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Abstract

Acapulcoites are modeled as having formed by shock melting CR-like carbonaceous chondrite precursors; the degree of
melting of some acapulcoites was low enough to allow the preservation of 3–6 vol % relict chondrules. Shock effects in aca-
pulcoites include veins of metallic Fe–Ni and troilite, polycrystalline kamacite, fine-grained metal–troilite assemblages, metal-
lic Cu, and irregularly shaped troilite grains within metallic Fe–Ni. While at elevated temperatures, acapulcoites experienced
appreciable reduction. Because graphite is present in some acapulcoites and lodranites, it seems likely that carbon was the
principal reducing agent. Reduction is responsible for the low contents of olivine Fa (4–14 mol %) and low-Ca pyroxene
Fs (3–13 mol %) in the acapulcoites, the observation that, in more than two-thirds of the acapulcoites, the Fa value is lower
than the Fs value (in contrast to the case for equilibrated ordinary chondrites), the low FeO/MnO ratios in acapulcoite olivine
(16–18, compared to 32–38 in equilibrated H chondrites), the relatively high modal orthopyroxene/olivine ratios (e.g., 1.7 in
Monument Draw compared to 0.74 in H chondrites), and reverse zoning in some mafic silicate grains. Lodranites formed in a
similar manner to acapulcoites but suffered more extensive heating, loss of plagioclase, and loss of an Fe–Ni–S melt.

Acapulcoites and lodranites experienced moderate post-shock annealing, presumably resulting from burial beneath mate-
rial of low thermal diffusivity. The annealing process repaired damaged olivine crystal lattices, lending acapulcoites and lodra-
nites the appearance of unshocked (i.e., shock-stage S1) rocks. Any high-pressure phases that may have formed during initial
shock reverted to their low-pressure polymorphs during annealing. Some samples were subsequently shocked again; several
acapulcoites reached shock-stage S2 levels, ALH 84190 reached S3, and the lodranite MAC 88177 reached S5.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Acapulcoites and lodranites constitute two related groups
of ‘‘primitive achondrites’’ (e.g., Prinz et al., 1980, 1983;
Kimura et al., 1992) that possess recrystallized textures,
chondritic mineralogy, approximately chondritic bulk com-
positions and overlapping O-isotopic compositions (similar
to those in CR carbonaceous chondrites; Clayton and May-
eda, 1996, 1999). Lodranites differ from acapulcoites in being
coarser grained and in having subchondritic proportions of
troilite and/or plagioclase. The two groups are widely consid-
ered to have formed by incomplete melting of chondritic
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material (e.g., Palme et al., 1981; Nagahara, 1992; Zipfel
et al., 1995; McCoy et al., 1996, 1997a,b; Mittlefehldt et al.,
1996; Patzer et al., 2004). Although Kallemeyn and Wasson
(1985) suggested that the acapulcoites were heated during
collisions on their parent asteroid, McCoy et al. (1996) ruled
out this mechanism because acapulcoite olivine grains typi-
cally exhibit either sharp optical extinction or undulose
extinction (without associated planar fractures), characteris-
tic of unshocked or very weakly shocked rocks. Alternative
heating mechanisms (e.g., electromagnetic induction or
26Al decay) for the primitive achondrites were deemed more
plausible (Zipfel et al., 1995; McCoy et al., 1996) than impact-
induced heating.

However, because it is possible that post-shock anneal-
ing processes could heal the damaged olivine crystal lattices
in asteroidal materials and make the samples appear less
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shocked than they once were (Rubin, 2002, 2003; Rubin
and Jones, 2003), it seemed worthwhile to search for relict
shock features in acapulcoites and lodranites.

Post-shock annealing processes have been invoked pre-
viously for other meteorite groups. Rubin (2004) studied
210 equilibrated ordinary chondrites (OC) of shock stages
S1 and S2 and identified numerous petrographic character-
istics as being relict shock features (including curvilinear
trails of metal and sulfide blebs within silicate grains, chro-
mite veinlets within silicate grains, chromite–plagioclase
assemblages, polycrystalline troilite, metallic Cu, metal–sul-
fide veins, and irregularly shaped troilite grains within
metallic Fe–Ni). He concluded that these OC were shocked,
insulated by impact-comminuted materials, and annealed.
CK chondrites (Rubin, 1992), EL chondrites (Rubin
et al., 1997) and ureilites (Rubin, 2006) may have experi-
enced broadly similar shock and annealing histories.

2. ANALYTICAL PROCEDURES

Thin sections of eight acapulcoites and four lodranites
(Table 1) were examined microscopically in transmitted
and reflected light. Grain sizes were measured microscopi-
cally using a calibrated reticle. The modal abundances of
phases were measured microscopically at 500· in reflected
light with an automated Swift/Prior point counting system
using a step interval of 220 lm. Chromite and silicate com-
positions were determined with the JEOL JXA-8200 elec-
tron microprobe at UCLA using a focused beam, natural
and synthetic standards, an accelerating voltage of
15 keV, a 15 nA sample current, 20 s counting times per ele-
ment, and ZAF corrections. Silicate phases containing opa-
que clusters were identified by EDS and by quantitative
analyses using the JEOL electron microprobe.

3. RESULTS

3.1. Relict chondrules

Relict chondrules are present in acapulcoites. Yanai and
Kojima (1991) identified poorly defined, highly recrystal-
Table 1
Thin sections examined in the current study

Meteorite Sections

ALH A77081 17
ALH 84190 8
Dhofar 1222 UCLA 1865
GRA 98028 4 and 31
LEW 86220 2 and 5
MET 01195a 13
MET 01212a 8
Superior Valley 014 UCLA 1851
EET 84302b 28
GRA 95209 41 and 45
LEW 88280 11
MAC 88177 16 and 48

Antarctic sections from NASA Johnson Space Center; Dhofar and Supe
a MET 01195 and MET 01212 are probably paired.
b EET 84302 is transitional between acapulcoites and lodranites (McC

considered more closely related to acapulcoites by Mittlefehldt et al. (19
lized �250-lm-size barred olivine (BO) chondrules in Y
74063. McCoy et al. (1996) reported a single 1300 · 1900-
lm-size relict radial pyroxene (RP) chondrule in Monu-
ment Draw.

There are additional examples of relict chondrules in
two other acapulcoites—GRA 98028 and Dhofar 1222
(Fig. 1). The original mean chondrule sizes in these rocks
are likely to be smaller than indicated below because small
relict chondrules are difficult to distinguish from coarse ma-
fic silicate grains in the groundmass. For the same reason,
the proportion of relict chondrules given here should be
considered a lower limit.

GRA 98028 contains �6 vol % relict chondrules ranging
in apparent diameter from 400 to 700 lm. Chondrule types
include porphyritic olivine-pyroxene (POP, e.g., Fig. 1a)
and porphyritic pyroxene (PP). Phenocryst grain sizes range
from 15 to 80 lm. Many phenocrysts contain 15- to 20-lm-
long curvilinear trails of 2- to 8-lm-size blebs of metallic
Fe–Ni and troilite.

Dhofar 1222 contains �4 vol % relict chondrules rang-
ing in apparent diameter from 300 to 1400 lm and averag-
ing �700 lm. Chondrule types include RP (e.g., Fig. 1b),
GOP (granular olivine-pyroxene) and PO (porphyritic oliv-
ine). The largest chondrule is a 1400-lm, quasi-equant RP
chondrule.

There are no known examples of relict chondrules in
lodranites.

3.2. Shock stages

Following the criteria of Stöffler et al. (1991), shock
stages were assigned to the acapulcoites and lodranites in
this study (Table 1). Most acapulcoites are shock-stage S1
or S2. Although McCoy et al. (1996) classified ALH
84190 as S2, its olivine grains exhibit undulose extinction
and contain planar fractures; it is classified here as S3.
The rock also exhibits moderate silicate darkening (a char-
acteristic attributed to shock by Heymann, 1967; Britt and
Pieters, 1991, and Rubin, 1992): every silicate grain in ALH
84190 is traversed by 50-to 150-lm-long curvilinear trails of
0.2- to 2-lm-size metal and troilite blebs.
Classification Shock stage

Acapulcoite S1
Acapulcoite S3
Acapulcoite S2
Acapulcoite S1
Acapulcoite S2
Acapulcoite S1
Acapulcoite S1
Acapulcoite S2
Lodranite S1
Lodranite S1
Lodranite S1
Lodranite S5

rior Valley sections from UCLA.

oy et al., 1993). It is classified as a lodranite by Grady (2000), but
96).



Fig. 1. Relict chondrules in acapulcoites. (a) Relict, fragmented
POP chondrule in GRA 98028. (b) Relict RP chondrule in Dhofar
1222. Both images in transmitted light.
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Three of the four lodranites in this study are S1. The
MAC 88177 lodranite is appreciably more shocked. It con-
tains olivine and pyroxene grains exhibiting strong mosaic
extinction indicative of shock-stage S5. The meteorite con-
tains several fine-grained metal–troilite assemblages (char-
acterized as rapidly solidified assemblages by Scott, 1982
and attributed to shock heating and quenching). Also pres-
ent are a few dark veins that include small grains of metal
and sulfide. Rubin et al. (2002) reported low-Ca clinopyrox-
ene (i.e., clinobronzite, not pigeonite) in this rock; this
phase forms by quenching of either protoenstatite or
high-temperature clinoenstatite and can be a shock indica-
tor (e.g., Hornemann and Müller, 1971; Stöffler et al., 1991;
Rubin et al., 1997).

