ordinary
chondrites also commonly indicate the presence of Ar in two
phases with different diffusion characteristics. Turner et al.
(1978), primarily emphasizing low-temperature data, re-
ported a mean activation energy of 45 * 17 kcal/mol for Ar
diffusion in several ordinary chondrites.

From the diffusion data and activation energies deter-
mined 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 diffu-
sivity and the cooling rate of the object. From the distribution
of Ca in various minerals, Zipfel et al. (1995) estimated the
cooling rate to be ~100 K/Ma over the temperature range
of 900-1000°C. As discussed earlier, metallographic cooling
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trations and the temperature releasing 50% of the total *Ar are also
indicated.

rates for the temperature interval of ~350-600°C are faster
at ~10°~10° K/Ma. For the low-temperature phase of Mon-
ument Draw, the Ar closure temperatures for the slower (100
K/Ma) and faster (0.1 K/a) cooling rates would be ~300
and ~400°C, respectively. For the high-temperature phase,
these closure temperatures would be ~500 and ~640°C,
respectively. All of these closure temperatures are consider-
ably less than the metamorphic temperatures for these aca-
pulcoites of ~950-1000°C. This would indicate that diffu-
sive loss of radiogenic *°Ar occurred readily during much
of the period of metamorphism of the acapulcoite parent
body.

Closure temperatures for Ar diffusion and the *Ar-*"Ar
age profiles can be used to place some constraints on the
cooling history of acapulcoites. We define the cooling time
as the time required for these meteorites to cool from the
peak metamorphic temperature of ~1000°C to the Ar closure
temperature. Figure 15 shows that this cooling time varies
inversely with the assumed cooling rate, with different trend
lines for the different closure temperatures calculated for the
two K/Ca phases. For a cooling rate of 10 K/Ma these
cooling times would be ~70 and ~50 Ma for the low-K/
Ca and high-K/Ca phases, respectively. If these meteorites
cooled slowly, then we would expect to see a difference in
¥Ar-*°Ar age between their low- and high-temperature

phases because of the different cooling times to Ar closure.
This difference in cooling time between phases, which is the
separation between the trend lines for the two phases in Fig.
15, is shown separately as the curved line and the right-hand
scale. This curved trend gives the expected difference in
* Ar-“*Ar age between K/Ca phases as a function of cooling
rate. Examination of the **Ar-*°Ar age profiles for these
meteorites (Fig. 12) indicates that the ages of the two K/
Ca phases are the same within about 20 Ma. This observation
would restrict the cooling rate for these acapulcoites to those
values which give an age difference between meteorite
phases that are no greater than ~20 Ma. From Fig. 15, we
see that the average cooling rates for these meteorites, from
a temperature of ~1000°C to Ar closure, is restricted to
values faster than ~10 K/Ma. The **Ar-*°Ar data do not
rule out a complex cooling history, so long as the average
cooling rate was faster than ~10 K/Ma during the time that
Ar diffusive loss occurred.

4.3. Noble Gases
4.3.1. Cosmic ray exposure age

The concentrations of cosmogenic “He and *'Ne and the
shielding parameter (**Ne/*'Ne )., are given in Table 6. The
(*Ne/*'Ne).., ratio indicates a very low shielding of a few
centimeters 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 *'Ne
exposure age of about ~6.8—-7.3 Ma. This calculation as-
sumes an H chondritic chemical composition, which is ap-
propriate in view of the contents (in wt%) of Mg (~13.3),
Al (~1.3), Si (~17.8), and Fe (~26.0) for Monument
Draw calculated from modes and mineral compositions.

’He and *'Ne,, concentrations in Monument Draw are
between ~10-30% lower than the respective values in four
Acapulco analyses reported by Palme et al. (1981) and Ev-
ans et al. (1982). Since the Acapulco samples have some-
what lower (*Ne/*'Ne).,. ratios than Monument Draw,
higher production rates have to be used, however. With the
Graf et al. (1990b) model, and the additional reasonable
assumption that the preatmospheric radius of Acapulco did
not exceed 30 cm, we deduce a *'Ne exposure age of ~7—
8 Ma for three of the four samples, and ~9-10 Ma for the
fourth one (the lower ages of ~4.5 Ma reported originally
are due to the higher production rates used at that time).
Three of the four Acapulco exposure ages are thus very
similar to that of Monument Draw. Exposure ages of two
other acapulcoites are also quite similar to those of Monu-
ment Draw and Acapulco. For Yamato 74063, Takaoka and
Yoshida (1991) calculate a *'Ne exposure age of 6.2 + 0.6
Ma, whereas the Graf et al. (1990b) model yields ~6.7
Ma. Schuliz et al. (1982) report for ALH A77081 a *'Ne.,,
concentration of 0.90 X 107® cm®STP/g and a very high
(*Ne/*'Ne )., ratio of 1.285. Assuming L chondrite compo-
sition for this meteorite, which is appropriate in view of the
Mg concentration given by Schultz et al. (1982), we deduce
a*'Ne exposure age of ~5.2 Ma from the Graf et al. (1990b)
model, almost identical to the 5.6 Ma deduced by Schultz
et al. (1982) using the model of Nishiizumi et al. (1980).
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excess “’Ar component not associated with K.

4.3.2. Trapped noble gases

Monument Draw contains relatively large amounts of
trapped Ar, Kr, and Xe, comparable to those in type 4 ordi-
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FiG. 14. Arrhenius plots for the release of *Ar from the high and
low K/Ca phases of Monument Draw (low- and high-temperature,
respectively ), and for the release of *Ar from the low K/Ca phase.
Activation energies derived for the high and low K/Ca phases are
50 kcal/mol and ~69 kcal/mol, respectively. At 1000°C, the rate of
argon diffusion from these two phases differs by a factor of ~10°.

nary chondrites (Table 6). In this respect, Monument Draw
is similar to Acapulco (Palme et al., 1981), ALH A77081
(Schultz et al.,, 1982), and also to Lodran (Eugster and
Weigel, 1993). The isotopic composition of trapped Ar can-
not 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 carbona-
ceous chondrites which resides in the oxidizable carbona-
ceous 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 iso-
topic composition of Kr in Monument Draw is not identical
to that of Kr-Q, unlike the case in Lodran and Yamato 74063.
Rather, it is enriched relative to Kr-Q by ~4% in *Kr and
by ~1.5% in *Kr, but depleted by ~2.5% in ®Kr. This
composition cannot be explained by mass-fractionated solar
Kr or Kr-Q nor by addition of cosmogenic or fissiogenic Kr
to such mass-fractionated trapped Kir.

4.3.3. Element ratios Ar/Kr/Xe

In Monument Draw, both Ar/Xe and Kr/Xe are about 2—
3 times lower than in phase Q in Allende or Murchison.
Whereas *°Ar/"*?Xe as low as ~30 as in Monument Draw
is sometimes observed in H chondrites (e.g., Loeken et al.,
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FiG. 15. Plot of cooling times (straight lines and left-hand scale)
from 1000°C to closure of the K—Ar chronometer as a function of
cooling rate (in K/Ma) for the two K-bearing phases of Monument
Draw. With increasing cooling rates, the closure temperature to Ar
diffusion increases, whereas the cooling time to closure decreases.
The two K/Ca phases show different cooling trends because of
differences in Ar diffusion properties and thus Ar closure tempera-
tures. The curved line and right-hand scale show the difference in
cooling times (in Ma) between the two cooling curves for high and
low K/Ca phases; this difference decreases with faster cooling rates.
Figure 11 suggests a maximum age difference between the two
Monument Draw phases of ~20 Ma, which is the horizontal dotted
line. This dotted line intersects the curved, age difference line at a
cooling rate of ~10 K/Ma. Thus, from its peak temperature of
~1000°C to the Ar closure temperature, Monument Draw must have
cooled at an average rate faster than 10 K/Ma.

1992), the ¥Kr/'**Xe ratio in Monument Draw of only
~0.36 is remarkably low.

5. DISCUSSION

The data summarized above, both new and previously
published data, allow us to outline the history of the acapul-
coite parent body. We are interested primarily in four aspects
of this history: (1) the properties of the precursor chondritic
material, (2) the nature of the heating (e.g., peak tempera-
ture, heat source, cooling rate) inferred from petrology and
major element chemistry, (3) the history of the acapulcoites
inferred from trace elements, and (4) the chronological his-
tory of the acapulcoites, including inferences for the thermal
history and sampling of the acapulcoite parent body as de-
duced from cosmic ray exposure ages. A fifth aspect, the
high abundance of trapped noble gases, is treated briefly at
the end of the discussion.

5.1. Precursor Chondrite

The roughly chondritic mineralogy and mineral abun-
dances of all acapulcoites and the presence of relict chon-
drules in Monument Draw and Yamato 74063 provide strong
evidence that the precursor rock of the acapulcoites 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 ensta-
tite chondrites, and by oxygen isotopic compositions which
are unlike those of ordinary and enstatite chondrites. The

carbonaceous CR chondrites and Kakangari have oxygen
isotopic compositions similar to those of the acapulcoites,
although the former exhibit a much larger range. This, in
addition to the lower FeO contents of olivine in Kakangari
(Fa,_4; Brearley, 1989), suggests that the oxygen isotopic
similarities are a coincidence and do not imply a relationship
between acapulcoites and these carbonaceous meteorites.

5.2. Thermal History Derived from Petrology
5.2.1. Peak temperature

The equigranular textures, abundant 120° triple junctions,
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 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 980—-1170°C suggest that heat-
ing was to temperatures in excess of the Fe,Ni-FeS cotectic
of about 980°C (Kullerud, 1963; Kubaschewski, 1982). This
cotectic 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 cotectic exists in the form of microme-
ter-sized veins dominated by FeS in all acapulcoites and
millimeter- to centimeter-sized veins of Fe,Ni-FeS in Monu-
ment Draw. Temperatures were apparently sufficiently high
to mobilize phosphates which are found in phosphate veins
and associated with the Fe,Ni-FeS veins. The detailed melt-
ing behavior of phosphates in these multicomponent systems
has not been studied. 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 cotectic melting
occurred and Fe,Ni metal, troilite, and phosphates were mo-
bilized. We would note, however, that acapulcoites do not
contain equal abundances of these Fe,Ni-FeS veins and, thus,
may not have reached identical peak temperatures. It is possi-
ble that the vein-rich Monument Draw was heated slightly
higher than the remaining acapulicoites and, thus, had more
Fe,Ni-FeS melting and an increased abundance of these
veins. Alternatively, the abundance of veins may not reflect
differences in local heating and melting, but rather reflect
the efficiency of melt migration. The physical details of melt
migration in acapulcoites will be addressed in a separate
paper (McCoy et al., 1996b).

Partial melting of silicates in a chondritic system begins
around 1050°C, and the partial melt is roughly basaltic (pla-
gioclase-pyroxene) in composition. However, we see no evi-
dence for silicate partial melting in the acapulcoites. In fact,
Fe,Ni-FeS veins, which start forming around ~980°C, some-
times cross-cut plagioclase in Monument Draw, Acapulco,
ALH A81187, and ALH A84190. This suggests that plagio-
clase was solid during formation of the Fe,Ni-FeS veins and,
thus, temperatures did not reach those required for silicate
partial melting.

Our suggestion that acapulicoites experienced no silicate
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TABLE 6. Noble Gases in Monument Draw.