3.3. Opaque phases

3.3.1. General features

Acapulcoites vary significantly in their modal abundances
of metallic Fe–Ni and troilite (Table 2). Those rocks contain-
ing abundant relict chondrules (GRA 98028; Dhofar 1222)
have greater abundances of opaque phases (30–40 wt%,
e.g., Fig. 2a) than typical acapulcoites (13–20 wt%, e.g.,
Fig. 2b). Also containing abundant opaques (�40 wt%) is
LEW 86220, which is texturally intermediate between aca-
pulcoites and lodranites (McCoy et al., 1996, 1997b) and is
relict-chondrule free. Most acapulcoites contain 4–7 wt%
troilite, similar to the abundances in OC falls (5–6 wt%;
Jarosewich, 1990); however, the relict-chondrule-bearing
GRA 98028 contains a higher troilite abundance
(18.5 wt%). Whereas typical acapulcoites have metal/troilite
weight ratios of 1.4–2.4, Dhofar 1222 has a ratio of 4.3, and
LEW 86220 has a ratio of 6.1. (Precise metal/troilite weight
ratios could not be determined in GRA 98028 because of
the high abundance of limonite in this weathered sample.)

Metal grains are typically irregular in shape; some are
elongated, others are quasi-equant. Many are embayed by
silicate grains (Fig. 2). (Similar metal–silicate textures are
present in rare metal-bearing terrestrial basalts, indicating
that the metal in these rocks was probably once molten;
Fig. 309 of Ramdohr, 1980.) Metal grains in ALH 84190
average �120 lm in mean size, those in ALH A77081,
GRA 98028 and MET 01195 average �200 lm, and those
in Dhofar 1222 and LEW 86220 average�400 lm; many me-
tal grains in LEW 86220 (which is texturally intermediate be-
tween acapulcoites and lodranites) exceed 1000 lm.
Petrographic examination of nital-etched sections indicates
that most metal grains in acapulcoites are predominantly
kamacite; a few grains contain several percent 10- to 40-
lm-size patches of taenite. Between 30% and 60% of the me-
tal grains are adjacent to troilite; however, most of the troilite
grains are isolated and average �100 lm in mean size.

Chromite abundances in acapulcoites vary from
<0.05 wt% in LEW 86220 to 1.7 wt% in ALH A77081. A
large (150 · 300 lm) subhedral chromite grain attached to
metal and troilite occurs in MET 01195. Even larger
(P1.5 mm) elongated clusters of separate chromite grains
are also present (Fig. 3). Smaller chromite grains occur in
ALH A77081, Dhofar 1222 and GRA 98028.

Lodranites typically contain coarser metal grains (e.g.,
averaging �1 mm in EET 84302) than acapulcoites (e.g.,
Fig. 2c). Their metal/troilite ratios tend to be greater than
those in typical acapulcoites (Table 2); the ratio in EET
84302 is �430. In contrast, the shock-stage S5 lodranite
MAC 88177 has a metal/troilite ratio of only 0.6. This rock
also contains smaller metal grains (averaging �200 lm)
than other lodranites (Fig. 2d). The total abundance of me-
tal and troilite in MAC 88177 (7 wt%) is much lower than
that of any other lodranite or acapulcoite (except the highly
weathered acapulcoite Superior Valley 014).

Graphite occurs in several characteristic morphologies
within a few metal grains of some acapulcoites and lodra-
nites. Palme et al. (1981) and Schultz et al. (1982) reported
graphite in Acapulco and ALH A77081; El Goresy et al.
(2005, and references therein) made extensive studies of
acapulcoite graphite. I have adopted the terminology of
El Goresy et al. (2005) for the textural types of graphite re-
ported here. The MET 01195 acapulcoite contains several
metal grains with 30- to 150-lm-size graphite spherulites
and adjacent branching graphite books (e.g., Fig. 4a). The
V-shaped books are typically 4–10 lm thick and



Table 2
Modal abundances of phases in acapulcoites and lodranites

Meteorite ALH A77081 ALH 84190 Dhofar 1222 GRA 98028 LEW 86220 MET 01195
Section 17 8 UCLA 1865 4 5 13
Group acapulcoite acapulcoite acapulcoite acapulcoite acapulcoite acapulcoite
No. of points 543 1242 2235 1498 2089 1508

vol % wt% vol % wt% vol % wt% vol % wt% vol % wt% vol % wt%

Silicate 88.2 80.4 89.4 82.7 73.8 57.6 69.1 57.9 76.4 59.5 85.5 76.3
Kamacite 4.4 9.8 3.9 8.8 16.2 31.0 6.1 12.5 17.8 34.0 5.8 12.7
Taenite 0.0 0.0 0.0 0.0 0.3 0.6 0.0 0.0 0.0 0.0 0.0 0.0
Troilite 5.2 6.9 2.7 3.6 6.4 7.3 15.1 18.5 4.9 5.6 4.9 6.4
Chromite 1.3 1.7 0.0 0.0 0.3 0.3 0.3 0.4 0.0 0.0 0.7 0.9
Graphite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Metallic Cu 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Limonite 0.9 1.1 3.9 4.8 3.0 3.1 9.5 10.7 0.9 0.9 3.0 3.6
Total 100.0 99.9 99.9 99.9 100.0 99.9 100.1 100.0 100.0 100.0 100.0 100.0
Metal/troilite 1.4 2.4 4.3 0.7a 6.1 2.0

Meteorite Superior Valley
014

EET 84302 GRA 95209b LEW 88280 MAC 88177

Section UCLA 1851 28 45 11 16
Group acapulcoite lodranite lodranite lodranite lodranite
No. of points 1559 2252 3717 1051 2261

vol % wt% vol % wt% vol % wt% vol % wt% vol % wt%

Silicate 82.8 77.8 74.8 55.4 64.6 45.5 87.4 76.6 93.8 90.4
Kamacite 0.1 0.2 23.4 42.5 27.6 47.7 8.5 18.3 1.1 2.6
Taenite 0.0 0.0 0.4 0.8 0.0 0.1 0.0 0.0 0.0 0.0
Troilite 2.5 3.4 0.1 0.1 1.2 1.2 3.0 3.8 3.1 4.4
Chromite 0.1 0.1 0.0 0.0 0.0 0.0 0.2 0.3 0.7 1.0
Graphite 0.0 0.0 0.0 0.0 1.3 0.6 0.0 0.0 0.0 0.0
Metallic Cu 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Limonite 14.6 18.4 1.3 1.3 5.2 4.9 0.9 1.0 1.3 1.7
Total 100.1 99.9 100.0 100.1 99.9 100.0 100.0 100.0 100.0 100.1
Metal/troilite 0.1 430 40 4.8 0.6

Weight-percent was determined from vol % using the following mineral densities (g cm�3): silicate (3.2), kamacite (7.85), taenite (8.19), troilite
(4.67), chromite (4.7), graphite (2.2), metallic Cu (8.95), limonite (4.28). Modal abundances of 0.0 vol % imply an abundance of <0.05 vol %,
not necessarily the absence of a phase.

a Ratios uncertain because of abundant limonite.
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20–60 lm long. The lodranite GRA 95209 contains a large
(1020 · 1340 lm) fan-shaped graphite spherulite within a
very large (3.6 · 6.8 mm) grain of metallic Fe–Ni
(Fig. 4b). Smaller graphite spherulites also occur in the
metallic Fe–Ni grain around the large graphite spherulite.
Graphite exsolution veneers connect some of the smaller
spherulites and indicate that the host metal grain is
polycrystalline.

The terrestrially weathered acapulcoite and lodranite
finds contain limonite patches that have replaced metal
and troilite grains; also present in these rocks are thin limo-
nite veins that traverse and fill fractures in silicate grains.

3.3.2. Veins of metallic Fe–Ni and troilite in acapulcoites

GRA 98028 contains thin (�0.2-lm-thick) curvilinear,
branching, metal veins ranging in length from 50 to
200 lm. LEW 86220 contains numerous 10-lm-thick me-
tal–troilite veins that exceed 100 lm in length (Fig. 5a). In
addition, a few millimeter-long veins of metal (and minor
sulfide) transect the silicates in LEW 86220 and connect
coarse metal grains.
Numerous troilite veins occur in ALH 84190 at silicate–
silicate grain boundaries. ALH A77081 contains many
0.5- to 2-lm-thick troilite veins that trace grain boundaries
(silicate–silicate; metal–silicate) throughout the rock; the
veins also transect many individual silicate grains. Some
of the troilite veins contain small patches of metallic Fe–
Ni. Thin sulfide veins also occur in LEW 86220 (Fig. 5b).