3He “He 2°Ne 20Ne/22Ne 22Ne/2!Ne 36Ar 36Ar/38Ar 40Ar

9.52 3640 142  0.883 1.252
04 140 006 0.004 0.006

84Kr 80/34 82/84 83/84 86/84
34Kr=100

0.0397 3.93 20.96 19.86 31.48
0.0024 0.03 014 010 0.06

2INe 38Ar 22Ne/2INe

4.27 3420 1.28 0.173 1.235
0.02 140
36Ar/132Xe 84K /132X e
28.9 0.355
2.3 0.018

132Xe 124/132 126/132 128/132 1297132 1307132 131132 134132  13¢/132
132Xe=100

0.112 0471 0.413 8.224 129.4
0.008 0.005 0.005 0.020 0.3

16.26  82.28 38.22 3174
0.06 0.07 0.11 0.08

Noble gas concentrations in 10-8cm3STP/g
Sample Mass: 119 mg

Stated errors (1o, in italics) do not include uncertainty of mass discrimination.

Add 0.2% to obtain absolute errors of isotope ratios.

partial melting is in contrast to that of Zipfel et al. (1995)
who suggest peak temperatures of ~1200°C for Acapulco,
with partial melting of ~20% of the bulk rock. Their peak
temperature estimate of 1200°C is primarily based on the
chemical composition and modes of Fe,Ni-FeS blebs con-
tained in the cores of orthopyroxene and olivine (see discus-
sion below ). These authors argue that the Ni/Ir ratios of the
blebs (which differ significantly from the interstitial metal),
their nonchondritic Fe,Ni / FeS ratio, and their absence from
clinopyroxene grains all argue for silicate partial melting.
The blebs formed by precipitation on the surfaces of residual
solid grains and were trapped by bleb-free overgrowths. We
find arguments concerning Fe,Ni/FeS ratios unconvincing,
given the heterogeneity in Fe,Ni/FeS ratios within individual
bleb-bearing mafic silicate grains (Zipfel et al., 1995) and
the large uncertainties in estimating the original Fe,Ni/FeS
ratio of the precursor chondrite. In addition, these blebs do
not themselves outline pre-existing grains in thin section.
Zipfel and Palme (1993) and Zipfel et al. (1995) argue
that mechanical segregation of chromite, metal and troilite
occurred, explaining the highly variable Cr abundances
among acapulcoites. However, Takahashi (1983) found that
even dense metal and sulfide did not segregate efficiently
until 50% partial melting was exceeded. Since Cr occurs
predominantly in minor phases such as chromite and chrom-
ian 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 coarse-
grained phases and analysis of unrepresentatively small bulk
rock samples of 100-300 mg. As an example, a 300 mg
sample containing a trace of chromite (0.1%) would contain
only ~12 chromite grains of 200 gm diameter. Thus, inclu-
sion of a few more or a few less chromite grains might
substantially alter the chromite budget of the sample. Finally,
we question how Acapulco could retain its relatively fine-
grained equigranular texture during 20% silicate partial melt-
ing. Although Zipfel et al. (1995) invoke melting in a closed
system without melt migration, they provide no plausible
mechanism for how this occurred. There is clear evidence
in the related lodranites for up to 20% partial melting. Lo-

dranites which experienced ~20% partial melting (e.g., Lo-
dran) have experienced substantial loss of these partial melts
and are much coarser grained than acapulcoites (McCoy et
al., 1996a), owing to the higher diffusion rates in silicate
melts when compared to grain boundary diffusion. Thus,
while we cannot unequivocally eliminate the possibility of
silicate melting in Acapulco, we find silicate partial melting
unlikely, particularly partial melting up to 20%.

5.2.2. Heat source

Previous investigators (Kallemeyn and Wasson, 1985;
Takeda et al., 1993) have invoked collisional impact heating
as the heat source for the thermal metamorphism of the
acapulcoite parent body. However, we find no evidence for
collisional heating and, therefore, suggest that the heat
source must have been noncollisional (e.g., °Al, electromag-
netic induction ). 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) proposed a
planetesimal collision model in which shock and the resul-
tant heating account for the features of primitive achondrites,
including acapulcoites. These authors do acknowledge that
Al may have been an additional heat source. In our view,
neither of these proposals can account for the observed prop-
erties of acapulcoites. In impact events, most of the energy
is partitioned into ejecting debris and brecciating the target
rocks (e.g., Melosh, 1989) and, in the case of the relatively
small asteroids, little melting takes place and what melt is
produced is largely ejected from the asteroid (e.g., Stoffler
et al., 1991). Since none of the acapulcoites are breccias
nor show evidence for significant shock (they are unshocked
or very weakly shocked, stage S1 to S2 of Stoffler et al.,
1991), impact as the heat source seems ruled out. Further-
more, in impact events, some of the energy is partitioned
into localized heating which causes formation of melt veins
and shock melts (e.g., Keil et al.,, 1977, 1992), which are
not observed in acapulcoites. We do not think that these
features (brecciation, melt veins, localized melting), could
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have been totally annealed out, since surely chondrules
which are found as relicts in acapulcoites, would be more
readily annealed out than shock veins and brecciation. In
this connection, it is important to point out that the Fe,Ni-
FeS- (phosphate) veins we observed are not melt veins pro-
duced by shock but, rather, were formed by heating of the
rocks unaccompanied by shock. The veins we observe con-
sist exclusively of metallic Fe Ni-FeS and phosphates. In
contrast, shock veins are total rock melts and contain melt
of mafic silicates in addition to metallic Fe,Ni-FeS melts
(e.g., Keil et al., 1977, 1992 ; Stoffler et al, 1991), a feature
that is lacking in the veins in acapulcoites. In addition, in
acapulcoites, Fe,Ni-FeS veins are found primarily along
grain boundaries. In contrast, shock-produced melt veins
cross-cut grains and show little preference to occur along
grain boundaries (e.g., Keil et al., 1977, 1992). Veins very
similar to those observed in acapulcoites have been produced
experimentally by heating the Krymka (L3) chondrite for 1
week at 100°C temperature increments from 400-1000°C
in a low-pressure environment (Ikramuddin et al., 1977).
McSween et al. (1978) examined these samples and reported
Fe,Ni-FeS filling grain boundaries in the 900°C experiment.
Our examination of the 900°C sample revealed that the
Fe,Ni-FeS veins are very similar to those in acapulcoites,
particularly ALH A81187/84190. These veins are typically
1-3 pm in width and tens of micrometers in length. They
occur preferentially along grain boundaries, but also cross-
cut silicates. They are dominated by troilite, but some con-
tain Fe,Ni-FeS and others are seemingly made only of Fe,Ni
metal, just like those in acapulcoites; no veins of phosphates
were observed in the artificially heated Krymka. The similar-
ities between the Fe,Ni-FeS veins produced by heating and
those in acapulcoites provide additional strong evidence that
the veins in acapulcoites were produced by heating and not
as a result of shock-melting. A full discussion of the potential
noncollisional heat sources (e.g., *°Al; “Fe; electromagnetic
induction; long-lived K, U and Th) for melting is beyond
the scope of this paper. However, Bernius et al. (1991)
measured an upper limit for *Al/%’Al in Acapulco of 1.5
X 1077, suggesting that **Al could not have been the lone
heat source.