3.3.3. Polycrystalline kamacite in acapulcoites

McCoy et al. (1996) reported polycrystalline kamacite in
all the acapulcoites that they studied. The most conspicuous
occurrences are in ALH 84190 (the most shocked acapulco-
ite in this study; Table 1) wherein �50% of the kamacite
grains are polycrystalline. The kamacite–kamacite grain
boundaries in these assemblages are sharp. Some polycrys-
talline kamacite assemblages consist of a single large grain
(ca. 80–200 lm) and one or two small grains (�20–50 lm)
located at the margins; other polycrystalline kamacite
assemblages contain multiple grains ranging from 25 to
90 lm in size. In some cases, small taenite grains occur at
kamacite–kamacite grain boundaries.



Fig. 2. Examples of textures and abundances of opaque phases in acapulcoites and lodranites. (a) Typical metal-rich region of acapulcoite
Dhofar 1222. (b) Typical metal-poor region of acapulcoite ALH 84190. The central metal grain is polycrystalline kamacite. (c) Typical metal-
rich region of lodranite GRA 95209. (d) Typical metal-poor region of lodranite MAC 88177. sil, silicate; tr, troilite; kam, kamacite; pol,
polycrystalline. All images in reflected light. All images are at the same scale.

Fig. 3. Elongated clusters of separate chromite grains in acapulco-
ite MET 01195. Granular texture of silicates is also evident. sil,
silicate; cr, chromite; kam, kamacite. Reflected light.
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3.3.4. Fine-grained metal–troilite assemblages

ALH 84190 (shock-stage S3) contains several fine-
grained metal–troilite assemblages (e.g., Fig. 6a). One 90-
lm-size metallic Fe–Ni grain in ALH 84190 contains an
18 · 35 lm ellipsoidal assemblage that consists of troilite
containing �15 vol % 1- to 4-lm-size metal blebs, close to
the eutectic troilite/metal weight ratio of 7.5:1 (Brandes
and Brook, 1998). The troilite grain is polycrystalline. An-
other fine-grained metal–troilite assemblage in this meteor-
ite consists of �95 vol % metal and �5 vol % troilite; the
troilite forms thin films that outline 6- to 18-lm-diameter
metal cells.

Fine-grained metal–troilite assemblages also occur in
ALH A77081 (shock-stage S1). One 30 · 65 lm troilite
grain contains �30 vol % metal cells that are 3–6 lm in
diameter.

The shock-stage S5 lodranite, MAC 88177, contains sev-
eral fine-grained metal–troilite assemblages that appear to
have undergone mechanical abrasion and, near their edges,
low-degree melting, mixing and rapid solidification. In
many cases, these regions occur at the edges of large troilite
grains (e.g., Fig. 6b).

3.3.5. Irregular troilite grains in metallic Fe–Ni in

acapulcoites

A few irregularly shaped troilite grains within metallic
Fe–Ni occur in acapulcoites. GRA 98028 contains a coarse
metal grain that includes a 10-lm-wide patch of troilite



Fig. 4. Graphite in acapulcoites and lodranites. (a) Fine-grained
graphite spherulite (top) and small, branching graphite books
inside a metallic Fe–Ni grain in acapulcoite MET 01195. (b) A
large spherulitic graphite and smaller satellite graphite spherulites
in a very large metallic Fe–Ni grain in lodranite GRA 95209. Dark
lines outlining metal grains are graphite exsolution veneers. sil,
silicate; graph, graphite; kam, kamacite. Both images in reflected
light.

Fig. 5. Opaque veins in acapulcoites. (a) Thin metallic Fe–Ni veins
extending from large metallic Fe–Ni grains in LEW 86220 and
traversing adjacent silicates. (b) Thin fracture-filling troilite veins in
LEW 86220. Illustrated regions are distant from the fusion crusts
of these samples. sil, silicate; tr, troilite; kam, kamacite. Both
images in reflected light and to the same scale.
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consisting of �4-lm-thick bands with ellipsoidal patches of
metal between them (Fig. 7a). MET 01195 has a large
(130 · 240 lm) metal grain that contains a troilite grain at
one edge that has a protrusion that forms an irregular �10-
lm-wide patch (Fig. 7b). Because mechanically deformed
iron sulfide should show stress-induced twin lamellae (e.g.,
Fig. 410a,b,e of Ramdohr, 1980), it seems likely that the troi-
lite in the GRA 98028 and MET 01195 opaque assemblages
was molten. LEW 86220 contains rare metal grains with
20- to 40-lm-size irregular troilite patches that include a
few volume percent of 2-lm-size metal grains. This rock also
contains several metal grains with coarse, curved patches of
troilite that range from 20 · 120 lm to 20 · 200 lm.

3.3.6. Metallic Cu in acapulcoites

Rare grains of metallic Cu occur within metallic Fe–Ni
in Dhofar 1222. There are two thin elongated
(2–4 lm) · (30–50 lm) bands of metallic Cu lining the
interface between metallic Fe–Ni and troilite in large opa-
que assemblages (e.g., Fig. 8). Another metallic Cu grain
in this meteorite forms a 4 · 14-lm-size protrusion into
metallic Fe–Ni from the interface with troilite. A third
metallic Cu grain is �3 · 10 lm in size and occurs at the
kamacite/silicate boundary. These are the first metallic Cu
grains to be reported in acapulcoites. No metallic Cu was
observed in lodranites.

3.3.7. Opaque blebs in the centers of silicate grains

McCoy et al. (1996) reported that many silicate grains
(particularly orthopyroxene) in acapulcoites contain ovoid
clusters of small (5–10 lm) metal and troilite blebs in their
centers. These textures were also reported by other workers
(e.g., Palme et al., 1981; Zipfel et al., 1995; Mittlefehldt
et al., 1996; El Goresy et al., 2005). My observations
indicate that �15% of the silicate grains (olivine, low-Ca
pyroxene and diopside) in ALH A77081, �15% in MET
01195, and �25% in GRA 98028 (Fig. 9a and b) have cen-
tral regions that contain 2- to 16-lm-size rounded and ob-
long blebs of metal, troilite, metal–troilite, chromite,
chromite–troilite, and chromite–metal. These central re-
gions are overgrown by inclusion-free silicate. Electron
microprobe analysis indicates that the small chromite
grains in these opaque clusters are appreciably depleted in
TiO2 and Al2O3, and somewhat depleted in MgO relative



Fig. 6. Rapidly solidified metal–troilite assemblages. (a) Metal
grain in acapulcoite ALH 84190 containing an ellipsoidal troilite
grain with small metal blebs formed as a result of melting and
quenching. (b) Edge of large troilite grain in lodranite MAC 88177
that consists of intergrown, rapidly solidified metal–sulfide. sil,
silicate; tr, troilite; kam, kamacite. Both images in reflected light
and to the same scale.

Fig. 7. Irregular troilite grains inside metallic Fe–Ni in two
acapulcoites. (a) A large kamacite (kam) grain in GRA 98028
with an adjacent troilite (tr) grain contains small irregular
appendages of troilite. (b) Small irregular troilite grains inside
kamacite (kam) in MET 01195. sil, silicate. Both images in reflected
light and to the same scale.

Fig. 8. Thin, elongated metallic Cu grain (Cu) lining the boundary
between troilite (tr) and fine-grained polycrystalline kamacite
(kam) in Dhofar 1222. sil, silicate. The speckled texture of the
kamacite grain is a result of terrestrial weathering. Reflected light.
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to coarser chromite grains in the matrix (Table 3). The
small cluster chromite grains in GRA 98008 are also en-
riched in FeO relative to coarser chromite grains in the ma-
trix of MET 01195.

Clusters of opaque grains also occur in lodranites.
Approximately 10–15% of the mafic silicate grains in
LEW 88280 (McCoy et al., 1997a) and GRA 95209 contain
clusters of 2- to 25-lm-size blebs of metal and metal–troi-
lite. The clusters in LEW 88280 range from 20 to 40 lm;
those in GRA 95209 range from 30 to 200 lm.

A far higher abundance of clusters of opaque grains oc-
curs in the EET 84302 lodranite; �50% of the silicate grains
in this rock contain ovoid, elongated, and quasi-equant
clusters, 20 · 40 to 70 · 500 lm in size, of rounded 2- to
14-lm-size metal blebs. The clusters occupy very discrete
regions in the silicate grains and are surrounded by clear,
inclusion-free silicate (Fig. 9c and d).

3.4. Oxygen isotopic composition of Superior Valley 014

Acapulcoites and winonaites are groups of primitive
achondrites of similar mineralogy and with similar recrys-
tallized textures (e.g., Hutchison, 2004); the groups overlap
in their olivine Fa distributions but have distinct ranges in



Fig. 9. Clusters of opaque grains in the centers of silicate grains in acapulcoites and lodranites. (a) Reflected light image of acapulcoite GRA
98028. In addition to coarse metal and troilite grains, there are some silicate grains (medium gray) containing clusters of small metal grains
(white blebs) in their centers. (b) Same region as (a) in transmitted light. Opaques are black. (c) Reflected light image of well-defined clusters of
metal and troilite grains (white) in the centers of silicate grains (medium gray) in lodranite EET 84302. (d) Same region as (c) in transmitted
light. Clusters of opaques appear as concentrations of black blebs. sil, silicate; kam, kamacite; tr, troilite. All images to the same scale.

Table 3
Mean chromite compositions (wt%) in two acapulcoites

Meteorite GRA 98028 GRA 98028 MET 01195
Occurrence Small cluster grains Coarse grain Coarse grains
No. of grains 2 1 5

SiO2 0.28 0.24 0.06
TiO2 0.54 0.90 1.2
Al2O3 3.1 6.7 6.7
Cr2O3 64.8 58.6 61.3
FeO 21.7 22.2 18.0
MnO 1.6 1.4 1.5
MgO 6.7 7.2 9.3
CaO 0.12 0.05 0.08
Na2O 0.12 0.13 0.11
total 99.0 97.4 98.2

The low totals are probably due to the presence of some Fe2O3.
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O-isotopic composition (Rumble et al., 2005). Superior Val-
ley 014 (mean Fa = 4.6 mol %) is within the range of olivine
composition for both acapulcoites and winonaites; the O-
isotopic compositions of replicate samples of this meteorite
(Table 4) were determined by an infrared-laser fluorination
technique following a modification of the procedures of
Young et al. (1998). The mean D17O value of Superior Val-
ley 014 is �1.04& (Table 4; K. Ziegler, pers. commun.,
2006). This value is well within the acapulcoite range
(D17O = �0.85 to �1.22&; Clayton and Mayeda, 1996)



Table 4
Oxygen-isotopic composition of Superior Valley 014

Sample Mass (mg) d17O (&) d18O (&) D17O (&)

1 2.16 1.05 4.01 �1.07
2 1.60 1.14 4.08 �1.02

Mean 1.10 4.04 �1.04
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and outside the winonaite range (D17O= ��0.4 to

�0.80&; Rumble et al., 2005). It is clear that Superior Val-
ley 014 is an acapulcoite.

4. DISCUSSION

4.1. Nature of acapulcoite precursor material

There are four principal pieces of evidence that indicate
that the precursors of acapulcoites were chondrites: (1) sev-
eral acapulcoites contain relict chondrules; chondrule types
include porphyritic, barred olivine, radial pyroxene and
granular olivine-pyroxene. The acapulcoite chondrules dif-
fer from the chondrule-size impact-melt spherules found in
some achondritic breccias (e.g., Kapoeta; Brownlee and
Rajan, 1973) and lunar rocks (e.g., Keil et al., 1972; Kurat
et al., 1972; Symes et al., 1998; Ruzicka et al., 2000); the
textural types of the chondrule-like objects in achondrites
and lunar rocks are more restricted than those in chondritic
meteorites or acapulcoites. (2) Acapulcoites contain plane-
tary-type noble gases at higher concentrations than in equil-
ibrated OC (e.g., Palme et al., 1981). Such gases are found
in chondrites (e.g., Signer and Suess, 1963) and are absent
from the differentiated HED meteorites (Hintenberger
et al., 1969; Bogard et al., 1971; Begemann et al., 1976).
Wasson (1985) stated that the presence of significant
amounts of planetary gases in a meteorite is prima facie evi-
dence that the sample was produced by ‘‘minor alteration
of chondritic material rather than by igneous differentia-
tion.’’ (3) Acapulcoites have basic chondritic mineralogy
(e.g., Table 5). They contain major olivine, low-Ca pyrox-
ene, plagioclase and metallic Fe–Ni, minor Ca pyroxene
and troilite, and accessory chromite and phosphate. The
Table 5
Modal mineralogy (vol %) of the Monument Draw acapulcoite and
H-group ordinary chondrites

Monument Draw H chondrites

Olivine 23.3 38
Low-Ca pyroxene 38.6 28
Ca pyroxene 3.0 6
Plagioclase 9.8 10
Chromite Trace <1
Phosphate 0.8 <1
Metallic Fe–Ni 13.9 10
Troilite 5.6 5
Limonite 4.9 —

Total 99.9 P97

Monument Draw data from McCoy et al. (1996); H-chondrite data
from Table 5.1 of Hutchison (2004).
composition of plagioclase in the acapulcoites (e.g.,
Ab82Or4 in Acapulco; Ab81Or4 in ALH A77081 and
ALH A81261; Palme et al., 1981; Schultz et al., 1982; Mit-
tlefehldt et al., 1996) is slightly less potassic than (but other-
wise similar to) that in OC (e.g., Ab82Or6 in mean H
chondrites; Van Schmus and Ribbe, 1968). (4) The bulk
compositions of acapulcoites are very similar to those of
chondrites. For example, the CI- and Mg-normalized
refractory lithophile abundances in Acapulco and ALH
A77081 are close to unity (e.g., Palme et al., 1981; Kalle-
meyn and Wasson, 1985; Zipfel et al., 1995). Refractory sid-
erophile elements also have CI-level abundances.

Among the chondrite groups, it is only the carbonaceous
chondrites that have refractory lithophile abundances
greater than or equal to CI; ordinary and enstatite chon-
drites have lower abundances (e.g., Fig. 1 of Wasson and
Kallemeyn, 1988). Besides CI chondrites themselves (which
lack chondrules), the only major group of carbonaceous
chondrites that has CI-level abundances of refractory litho-
philes and refractory siderophiles is the CR group (Kalle-
meyn et al., 1994).

The mean modal metallic Fe–Ni abundance in the aca-
pulcoites (17 ± 10 wt%; Table 2) indicates that their precur-
sor chondrites were probably metal rich. The carbonaceous
chondrite group that includes the most metal-rich members
is the CR group. Weisberg et al. (1993) reported that the
CR chondrites Renazzo and Y 793495 contain 7.4 vol %
(i.e., �16 wt%) and 7.7 vol % (i.e., �17 wt%) metallic Fe–
Ni, respectively. If acapulcoites lost some metal during
heating, their precursors must have been somewhat richer
in metal than normal CR chondrites.

The mean apparent diameter of CR chondrules is
700 lm (Table 2 of Rubin, 2000); the discernable relict
chondrules in Dhofar 1222 also average �700 lm.

In addition, acapulcoites resemble CR chondrites in O-
isotopic composition. Acapulcoites and lodranites overlap
in their ranges of D17O (i.e., �0.85 to �1.22& and �0.85
to �1.49&, respectively; Clayton and Mayeda, 1996). The
combined D17O range of acapulcoites and lodranites
(�0.85 to �1.49&) overlaps that of CR chondrites (�0.96
to �2.42&; Clayton and Mayeda, 1999).

The cosmic-ray exposure (CRE) ages of acapulcoites (5–
8 Ma; McCoy et al., 1996) resemble that of one CR chon-
drite (5.2 Ma for GRA 95229; Scherer and Schultz, 2000)
but are much lower than that of Renazzo (�22 Ma) or Al
Rais (�44 Ma) (ages calculated from the noble-gas data
in Schultz and Kruse, 1989 using the production rates of
Eugster, 1988).

The paucity of sulfide in CR chondrites (1.7 ± 1.0 vol %;
Weisberg et al., 1993) compared to acapulcoites
(6.0 ± 4.3 vol %; Table 2) makes normal CR chondrites un-
likely precursors. McCoy et al. (1996) examined the possi-
bility that CR chondrites and the ungrouped Kakangari
chondrite are related to acapulcoites. They concluded that
no firm relationship existed. I postulate here that acapulco-
ites formed from heretofore-undiscovered CR-like carbona-
ceous chondrites that were rich in sulfide and somewhat
richer in metallic Fe–Ni than normal CR chondrites. It is
not overly speculative to suggest that such groups might
exist; there are numerous examples of ungrouped
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carbonaceous chondrites (Grady, 2000; Huber et al., 2006),
including ungrouped CR-like chondrites (e.g., GRO 95577;
Weisberg and Prinz, 2000).
Fig. 10. Recrystallized texture of acapulcoite ALH A77081 show-
ing that many silicate grains meet each other at 120� triple
junctures. This indicates a high degree of textural equilibrium.
Clear phases are silicates; black regions are opaques (metallic Fe–
Ni and troilite). Transmitted light.
4.2. Petrogenetic history of acapulcoites and lodranites

The petrogenesis of acapulcoites includes agglomeration
of the precursor chondritic material (i.e., plausibly CR-like
chondrites), heating of this material (inferred below to have
been via collisions on the parent body), reduction at ele-
vated temperatures, rapid cooling, moderate annealing,
and in some cases, post-annealing shock.

Lodranites probably formed on the same parent body as
acapulcoites (e.g., McCoy et al., 1997a,b; Mittlefehldt
et al., 1996); this conclusion is consistent with the similarities
between these groups in O-isotopic composition (Clayton
and Mayeda, 1996) and is supported by their similarities in
cosmic-ray-exposure ages (i.e., 4–7 Ma; Eugster and Loren-
zetti, 2005). The principal difference in the petrogenetic histo-
ries of these two groups may be that lodranites experienced
greater degrees of heating accompanied by loss of plagioclase
and, in many cases, loss of a S-rich metallic melt.