An enigmatic feature of acapulcoites are blebs of mostly
metallic Fe,Ni and minor FeS and phosphates that occur in
the cores of mafic silicates (mostly orthopyroxene), whose
origin is not understood. It seems almost certain that these
blebs have an igneous origin, as also suggested by Zipfel et
al. (1995). This origin could have been during melting re-
lated to shock, partial melting on the parent body, or during
chondrule formation. These blebs have been attributed to an
origin by shock, by analogy with blebs in the diogenite Ya-
mato 74013 (Takeda et al., 1993, 1994). These authors did
not, however, note the occurrence of the ubiquitous Fe,Ni-
FeS veins. However, it appears to us that a shock model for
the origin of the Fe,Ni-FeS blebs is problematic: The blebs
in acapulcoites do not occur in parallel rows ( with the excep-
tion of the smallest blebs in ALH A81187/84190), as do
those in the diogenite, where they appear to decorate an-
nealed planar fractures. In addition, it is not clear why shock-
produced blebs should only occur in the cores of silicates
and not in the rims. As discussed above, Zipfel et al. (1995)

argued that these blebs were trapped on the surfaces of resid-
ual grains during crystallization of partial melts. Schultz et
al. (1982) observed that bleb-containing mafic silicates oc-
cur in semicircular outlines and suggested that they may have
formed during crystallization of mafic silicates in chondrules
whose outlines are now largely obscured by recrystallization.
They argued that these grains may then have acquired bleb-
free overgrowths during subsequent recrystallization and
metamorphic grain growth.. This model has appeal, but we
wonder why then such bleb-bearing mafic silicates are not
more common in chondritic meteorites. Note that many
chondrites do contain ‘‘dusty’’ olivines with micrometer-
sized low-Ni metal blebs inside olivine. The blebs, however,
were formed by reduction of FeO in the host olivine and
clearly differ from the Fe,Ni-FeS blebs found in acapul-
coites. None of these models is completely satisfactory, and
the origin of these blebs remains unresolved.

5.2.3. Cooling history

Our metallographic data add to a growing base of cooling
rates in acapulcoites, although most of the relevant data is
from Acapulco itself. Here we explore some possible inter-
pretations of this data base and how our data influences this
discussion. Very little data is available to constrain the high
temperature cooling history of acapulcoites. Zipfel et al.
(1995) used Ca distribution among orthopyroxene, chromian
diopside, and olivine to suggest a cooling rate of ~100 K/
Ma at ~900°C. No comparable calculations from other aca-
pulcoites exist.

At least two datasets, including our metallographic data,
can be used to infer cooling at intermediate temperatures.
Zipfel et al. (1995), based on Ca zoning in olivine and using
new diffusion coefficients, suggested a cooling rate of 800—
1000 K/Ma around 650°C, suggesting a complex cooling
history. Alternatively, these authors suggested that this zon-
ing could reflect phosphate formation and, thus, not provide
meaningful cooling rate information. Our metallographic
cooling rates of 10° — 10°> K/Ma for several acapulcoites
also suggest rapid cooling in the temperature interval from
~600-400 °C. Recently, El Goresy et al. (1995) observed
graphite veneers at kamacite-taenite boundaries and sug-
gested that these veneers may act as diffusion barriers and,
thus, metallographic cooling rates might not be valid. We
find this interpretation unlikely. While graphite might cer-
tainly act as a boundary, we suggest that these veneers likely
formed at temperatures below that at which taenite composi-
tions were established. The most convincing argument for
this is the marked zonation within taenite. If the graphite
had acted as a diffusion barrier and cooling were actually
quite slow (e.g., 1-10 K/Ma), taenite would have homoge-
nized, which it did not. This supports the idea of rapid cool-
ing during metal exsolution.

Finally, some information is available about the low tem-
perature cooling history of Acapulco. Pellas and Fiéni
(1992) used differences in densities of Pu fission tracks
between merrillite and orthopyroxene to determine a cooling
rate of ~1.7 K/Ma over the temperature interval 290~110°C.
This would suggest a return to slow cooling at low tempera-
ture. A second dataset may be available which would also
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indicate slow cooling at low temperature. The island phase
metallographic technique was utilized by Marti et al. (1994)
to infer a cooling rate of 20 * 5 K/Ma for Acapulco. While
this is a metallographic technique, it may not record the same
temperature range recorded by the classic metallographic
technique. Haack and Rasmussen (1994) have argued that
this technique records the cooling rate at temperatures below
~330°C.

The acapulcoites probably experienced a complex cooling
history, as also inferred by Zipfel et al. (1995). However,
the full extent and cause of this complexity is unclear. The
available data implies a history of moderate cooling (~100
K/Ma) at ~900°C, followed by rapid cooling (>10* K/Ma
at 600-400°C, and slow cooling ( <20 K/Ma) below 300°C.
It is possible that one or more of these datasets is in error
and this complex cooling is an artifact of the limited dataset.
The fact that most of this data comes from Acapulco suggests
that broadening the database to other acapulcoites should be
a priority. Another alternative is that this cooling reflects a
complex physical history of the acapulcoite parent body.
Keil et al. (1994) have argued that many meteorite parent
bodies experienced collisional breakup and gravitational re-
assembly. This process could produce a complex cooling
history with slow cooling in the original parent body, rapid
cooling of the fragments (500 m to 6 km in diameter as
indicated by the metallographic cooling rates; Haack et al.,
1990) and slow cooling after gravitational reassembly of the
parent body. It is possible that the acapulcoite parent body
experienced such a complex history. A possible argument
against parent body breakup is the lack of shock features in
acapulcoites. However, it seems unlikely that such a process
would necessarily induce shock effects in the fragments. The
presence of unshocked meteorites in our collections attests
to the ability to break fragments from large parent bodies
without inducing shock effects. Only future cooling rate
studies will be able to decide between these options.

Another apparent feature of these data is that acapulcoites
experienced a range of cooling histories. While all acapul-
coites may have experienced a three stage cooling history,
metallographic data suggests that each acapulcoite might
have cooled at a different rate during the intermediate stage.
It is during this temperature interval (600—300°C) that much
of the chemical zoning might have been established by in-
complete equilibration and/or reduction. Thus, the differ-
ences in zoning among acapulcoites discussed above proba-
bly reflects these somewhat different thermal histories.

5.3. History Inferred from REE Distributions

Qualitatively the phosphates in acapulcoites have REE
patterns resembling those in phosphates in ordinary chon-
drites (Curtis and Schmitt, 1979; Crozaz and Zinner, 1985;
Crozaz et al., 1989). However, there seems to be more vari-
ability in both the REE abundances and patterns among the
phosphates in acapulcoites compared to phosphates in ordi-
nary chondrites (cf. Crozaz et al., 1989). Detailed studies
of REE distributions in phosphates and silicates have been
carried out for Acapulco (Davis et al., 1993; Zipfel et al.,
1995), ALH A81261 (Davis et al., 1993), and Monument
Draw (this paper). These studies show (1) variable REE

abundances among phosphates of the same mineralogy
within each meteorites and (2) different degrees of REE
enrichment in phosphates relative to CI abundances. In addi-
tion, Monument Draw exhibits variable REE abundances in
silicates and REE patterns incompatible with equilibrium
partitioning of REE (Figs. 10 and 11). Systematically higher
REE abundances are observed in whitlockite relative to apa-
tite (Fig. 10; Davis et al., 1993; Zipfel et al., 1995), consis-
tent with expectations based on equilibrium partitioning. At
equilibrium, the LREE abundances in whitlockite should be
about a factor of five higher than in apatite (e.g., Murrell et
al., 1984; Davis et al., 1993 ). However, in general, the REE
abundance differences between whitlockite and apatite in
acapulcoites do not achieve this value (Fig. 10; Zipfel et al.,
1995). Whitlockites from Acapulco have REE abundances
ranging up to ~500X CI, those in ALH A81261 have REE
abundances of ~250x CI (Davis et al., 1993; Zipfel et al.,
1995), while whitlockites in Monument Draw have REE
abundances from 75-200x CI (Figs. 8 and 10). Davis et
al. (1993) interpreted the abundance differences between
whitlockites in Acapulco and ALH A81261 along with
smaller than expected differences in partitioning between
whitlockites and silicates as evidence that REEs in ALH
A81261 were less equilibrated than in Acapulco. Monument
Draw has somewhat smaller degrees of partitioning and less
fractionated REE patterns, consistent with a lower degree of
equilibration. Thus, there is evidence for disequilibrium in
the REE distributions in all acapulcoites that have been care-
fully studied and Monument Draw appears to be further from
equilibrium than the other two, particularly Acapulco.

These data combined with other petrologic and chemical
data imply two things about the history of the acapulcoites.
First, individual meteorites have apparently experienced dif-
ferent time/temperature histories. Acapulco seems to be the
most equilibrated, ALH A81261 somewhat less equilibrated,
and Monument Draw the least equilibrated. Second, the
REEs in phosphates from all of the acapulcoites seem to be
less equilibrated than those in ordinary chondrites, which
presumably have seen lower metamorphic temperatures. Zip-
fel et al. (1995) recognized many of these indicators of
disequilibrium in Acapulco and proposed a late-stage infil-
tration of a fluid phase enriched in incompatible elements
as the agent of this disequilibrium. Such a model has the
advantage of decoupling the REEs from the major elements.
It allows the petrologic characteristics and major-element
equilibration to be established at high temperatures, while
the REE disequilibrium reflects a later low-temperature
event. However, there are problems with such a model, par-
ticularly as applied to Monument Draw. For example, it
would be very difficult to produce an apatite with a positive
Eu anomaly and the other apatites and whitlockites with
negative Eu anomalies from the same fluid phases. One pos-
sibility is that the small interstitial phosphates formed locally
via metamorphism while the veins phosphates came in with
a fluid phase. Although somewhat poorly constrained, the
abundance of phosphates in Monument Draw (~0.8 vol%)
is somewhat higher than that in ordinary chondrites
(~0.6%), suggesting that a phosphate-rich fluid supplied
only a small portion of the total phosphate now observed in
Monument Draw.
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5.4. Chronological History

In this section we address the chronology of acapulcoites
and its implications for the thermal history of the parent
body. Gopel et al. (1992) reported a precise Pb-Pb isochron
age of 4.557 =+ 0.002 Ga for U-enriched phosphates in Aca-
pulco. The '®I-'®Xe formation interval between Acapulco
phosphates and the Bjurbole chondrite was measured to be
only 8 Ma (Nichols et al., 1994). The phosphate age most
likely represent metamorphic processes and would define a
minimum time of formation for the parent body. Prinzhofer
et al. (1992) reported an unusually old Sm-Nd isochron age
for Acapulco of 4.60 * 0.03, which they interpret to be the
time of recrystallization, unaffected by later metamorphism.
This age, however, is older than isotopic formation times
determined for several other meteorite types. The *Ar-“°Ar
ages of acapulcoites are considerably younger than these
other isotopic ages and suggest that the parent body may
have undergone a significant period of metamorphism. The
questions we now address are why the *Ar-“°Ar ages for
acapulcoites appear younger and what this difference may
reveal about the parent body history. To address these ques-
tions, we first make comparisons to equivalent data for other
meteorites, especially ordinary chondrites.