4.2.1. Heating

Benedix and Lauretta (2006) determined two-pyroxene
temperatures for three acapulcoites: 950 �C for the primi-
tive, relict-chondrule-bearing sample GRA 98028, and
1130 �C for relict-chondrule-free Acapulco and MET
01195. The latter temperature is appreciably above the
Fe–FeS eutectic (988 �C; Brandes and Brook, 1998).

As pointed out by McCoy et al. (1996), acapulcoites are
characterized by recrystallized textures consisting of equi-
granular silicates. Many grain boundaries converge at
120� triple junctures, indicating a high degree of textural
equilibrium (e.g., Fig. 10).

Grain sizes in OC tend to increase with increasing
recrystallization. For example, metallic Fe–Ni grains in
H3 Sharps average �65 lm (Benoit et al., 1998) whereas
those in H5 and H6 chondrites average 120 lm (Table 2
of Rubin et al., 2001). As shown above, the average metal
grain sizes in typical acapulcoites are �200 lm in size; those
in the acapulcoites Dhofar 1222 and LEW 86220 (the latter
of which appears to be intermediate between acapulcoites
and lodranites; McCoy et al., 1997b) average �400 lm.

Indicators of heating in acapulcoites include the pres-
ence of metal and sulfide veins (Fig. 5), irregular troilite
grains within metallic Fe–Ni (Fig. 7), fine-grained metal–
troilite intergrowths (Fig. 6) and metallic Cu within metallic
Fe–Ni grains (Fig. 8). All of these features resulted from
localized melting of non-silicate phases. The mobilized
occurrences of metal and sulfide indicate that local temper-
atures must have reached or exceeded the Fe–FeS eutectic
temperature, i.e., 988 �C (Brandes and Brook, 1998). [At
high impact-induced pressures, the Fe–FeS eutectic temper-
ature increases (reaching 1202 �C at 25 GPa, i.e., 250 kb)
and the proportion of S in the eutectic composition de-
creases (reaching 15.5 wt% S at 24 GPa) (Fei et al., 2006).]

Metallic Cu grains within metallic Fe–Ni form after
localized melting of metal–troilite assemblages at tempera-
tures near or above the eutectic. Melting is followed by
crystallization of taenite, supersaturation of Cu in the resid-
ual sulfide-rich melt, and nucleation of small patches of
metallic Cu at high-surface-energy sites, typically along me-
tal–sulfide grain boundaries (Rubin, 1994). The taenite
crystal structure can accommodate �16 times more Cu
than that of kamacite (Hansen, 1958); when kamacite forms
at the expense of taenite during cooling of the metallic Fe–
Ni assemblage below the Fe–Ni solvus, metallic Cu precip-
itates as a separate phase.

CR chondrites contain �54 vol % chondrules and chon-
drule fragments (Weisberg et al., 1993). The acapulcoite with
the greatest modal abundance of recognizable relict chond-
rules is GRA 98028 (with�6 vol %) (e.g., Fig. 1a). Most aca-
pulcoites contain no recognizable relict chondrules. If
acapulcoites formed from CR-like chondrites, then some
process must have obliterated �90–100% of the chondrules
in the precursors. The low abundance of recognizable chond-
rules in highly recrystallized type-6 OC (e.g., LL6 Manb-
hoom and L6 Putinga; Mason and Wiik, 1964; Gomes and
Keil, 1980) and in OC impact-melt rocks (e.g., ‘‘L7’’ PAT
91501; Mittlefehldt and Lindstrom, 2001) suggests that the
dearth of chondrules in acapulcoites is due to appreciable
heating involving either extensive solid-state recrystallization
or minor-to-moderate degrees of melting. In metamorphosed
OC, small chondrules are preferentially integrated with the
matrix, leading to an increase in the average size of surviving
chondrules (e.g., Hutchison, 2004); however, the average
apparent diameter of relict chondrules in the Dhofar 1222
acapulcoite is 700 lm, identical to those in the presumptive
CR-like chondrite precursor (Table 2 of Rubin, 2000). The
complete absence of relict chondrules in most acapulcoites
seems more consistent with minor-to-moderate melting.
Acapulcoites thus may have been heated to �1100 �C (the
approximate OC solidus temperature; Jurewicz et al.,
1995). Nevertheless, the absence of igneous textures in these
rocks indicates that melting was not extensive.

Compared to acapulcoites, lodranites have coarser
silicate grains (e.g., Fig. 8.3a,b of Hutchison, 2004) and
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coarser metal grains (e.g., metal in the EET 84302 lodranite
has a mean size of �1000 lm). Most lodranites are depleted
in plagioclase and troilite relative to acapulcoites, suggest-
ing that lodranites were more significantly heated and suf-
fered partial melting (Mittlefehldt et al., 1996; McCoy
et al., 1997a,b; Floss, 2000). The absence of relict chond-
rules in lodranites is consistent with the formation of lodra-
nites at higher temperatures than acapulcoites. McCoy
et al. (1997a) estimated that lodranites reached tempera-
tures of �1050–1200 �C; at the latter temperature, chon-
dritic matter should be �20% molten (depending on
composition) and (depending on the size and structure of
the asteroid) capable of gravitational separation of metallic
and basaltic (plagioclase- and pyroxene-rich) liquids.

El Goresy et al. (2005) proposed that those silicate
grains in acapulcoites and lodranites that contain ovoid
clusters of small metal and troilite blebs in their centers
(e.g., Fig. 10) formed by decoration of the boundaries of
residual silicate grains during partial melting. I suggest an
alternative: the clusters of opaque grains within silicate cen-
ters may have resulted from relict opaque-bearing silicate
grains being overgrown by inclusion-free silicate crystalliz-
ing from the impact melt. The relict opaques may have
formed from shocked silicate grains exhibiting ‘‘darkening’’
as a result of molten opaques having been shock-injected
into silicate fractures (e.g., Rubin, 1992). The lower TiO2

and Al2O3 in the small chromite grains within the opaque
clusters (Table 3) indicates that they formed or equilibrated
at lower temperatures (e.g., Fig. 4 of Sack and Ghiorso,
1991) than the coarser chromite grains in the matrix. If
the opaque clusters were once fine-grained, shock-injected
grains, it seems plausible that subsequent annealing (see be-
low) could have caused coarsening of the silicates and the
opaque blebs inside them.

4.2.2. Reduction

Reduction was probably responsible for producing sev-
eral of the principal petrographic and mineralogical charac-
teristics of acapulcoites and lodranites. The presence of
graphite in some of these rocks (e.g., MET 01195 and
GRA 95209; e.g., Fig. 4) indicates that carbon was proba-
bly the reducing agent. As discussed above, CR-like carbo-
naceous chondrites may have been the precursors of
acapulcoites. CR chondrites contain �1.4 wt% C (Mason
and Wiik, 1962), probably present mainly as organic matter
in the matrix. Although Ramdohr (1973) listed graphite as
a constituent of CR2 Renazzo, other workers (e.g., Bischoff
et al., 1993; Weisberg et al., 1993) have not reported graph-
ite in any CR chondrite.

Reduction most likely took place at elevated tempera-
tures via a reaction similar to one of the following:

MgO � FeO � SiO2
ðolivineÞ

þC ¼MgO � SiO2
ðenstatiteÞ

þFeþ CO " ð1Þ

or

2ðMgO � FeO � SiO2Þ þ C ¼ 2ðMgO � SiO2Þ þ 2Feþ CO2 " ð2Þ

These reactions produce metallic Fe at the expense of FeO,
resulting in minor increases in the metal abundances and
metal/troilite ratios of acapulcoites. The reactions might
also cause enhancements in the bulk Fe/Ni ratios of the me-
tal as reflected by the kamacite/taenite ratios in acapulco-
ites. In addition, if acapulcoites lost some metallic Fe–Ni
after being heated above the Fe–Ni–S eutectic temperature,
the lost metallic melt would have been rich in Ni and S
(Kullerud, 1963), accounting in part for the residual high
metal/troilite ratios in many acapulcoites.

Benedix and Lauretta (2006) calculated an oxygen
fugacity for acapulcoites of �2.3 log units below the iron-
wüstite (IW) buffer. This is similar to that of equilibrated
H chondrites, i.e., 2.10 to 2.56 log units below the IW buffer
(Kessel et al., 2004), although these values are appreciably
lower than that of OC determined earlier by Brett and Sato
(1984), i.e., 0.4 to 1.1 log units below IW.

Crystallization of mafic silicates from reduced melts (i.e.,
liquids with relatively low FeO) may have produced the re-
verse zoning observed in mafic grains in some acapulcoites
and lodranites. For example, Yugami et al. (1993) reported
significant reversed zoning in orthopyroxene (opx) grains in
the acapulcoite ALH A81187 and in the lodranite Y 74357.
The mg numbers [(Mg · 100)/(Fe + Mg)] of ALH A81187
opx vary from 94 in the core to 98 in the rim; those in Y
74357 opx vary from 86 in the core to 92 in the rim. In con-
trast, Acapulco and Monument Draw show no zoning in
FeO or MgO in their mafic silicate grains (Zipfel et al.,
1995; McCoy et al., 1996). The absence of compositional
zoning in these rocks could possibly be due to enhanced
Fe–Mg diffusion causing flattening of zoning profiles dur-
ing annealing.