5.4.1. A comparison of *Ar-*Ar ages

Several meteorite types exhibit *Ar-*’Ar ages substan-
tially younger than the likely formation times of their parent
objects. Fourteen unshocked H, L, and LL chondrites give
¥ Ar-“*Ar ages between 4.44 and 4.52 Ga, with a mean of
4.48 + 0.03 Ga (Turner et al., 1978). Metamorphic tempera-
tures of type 5—6 chondrites are estimated to have been in the
range of ~700-950°C (Dodd, 1981). Assuming chondrite
cooling rates of ~10 K/Ma and Ar closure temperatures
(240 = 120°C) calculated for their samples, Turner et al.
(1978) concluded that the younger *Ar-*“Ar ages of ordi-
nary chondrites represented postmetamorphic cooling times
on their parent bodies on the order of 10® years. Pellas
and Fiéni (1988), considering additional data of unshocked
meteorites, found that most dated H, L, and LL chondrites
have *Ar-“°Ar ages in the range of 4.52-4.38 Ga. They
suggested that the *Ar-*’Ar ages of LL chondrites (4.38—
.51 Ga) correlates with metamorphic grade, which could be
evidence that the age variation was caused by variable cool-
ing times on the parent body. In other studies, Herpfer et al.
(1994) noted that the *Ar-*Ar and K-*°Ar ages of silicate
inclusions from six IAB iron meteorites are 4.447-4.516
Ga, implying lower closure temperatures for the K-Ar system
in comparison to the I-Xe system and slower cooling rates
at lower temperatures. All of the relatively precise K-Ar ages
mentioned above, including the ages for five acapulcoites
that we analyzed, as well as other data, were determined in
different laboratories and represent several parent bodies.
Yet, there is little evidence for accurately determined Ar
ages older than ~4.53 Ga.

Pb-Pb ages of chondrites also show some variation likely
due to metamorphic processes. Hanan and Tilton (1985)
reported Pb-Pb ages of 4.480 + 0.011 and 4.472 * 0.005
Ga for a L3 and a H3 chondrite, respectively. Gopel et al.

(1994 ) reported precise Pb-Pb ages of bulk fragments and
U-enriched phosphates from six H chondrites (type 4-6),
5 L chondrites (type 5-6), and 3 LL chondrites (type 5~
6). Ages of H chondrite phosphates ranged between 4.504
Ga and 4.563 Ga and showed a negative correlation with
metamorphic grade. Although interpretation of these Pb ages
is model dependent, this correlation presumably reflects
phosphate formation during parent body metamorphism and
would be consistent with a layered H chondrite parent body.
Phosphates from the L chondrites showed a range in age of
~4.511-.543 Ga. Gopel et al. (1994) concluded that the
~60 Ma time interval observed in the phosphate ages re-
flected the thermal processing of these equilibrated chon-
drites on their parent bodies. However, they were unable to
decide between early metamorphism followed by slow cool-
ing or partial resetting in later metamorphic events.

The *Ar-**Ar ages of most unshocked ordinary chondrites
and silicate inclusions in IAB irons show ranges in ages of
~80 Ma, similar to the ~60 Ma range shown by Pb-Pb ages
of H chondrites. However, both the average K-Ar age for a
given meteorite group and the maximum K-Ar ages are
shifted downward by about 30—50 Ma compared to the cor-
responding Pb-Pb ages. If we adopt a closure temperature
for Pb in chondritic phosphates of ~454°C (Gopel et al.,
1994), a closure temperature for Ar in bulk chondrites of
~240°C (Turner et al., 1978), and a cooling rate of 10 K/
Ma, we can account for approximately 20 Ma of the differ-
ence between these Pb-Pb and K-Ar ages. However, because
fission track data for some chondrites suggest that the cooling
rate may have been even slower at <200°C (Pellas and
Storzer, 1979; Pellas, 1981; Pellas and Fiéni, 1988), an even
larger age difference may be accommodated. Therefore, one
explanation of the observation that *Ar-*Ar ages of a vari-
ety of meteorite types are younger than 4.55 Ga is that their
parent bodies experienced metamorphism that left them
above Ar closure temperatures for significant periods of time.
Before examining this possible explanation for the acapul-
coites, however, we first consider other possible explanations
for the younger Ar ages.

5.4.2. Possible biases in *>Ar-*’Ar ages

The *’Ar-*°Ar ages of meteorites depend upon the accu-
racy of the determined absolute age of a standard sample
and of the measured differences in neutron fluence between
standard and unknown samples. Because the **Ar-“°Ar ages
quoted above were measured in several laboratories using
different neutron fluence monitors, it seems most unlikely
that younger Ar ages are due to analytical bias in mass
spectrometer measurements or to systematic errors in mea-
suring relative neutron fluence. It also appears unlikely that
each of the standard age samples used by these laboratories
could have a similar bias in age. The K-Ar age for each age
standard was calculated from precise measurements of K
and “Ar made in different laboratories, and for at least two
standards these K-*°Ar ages agree with Rb-Sr isochron ages.
The analytical uncertainties quoted for these absolute K-*“’Ar
ages ranged from <0.5% up to ~1.9% (Turmer et al., 1971;
Roddick, 1983). (Hornblende NL-25 used in this study has
an absolute age uncertainty of about +0.5% and is further
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described by Bogard et al., 1995). Fortunately, several K-Ar
age standards, including those used by all of the laboratories
whose meteorite ages are quoted above, have been irradiated
together and compared (Alexander and Davis, 1974; Rod-
dick, 1983). The normalized ages of at least six of these
¥ Ar-*Ar age standards agree to better than +0.5%, which
is a strong argument that their absolute age determinations
are accurate to better than +0.5%. We conclude that a sys-
tematic uncertainty in the age of the standard samples cannot
explain the full amount by which *Ar-*’Ar ages of most
meteorites appear younger than typical formation ages of
4.55-4.56 Ga.

We can also consider effects of uncertainties in the “°K
decay constant and the “°K/K mixing ratio on calculated
¥Ar/*Ar ages. The recommended K decay constants
(Steiger and Jaeger, 1977) are those reported by Beckinsale
and Gale (1969). The uncertainty in the overall “K half-
life is only 0.18%, but the primary error for Ar dating arises
from the uncertainty in the minor decay path that leads to
“Ar. These uncertainties produce an age uncertainty of 13
Ma in a 4.5 Ga old sample (Beckinsale and Gale, 1969).
The recommended “°K/K mixing ratio of 1.167 X 10™* has
an uncertainty of 0.34% (Garner et al., 1975), which pro-
duces an age uncertainty in a 4.5 Ga old sample of 6 Ma.
Thus, the compounded uncertainty in the absolute age of a
4.5 Ga old sample due to both of these parameters is unlikely
to exceed £15 Ma.

We can compare these possible biases in K-Ar ages with
comparable uncertainties for other isotopic chronometers.
The decay constants recommended for U (Steiger and Jae-
ger, 1977) have a reported error of less than +0.1% (Jaffey
et al., 1971), equivalent to an age uncertainty of < =5 Ma
for a 4.5 Ga old sample. Ages calculated from U-Pb or Pb-
Pb also often have low analytical errors, but in many cases
such ages are model dependent. The decay constant in the
7Sm- "*Nd chronometer is apparently known to a precision
of about +0.8% (Lugmair and Marti, 1978), which is equiv-
alent to an uncertainty in absolute age of =36 Ma in an 4.5
Ga old sample. The uncertainties in absolute ages of various
chronometers caused by errors in decay parameters can, in
principle, be reduced by normalizing to the Pb-Pb age of the
same sample. For example, from a precise whole-rock Rb-
Sr isochron measured for many ordinary chondrites and the
%Rb decay constant of 1.42 X 107''/y recommended by
Steiger and Jaeger (1977), Minster et al. (1982) calculated
a parent body formation age of 4.498 + 0.015 Ga. In order
to force agreement of Rb-Sr data with the U-Pb age of chon-
drites of 4.555 Ga, these authors suggested the *Rb decay
constant should be 1.402 X 107''/y, a change of 1.2%. In
the case of the LEW 86010 achondrite, one determination
of the Pb-Pb age gave 4.55764 + 0.00052 Ga and two deter-
minations of the Sm-Nd age gave 4.553 + (0.034 Ga and
4.538 *+ 0.033 Ga (Lugmair and Galer, 1992; Nyquist et al.,
1993). Other instances exist in the literature where such
age comparisons have been made, especially with younger
terrestrial samples (e.g., Nunes, 1981).

The discussion above suggests that even precisely deter-
mined meteorite ages contain some uncertainty in their abso-
lute values because of possible errors in decay constants,
and in the case of *Ar-*’Ar ages, also in the accuracy of

the age of the standard sample. It seems most unlikely, how-
ever, that the total difference between those *Ar-*Ar ages
of ~4.42—-4.53 Ga and likely formation times of some mete-
orite parent bodies of ~4.55-4.56 Ga are due to such biases.
The K-Ar chronometer is more readily reset compared to
other isotopic chronometers (Shih et al., 1994; Bogard,
1995), and the younger *Ar-*Ar ages of meteorites evi-
dently reflect resetting by impact or internal metamorphism
after parent body formation. The parent bodies of meteorite
groups such as the chondrites and IAB silicates, whose **Ar-
““Ar ages for unshocked specimens are generally 4.52-4.40
Ga, must have resided at metamorphic temperatures above
Ar closure for times ranging from ~30 to ~150 Ma after
parent body formation. It is conceivable that chondritic cool-
ing rates slowed considerably at lower temperatures due to
accretion of low diffusivity material to the parent body sur-
face (Warren et al., 1991; Herpfer et al., 1994). Another
possible explanation for younger *Ar-®Ar ages may be later
periods of parent body metamorphism, much milder than the
original metamorphism, and arising from internal heating
due to the decay of longer-lived nuclides. Reheating meteor-
ite parent bodies to temperatures of 200-300°C after initial
cooling might be sufficient to reset K-Ar ages and fission
tracks without affecting metallographic cooling rates or other
isotopic chronometers having higher closure temperatures.

5.4.3. Thermal history of acapulcoites derived from
chronology

The parent object of acapulcoite meteorites may have re-
sembled the parent objects of ordinary chondrites in compo-
sition and size and may have formed at about the same time.
At least part of the acapulcoite parent reached metamorphic
temperatures of ~1000°C, higher than that of most chon-
drites. Cooling rates of ~100 K/Ma estimated for Acapulco
pyroxenes at 900—1000°C (Zipfel et al., 1995) would require
times of only several Ma to cool from metamorphic tempera-
tures to that of Pb closure, which appears consistent with
the Pb-Pb age of 4.556 Ga for Acapulco phosphate (Gopel
et al., 1992). Metallographic cooling rates estimated here
(~103-10° K/Ma at ~500°C) would indicate even shorter
cooling times. Closure of the K-Ar chronometer for at least
five acapulcoite meteorites, however, did not occur until
4.5120.02 Ga ago, which suggests slower cooling at lower
temperatures. Fission track data for Acapulco also suggest
that the cooling rate slowed considerably to only ~2 K/Ma
at temperatures <300°C (Pellas and Fiéni, 1992). If the
average cooling rate for acapulcoite meteorites was 15 K/
Ma (somewhat above the minimum average value of 10 K/
Ma deduced from Fig. 15), then it would require a time of
~50 Ma, mostly at lower temperatures, to cool from
~1000°C to the Ar closure temperature of the high-K/Ca
phase (~250°C for 2 K/Ma). The fact that *Ar-*’Ar ages
of acapulcoites are older than those of most chondrites sug-
gests that the acapulcoite parent body overall cooled faster
than typical chondritic parent objects. This may indicate ei-
ther that the acapulcoite parent was smaller or that it did
not experience possible later periods of mild metamorphism.
Unlike the case for many ordinary chondrites, the eight aca-
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pulcoites dated by K-Ar show no evidence of significant
heating by impact events after 4.5 Ga ago.