Bild and Wasson (1976) reported reverse zoning in oliv-
ine grains (but not pyroxene grains) in Lodran. McCoy
et al. (1997a) reported reverse zoning in pyroxene grains
in several lodranites (i.e., Gibson, FRO 90011, Y
74357and Y 791493).

The amount of FeO available for incorporation into
olivine and low-Ca pyroxene decreases with increasing
reduction, resulting in lower mean Fa and Fs values than
in the original precursor rock. Because diffusion of Mg
and Fe in olivine is more rapid than in pyroxene (Buening
and Buseck, 1973; Freer, 1981; Chakraborty, 1997), olivine
in a reduced rock will tend to equilibrate faster and achieve
a higher mg number than low-Ca pyroxene. Thus, compar-
isons of acapulcoites with equilibrated chondrites is a
worthwhile exercise. Among equilibrated OC, mean olivine
Fa values exceed mean opx Fs values. The difference be-
tween Fa and Fs is a function of composition: among LL
chondrites, mean Fa is 4.4 mol% higher than mean Fs
(28.5 vs. 24.1); among L chondrites, Fa is 3.3 mol% higher
(24.6 vs. 21.3); and among H chondrites, Fa is 1.6 mol%
higher (18.8 vs. 17.2) (Gomes and Keil, 1980). With increas-
ingly reduced compositions, the difference between Fa and
Fs values decreases. For the 38 probably unpaired aca-
pulcoites and lodranites for which both olivine and low-
Ca pyroxene data are available (Table 6), 26 (68%) have
Fa 6 Fs. However, the values are not systematic: some aca-
pulcoites have Fa < Fs (e.g., 12.7 vs. 13.0 mol% in NWA
3008); others with similar Fa values have Fa > Fs (e.g.,
13.1 vs. 12.2 mol% in NWA 2627). The same non-system-
atic behavior occurs in more reduced samples: e.g.,
4.6 mol% Fa vs. 6.9 mol% Fs in Superior Valley 014, and



Table 6
Olivine and low-Ca pyroxene compositions

Meteorite Fa (mol%) Fs (mol%)

Acapulcoites

Acapulco 11.9 12.6
ALH A77081 10.7 10.5
ALH A81187 4.2 3.3
Dhofar 125 8.5 7.7
Dhofar 290 11 10.5
Dhofar 312 8.6 7.6
Dhofar 1222 6.8 8.1
FRO 95029 8.3 8.5
GRA 98028 8–9 8–10
LAP 031323 13 12
LEW 86220 7 9
MAC 041193a 11 11
MET 01195 8–9 9
Monument Draw 10.1 10.6
NWA 1052 6.0 7.6
NWA 2627 13.1 12.2
NWA 2656 8.0 8.4
NWA 2775 14.5 13.3
NWA 3008 12.7 13.0
RBT 04228 8 10
Superior Valley 014 4.6 6.9
TIL 99002 9.2 9–11
Y 74063 10.9 10.9
Y 8307 10.3 9.8

Lodranites

EET 84302 8.1 8.1
FRO 90011 9.4 12.6
FRO 93001 13.3 13.3
FRO 99030 10 12
FRO 03001 9.5 13.2
Gibson 3.1 5.8
GRA 95209 7 7
LEW 88280 13 11.9
Lodran 13.2 12.6
MAC 88177 13.7 12.8
NWA 2235 12 13
Y 74357 7.9 13.8
Y 75274 3.9 3.9
Y 791491 10.7 11.7

Literature data from McCoy et al. (1996, 1997a), Mittlefehldt et al.
(1996), Yanai (2001), and several editions of The Meteoritical

Bulletin and Antarctic Meteorite Newsletter. Probably paired
samples are excluded from the table.

a MAC 041193 is listed in Ant. Met. Newslett. 29, 2 as
transitional between acapulcoites and lodranites.
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4.2 mol% Fa vs. 3.3 mol% Fs in ALH A81187. The appre-
ciably lower Fa values in some acapulcoites and lodranites
relative to their Fs values (Table 6) are indicative of sub-
stantial reduction.

Loss of FeO causes a decrease in the FeO/MnO ratio in
olivine (e.g., Fig. 3a of Mittlefehldt, 1990); FeO is more
readily reduced than MnO in part because the iron-oxygen
bond is weaker than the manganese-oxygen bond. One con-
sequence of this is that the MnO concentration is not lower
in olivine from the more-reduced equilibrated OC: Table
A3.34 of Brearley and Jones (1998) shows a mean MnO
content in olivine in equilibrated H chondrites (which have
the lowest Fa among the three main OC groups) of
0.51 wt%; that in L and LL chondrite olivine is 0.50 and
0.43 wt%, respectively. Equilibrated H chondrites have oliv-
ine FeO/MnO ratios in the range of 32–38 (Table A3.34 of
Brearley and Jones, 1998); in contrast, acapulcoite olivines
have ratios of 16–18 (Table 2 of McCoy et al., 1996), and
lodranite olivines have ratios of 8–25 (Table 3 of McCoy
et al., 1997a). These low FeO/MnO ratios are indicative
of reduction.

Another consequence of reduction is an increase in the
opx/olivine ratio (e.g., McSween and Labotka, 1993) as
shown in reactions 1 and 2 above. Although H chondrites
have modal opx/olivine ratios of �0.74 (Table 5.1 of
Hutchison, 2004), some acapulcoites have much higher
opx/olivine modal ratios: Monument Draw, 1.7 (McCoy
et al., 1996); Dhofar 312, 1.4 (Grossman and Zipfel,
2001); and NWA 2627, 1.1 (Russell et al., 2005). In con-
trast, the lodranite Y 791491 is unusual in having a modal
opx/olivine ratio of 0.7 (Kojima and Imae, 1998), similar to
that of H chondrites.

An alternative explanation for the relatively high opx/
olivine ratios in acapulcoites is that these rocks formed
from an already reduced assemblage (D.W. Mittlefehldt,
pers. commun., 2006). However, in view of the significant
evidence for reduction in acapulcoites, it seems plausible
that their high opx/olivine ratios are largely the result of ac-
tive reduction occurring at high temperatures.

Finally, with increasing degrees of reduction, some
phosphate could have been transformed into phosphide.
Although phosphide is uncommon in ordinary and carbo-
naceous chondrites, schreibersite [(Fe,Ni)3P] was reported
in the Dhofar 1222 acapulcoite (Russell et al., 2005) and
in the FRO 99030 lodranite (Grossman, 2000). Moggi-Cec-
chi et al. (2005) reported a new Ni–Fe phosphide [(Ni,-
Fe)4P] as being a ‘‘rather common’’ phase in the probably
paired acapulcoites NWA 1052 and 1054.

The relatively large variations in the properties of differ-
ent acapulcoites and lodranites indicate that different rocks
experienced different degrees of alteration. These variations
are apparent in (a) the mean olivine and low-Ca pyroxene
compositions (Fa 4.2–14.5 and Fs 3.3–13.3 in acapulcoites;
Fa 3.1–13.7 and Fs 3.7–13.8 in lodranites), (b) the olivine
FeO/MnO ratios (16–18 in acapulcoites; 8–25 in lodra-
nites), and (c) the modal opx/olivine ratios (1.1–1.7 in aca-
pulcoites, but only 0.7 in one lodranite).

4.2.3. Cooling history

In a study of (U–Th)/He ages of phosphate grains in
Acapulco, Min et al. (2003) deduced that this meteorite
cooled slowly (on the order of 25 �C/Ma) through the tem-
perature range of �550–120 �C. This rate is basically con-
sistent with those deduced by Zipfel et al. (1995) and
Pellas et al. (1997) from inferred maximum temperatures,
the Pb–Pb age of phosphate grains, and 244Pu and
40Ar–39Ar chronometers, i.e., �100 �C/Ma between
1100 ± 100 �C and 500 ± 50 �C. Pellas et al. inferred even
slower cooling at lower temperatures: �1–4 �C/Ma below
450 �C. These rates are irreconcilable with those measured
by Zipfel et al. (1995) for Ca in acapulcoite olivine: 800–
1000 �C/Ma. Much slower cooling rates were reported by
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Zema et al. (1996); these workers measured Fe2+–Mg
ordering in orthopyroxene in Acapulco and ALH 81261
(paired with ALH A77081) and determined cooling rates
of �0.17 �C/day at 490 �C and �0.05 �C/day at 465 �C,
respectively. These large discrepancies in cooling rates point
to a complicated thermal history for the acapulcoites and
lodranites. Slow cooling could indicate either deep burial
within an internally heated body (e.g. Zipfel et al., 1995)
or burial beneath an ejecta blanket or fallback material of
low thermal diffusivity at an impact site. More rapid cool-
ing is consistent with impact heating and shallow burial.

Molin et al. (1994) inferred a cooling rate of �3 �C/day
at 530 �C for the FRO 90011 lodranite from separated orth-
opyroxene grains analyzed by X-ray diffraction, electron
microprobe and TEM techniques.

Some acapulcoites display a lack of large-scale textural
equilibrium; they are heterogeneous on scales of several
millimeters. LEW 86220 has regions with coarse metal that
resemble the texture of a lodranite and regions with finer-
grained metal typical of acapulcoites (McCoy et al.,
1997b). As pointed out by El Goresy et al. (2005), such fea-
tures are not commonly observed in unbrecciated type-6
OC. Lack of equilibrium is also shown by the distinct pop-
ulations of chromite in Acapulco that exhibit different
chemical zoning trends (El Goresy et al., 2005). Because dif-
fusion in chromite is appreciably more rapid than in olivine
(e.g., Wilson, 1982), such textural and mineralogical dis-
equilibrium in acapulcoite chromite is consistent with rapid
cooling.

The relatively high concentrations of planetary-type no-
ble gases in acapulcoites (e.g., Palme et al., 1981) are consis-
tent with rapid cooling. Slow cooling from elevated
temperatures is likely to lead to loss of such gases as appar-
ently occurred in the HED meteorites (e.g., Hintenberger
et al., 1969; Bogard et al., 1971; Begemann et al., 1976).
Planetary-type noble gases are characteristic of chondrites
(e.g., Signer and Suess, 1963), including OC impact-melt
breccias (e.g., Belle Plaine, Madrid, Orvinio, Rose City,
Shaw, Taiban) (e.g., Schultz and Kruse, 1989).

4.2.4. Nature of heating mechanism

Many of the petrographic features in acapulcoites could
have been produced by shock heating. Although not itself a
shock indicator, the occurrence of rare relict chondrules in
some of these rocks demonstrates appreciable heating. The
textures of the relict-chondrule-bearing acapulcoites are
analogous to those of the relict-chondrule-bearing regions
of the L-chondrite impact-melt rock PAT 91501 (Mit-
tlefehldt and Lindstrom, 2001), the H-chondrite impact-
melt breccias Spade (Rubin and Jones, 2003) and LAP
02240 (e.g., Swindle et al., 2006), and the EH-chondrite im-
pact-melt breccia Abee (Rubin and Keil, 1983; Rubin and
Scott, 1997). They are also analogous to the textures of
many silicate clasts in the H-chondrite impact-melt-breccia
Portales Valley (which have a paucity of chondrules) (Ru-
bin et al., 2001) and to the matrix of the EH-chondrite im-
pact-melt breccia Adhi Kot (Rubin, 1983; Rubin and Scott,
1997). The phenocrysts within relict chondrules in GRA
98028 that contain curvilinear trails of small blebs of metal-
lic Fe–Ni and troilite exhibit ‘‘silicate darkening’’ (Rubin,
1992); these relict chondrules thus constitute examples of
shocked but unmelted precursor material.

Fine-grained metal–sulfide intergrowths are prevalent in
chondrites of shock stages S3–S6 and have been interpreted
as having formed by impact heating and quenching (Scott,
1982). Although such assemblages could form near the fu-
sion crust of a meteorite during atmospheric passage, their
occurrence in the interior of a chondrite is considered to be
a reliable shock indicator (Scott, 1982).

Metal and sulfide veins commonly occur in shocked
chondrites (e.g., Smith and Goldstein, 1977; Stöffler et al.,
1991; Bennett and McSween, 1996a). These veins traverse
shocked mafic silicate grains (e.g., Fig. 18 of Stöffler
et al., 1991) and fractured chromite grains (e.g., Fig. 1c,d
of Rubin, 2003) in moderately (shock-stage S4) to very
strongly shocked (shock-stage S6) chondrites. Some metal
veins in acapulcoites traverse mafic silicate grains (e.g.,
Fig. 5a); other veins follow silicate grain boundaries. In
the latter case, it seems possible that annealing caused dis-
tinct silicate grains to form on either side of a metal vein
that originally cut through a single silicate grain.

Shock is also responsible for forming polycrystalline
kamacite in acapulcoites. This feature has been observed
in many shocked chondrites (e.g., Taylor and Heymann,
1971; Bennett and McSween, 1996a) and is indicative of
shock stage S4–S5 (Schmitt et al., 1993). Low-Ni taenite
can transform into polycrystalline kamacite during quench-
ing (e.g., Speich and Swann, 1965). The coarse grain sizes of
these polycrystalline assemblages in acapulcoites may re-
flect moderate post-shock annealing.

Irregularly shaped troilite grains within metallic Fe–Ni
occur within many shock-stage S3–S6 OC (e.g., Fig. 2c of
Rubin, 1994). These assemblages are inferred to have
formed by disequilibrium minor melting of metal–sulfide
assemblages followed by rapid cooling. Their occurrence
in numerous shocked OC suggests that they are a reliable
shock indicator, although at present there is no experimen-
tal evidence for the formation of these textures.

Metallic Cu grains occur within metallic Fe–Ni in
shocked meteorites. In some shocked OC, metallic Cu
rinds occur around metallic Fe–Ni dendrites in rapidly
solidified metal–troilite assemblages (Fig. 2a of Rubin,
1994); in other cases, metallic Cu occurs at the interface
between metal and sulfide in opaque shock veins
(Fig. 2b of Rubin, 1994). In these cases, the inversion of
taenite to kamacite corresponds to a significant decrease
in the solubility of Cu in the metallic Fe–Ni; exsolution
of the metallic Cu occurs at the metal–sulfide interfaces.
These petrographic associations with shock features make
it likely that the presence of metallic Cu is not due to
long-period heating during thermal metamorphism. If that
were the case, type-6 OC would contain appreciably more
metallic Cu than OC of lower petrologic types; they do
not (Rubin, 1994).

Although the proportion of metallic-Cu-bearing OC is
independent of shock stage (Rubin, 1994), this does not
mean that El Goresy (2006) is correct in suggesting that
metallic Cu is not a valid shock indicator. Many OC could
have been shocked and annealed, a process leading to erro-
neously low apparent shock stages (Rubin, 2004). Thus, a
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shock-stage S1 or S2 OC could have had a maximum prior
shock stage that was appreciably higher before annealing.

The common occurrence in shocked OC of rapidly solid-
ified metal–troilite assemblages, metal and sulfide veins,
irregularly shaped troilite grains within metallic Fe–Ni
grains, and metallic Cu within metallic Fe–Ni strongly sug-
gest that all of these features are reliable shock indicators
(Rubin, 2004). There are correlations among these features:
among those type-5-6 OC of shock stage S1–S2 that contain
metal–sulfide veins, �50% also contain rapidly solidified
metal–troilite assemblages, and �50% also contain irregu-
lar grains of troilite within metallic Fe–Ni (Rubin, 2004).
There are also correlations among these features in the aca-
pulcoites: GRA 98028 contains metal veins and irregular
grains of troilite in metal; LEW 86220 contains metal veins,
sulfide veins, and irregular grains of troilite in metal; ALH
84190 contains troilite veins, polycrystalline kamacite, and
rapidly solidified metal–sulfide assemblages; and ALH
A77081 contains troilite veins and rapidly solidified me-
tal–sulfide assemblages.

The presence of phosphide in some acapulcoites and
lodranites (Dhofar 1222, NWA 1052 and 1054, FRO
99030; Grossman, 2000; Moggi-Cecchi et al., 2005; Russell
et al., 2005) may also be evidence of shock. Although phos-
phide is very rare in unshocked OC, it does occur in several
highly shocked OC (Ramsdorf, Orvinio, Rose City, Farm-
ington, Lubbock; Smith and Goldstein, 1977) and within an
impact-melt-rock clast in the Dimmitt H-chondrite regolith
breccia (Rubin et al., 1983). Phosphide apparently formed
in these samples by the melting of P-bearing metal (or me-
tal-phosphate assemblages; Rubin and Grossman, 1985)
and the precipitation of phosphide grains at metal–sulfide
boundaries.

The occurrence of these shock features in several aca-
pulcoites suggests that the acapulcoites were heated by im-
pacts, as first suggested by Kallemeyn and Wasson (1985).
Moderate degrees of melting associated with impact-heat-
ing destroyed most of the chondrules.

Also consistent with a shock origin for acapulcoites is
the diversity of young He ages for phosphate grains in Aca-
pulco; Min et al. (2003) concluded that these age variations
are probably due to ‘‘heterogeneous heating caused by col-
lision event(s).’’

Lodranites experienced more heating than acapulcoites.
Their low amounts of plagioclase may indicate partial melt-
ing and loss of a basaltic (plagioclase-pyroxene) partial melt
(McCoy et al., 1997b). The low plagioclase abundances in
lodranites reflects the greater degree of heating experienced
by these rocks, a process resulting in a higher degree of pla-
gioclase loss. The coarser grain size and absence of relict
chondrules in lodranites are consistent with greater heating,
slower cooling, and more extensive recrystallization of these
rocks.