5.4.4. Ejection from the parent body

Within the uncertainties inherent in the calculation of cos-
mic ray exposure ages, three of the four acapulcoites for
which cosmogenic noble gases have been measured (Aca-
pulco, Monument Draw, and Yamato 74063) have identical
?INe exposure ages of ~6.5—8 Ma. They might, thus, have
been produced in a common impact event. An ~20-25%
lower nominal *'Ne exposure age is deduced for the fourth
of these meteorites, ALH A77081. It is unclear, however,
whether this difference is really significant. The fact that one
of the four Acapulco age values discussed above is about
20% higher than the three others reminds us that even
shielding corrected *'Ne exposure ages are still uncertain by
~20%, at least for very heavily shiclded or very lightly
shielded samples, as is the case here. In summary, one or
possibly two ejection events can explain the available cos-
mogenic noble gas data in acapulcoites. Noble gases of ALH
A81187 and 84190, which have Fa contents distinctly differ-
ent from the other acapulcoites, have not yet been measured.

5.5. Trapped Noble Gases

The noble gas results reveal one unexpected feature of
acapulcoites, namely the relatively high concentrations of
trapped (‘‘planetary’’) noble gases, despite the fact that
these meteorites experienced high peak temperatures
(~1000°C). Monument Draw (this work), Acapulco
(Palme et al., 1981), and ALH A77081 (Schultz et al., 1982)
are similar in this respect to type 4 ordinary chondrites and
contain nearly an order of magnitude more gas than type 5-6
ordinary chondrites (Loeken et al., 1992). Most remarkably,
Takaoka et al. (1993) report trapped gas concentrations for
a bulk sample of Y-74063 that are some 50 times above
those in Monument Draw. The Y-74063 values are thus
even several times higher than those in the most gas-rich
carbonaceous chondrites and similar to the highest concen-
trations in ureilites, which contain the highest amounts of
trapped gas (Mazor et al., 1970).

An interesting question thus is whether all acapulcoite
precursors initially incorporated similarly large amounts of
trapped gases as Yamato 74063 or whether trapped gases
were efficiently enriched in this meteorite or its precursor.
Unfortunately, elemental ratios are of little use in judging
this question. The exceptionally low *Kr/"**Xe ratio of 0.36
in Monument Draw might suggest noble gas loss by diffu-
sion, but this suggestion is supported neither by the *Kr/
132X e ratios of 0.8—0.9 in bulk samples of all other acapul-
coites mentioned above nor by the *Ar/*Kr ratio of 81 in
Monument Draw, the latter values being in the normal range
for chondrites. Furthermore, gas-rich Yamato 74063 has a
BAr/*Kr ratio 3—4 times lower than other acapulcoites,
opposite to what would be expected if the latter had lost gas
by diffusion. The low *Kr/!'**Xe ratio in Monument Draw
may instead indicate an initially high relative abundance of
trapped Xe compared to chondrites or other acapulcoites.

Trapped gases in acapulcoites are stored, at least in part,

in bubbles (Kim and Marti, 1994; Takaoka et al., 1994). In
contrast, in carbonaceous chondrites they reside in a carbona-
ceous carrier dubbed ‘‘Q’’ (Lewis et al., 1975) and a similar
HF/HCl-resistant but oxidizable carrier also contains a siz-
able fraction of the trapped gas in ordinary chondrites. This
suggests that the efficiency of retrapping Q-type gases during
metamorphism determines the final gas abundance in acapul-
coites. Takaoka et al. (1994) speculate that the extremely
high concentrations in Yamato 74063 may have been carried
by CO, along fractures, whereas Kim and Marti (1994)
suggest that partial pressures of noble gases in Yamato 74063
may have been particularly high due to closed system crys-
tallization of minerals or that this meteorite simply contains
a particularly large number of voids.

6. CONCLUSIONS

We can now reconstruct a history for the acapulcoites
based on the available petrologic, chemical and isotopic con-
straints presented and discussed above.

1) Acapulcoites formed from a precursor chondrite which
differs from known chondrites in mineral and oxygen
isotopic compositions. This precursor itself probably
formed at 4.557 Ga.

2) Heating to ~950-1000°C resulted in melting at the
Fe,Ni-FeS cotectic, but silicates did not melt. Silicate
textures resulted from extensive solid-state recrystalliza-
tion. Heating was by noncollisional sources (e.g., 2°Al,
electromagnetic induction).

3) Heating and cooling occurred very early in the history
of the solar system, as evidenced by the *Ar-*Ar ages of
~4.51 Ga. Acapulcoites experienced a complex thermal
history. Available data suggests a three-stage cooling his-
tory of moderate cooling at high temperature, fast cooling
at intermediate temperature, and slow cooling at low tem-
perature. This might suggest a complex physical history
for the acapulcoite parent body, possibly involving colli-
sional breakup and gravitational reassembly.

4) One or at most two impact events (~7 Ma and possibly
~5 Ma ago) are consistent with the cosmic ray exposure
ages of all four acapulcoites for which cosmogenic noble
gas data exist.
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