The low troilite abundances (0.1–3.8 wt%) and high
metallic-Fe–Ni/troilite ratios (40–430) in many lodranites
(Table 2; Fig. 2c) are consistent with loss of an Fe–Ni–S
melt (Mittlefehldt et al., 1996). This inference is supported
by the low bulk Se in the EET 84302 lodranite and anti-cor-
relations between Ir/Ni and Se/Co in acapulcoites and
lodranites (Fig. 6 of Mittlefehldt et al., 1996). The LEW
86220 acapulcoite (which is texturally intermediate between
acapulcoites and lodranites) has a moderately high metallic-
Fe–Ni/troilite ratio (6.1) and also may have lost a S-rich
melt. Such Fe–Ni–S melts may have intruded the lodranites
LEW 88280 and MAC 88177 (Mittlefehldt et al., 1996),
accounting for the relatively low metallic-Fe–Ni/troilite ra-
tios in these rocks (4.8 and 0.6, respectively; Table 2). Be-
cause melting would have obliterated the shock features
in MAC 88177, this shock-stage S5 rock must have been
shocked again after cooling.

Mittlefehldt et al. (1996) concluded that acapulcoites
and lodranites were heated on their parent body by pro-
cesses that were ‘‘localized and heterogeneous in space
and time.’’ This appears inconsistent with heating by the
decay of 26Al. This mechanism should cause global heating
of the asteroid over millions of years (e.g., Bennett and
McSween, 1996b; Keil, 2000) and produce large batches
of uniformly heated material.

Immediately after the impact event(s), the acapulcoites
and lodranites would have exhibited numerous shock ef-
fects including undulose extinction in olivine, metal and
sulfide veins, metallic Cu, and irregularly shaped troilite
grains in metallic Fe–Ni. It is also possible that low-Ca
clinopyroxene would have been present; Hornemann and
Müller (1971) and Stöffler et al. (1991) found that clinopy-
roxene lamellae parallel to (100) form within opx grains at
shock pressures of �5 GPa (i.e., 50 kb). The paucity of
olivine grains with pronounced undulose extinction and
the absence of low-Ca clinopyroxene in acapulcoites and
lodranites may attest to post-shock annealing as discussed
below.

4.2.5. Post-shock annealing

McCoy et al. (1996) dismissed impacts as a viable mech-
anism for heating the acapulcoites because the olivine
grains in these meteorites typically exhibit either sharp opti-
cal extinction (characteristic of shock-stage S1) or undulose
extinction (characteristic of shock-stage S2). Nevertheless,
post-shock annealing processes can heal damaged olivine
crystal lattices (Bauer, 1979; Ashworth and Mallinson,
1985) and make the rocks appear less shocked than they
were previously (Rubin, 2002, 2003; Rubin and Jones,
2003). For example, the olivine grains in LL6 MIL 99301
exhibit sharp optical extinction despite the occurrence of
numerous curvilinear trails of small blebs of metal and sul-
fide (characteristic of shocked OC; Rubin, 1992) that were
presumably injected into the olivine by shock processes
(e.g., Fig. 4 of Rubin, 2002). If the olivine grains in MIL
99301 had been mosaicized by the initial shock event, then
they would have formed polycrystalline aggregates of un-
strained olivine crystals as has occurred in several ureilites
(Rubin, 2006); the absence of polycrystallinity in MIL
99301 olivine grains indicates that the original olivine crys-
tals were not mosaicized during shock.

Support for impact-induced heating comes from the
39Ar–40Ar age of MIL 99301; this rock was annealed
�4.26 Ga ago (Dixon et al., 2004). At this late date, i.e.,
�300 Ma after accretion, an impact event is the only plau-
sible heat source; 26Al would have long-since decayed away
(more than 400 half-lives would have passed).
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If any high-pressure phases (e.g., ringwoodite, majorite)
had been formed in acapulcoites during initial shock, post-
shock annealing after the release of pressure would have
caused these phases to revert to their low-pressure polymor-
phs (i.e., olivine, orthopyroxene) (e.g., Chen et al., 1996).

Another potential shock feature that could have been
erased in acapulcoites by annealing is the occurrence of
low-Ca clinopyroxene (assuming that this phase had
formed from orthopyroxene during an earlier shock event;
Hornemann and Müller, 1971; Stöffler et al., 1991). Within
certain compositional constraints, this phase transforms
into orthopyroxene at P630 �C (Boyd and England,
1965; Grover, 1972).

One objection to impact heating is that many of the me-
tal veins in acapulcoites occur in between silicate grains
rather than transecting them as in shocked OC. However,
as discussed above, during annealing, silicate grains tran-
sected by metal veins would tend to recrystallize and form
individual grains separated by the metal veins.

On the other hand, many relict shock indicators are
likely to survive annealing. These include metallic Cu,
metallic Fe–Ni and sulfide veins, and irregularly shaped
troilite grains within metallic Fe–Ni. Coarse polycrystalline
kamacite is also likely to survive moderate annealing; finely
polycrystalline kamacite may have coarsened during
annealing.

The graphite occurrences in acapulcoites and lodranites
exhibit a diversity of morphologies and structures (e.g., El
Goresy et al., 1995, 2005). Extensive post-shock annealing
would tend to produce fine-grained, well-ordered graphite.
It would also tend to homogenize the diverse C- and N-iso-
topic compositions of the graphite occurrences (El Goresy
et al., 2005). These observations indicate that, at least in
those few acapulcoites and lodranites that contain hetero-
geneous graphite, post-shock annealing was limited. Never-
theless, El Goresy et al. (1995) inferred that the
heterogeneous graphite occurrences in Acapulco could sur-
vive the thermal conditions they accepted for this rock: 20%
partial melting at equilibration temperatures of �1200 �C
(Zipfel et al., 1995).

I conclude that acapulcoites and lodranites were heated
by impacts, buried beneath material of low thermal diffusiv-
ity, and moderately annealed. After annealing, the olivine
in these rocks would have exhibited sharp optical extinction
indicative of shock-stage S1. (It seems unlikely that anneal-
ing would be so precise as to allow planar fractures and pla-
nar deformation features in olivine to heal and still leave
enough crystal damage for the grains to exhibit undulatory
extinction characteristic of shock-stage S2.)

Rubin (2004) examined 53 shock-stage S1 OC of petro-
logic type 5 and 6 and reported chromite veinlets in 100%,
chromite–plagioclase assemblages in 100%, metallic Cu in
28%, irregular troilite grains within metallic Fe–Ni in
62%, and metal–sulfide veins in 21% of the samples. (Other
relict shock indicators were also identified in many of these
rocks.) All of these OC appear to have been shocked and
annealed.

Other meteorite groups that have many members that
appear to have been shocked and annealed include CK
chondrites (Rubin, 1992), ureilites (Rubin, 2006), and EL
chondrites (Rubin et al., 1997). [Nevertheless, extensive
shock melting of EL3 chondrites more than �15 Ma after
accretion is precluded by the presence of excess 53Cr in
EL3 sphalerite (El Goresy et al., 1992); if such heating
had occurred after this time, the isotopic anomaly would
have been erased. If shock melting had instead occurred
prior to appreciable decay of 53Mn (t1/2 = 3.7 Ma), then ex-
cess 53Cr could still have been produced in the sphalerite.]

Although impact heating cannot be a global process
(Keil et al., 1997; McSween et al., 2002), it seems plausible
that annealing could occur in shocked rocks buried beneath
an insulating regolith or megaregolith. It seems likely that
the same impact event responsible for the shock features
in these rocks buried them and provided the heat necessary
for annealing.

Many asteroids appear to be high-porosity bodies akin
to rubble piles with densities as low as 1.2 g cm�3 (Bottke
et al., 1999; Cheng and Barnouin-Jha, 1999; Veverka
et al., 1999). In porous asteroids, collisional kinetic energy
is distributed through relatively small volumes of material
(Stewart and Ahrens, 1999) and efficiently converted into
heat in the crater vicinity (Melosh, 1989; Housen and Hols-
apple, 1999; Britt et al., 2002). A residual component of the
kinetic energy of the projectile is converted into thermal en-
ergy after the shock wave dissipates. The thermal energy is
released from non-adiabatic decay of the shock wave (Rai-
kes and Ahrens, 1979) and can induce static metamorphism
in adjacent materials.

It is to be expected that different meteorite groups expe-
rienced similar shock and annealing processes. If one 20- to
50-km porous body in the asteroid belt was pelted by large
meteoroids and underwent localized shock and annealing,
then other similarly located bodies of similar size and struc-
ture would probably have been likewise affected.

4.2.6. Post-annealing shock

If annealing caused olivine grains to heal their damaged
crystal lattices and develop sharp optical extinction, then
those acapulcoites and lodranites that are currently
shock-stage S2 or higher must have been shocked again
after annealing. Among the set of samples in this study, this
would include the acapulcoites ALH 84190 (S3), Dhofar
1222 (S2), LEW 86220 (S2) and Superior Valley 014 (S2),
and the lodranite MAC 88177 (S5).

Many equilibrated OC (Rubin, 2004) and some ureilites
(Rubin, 2006) are also inferred to have experienced post-
annealing shock. It seems likely that repeated impact events
caused some rocks to undergo multiple episodes of shock
and annealing (e.g., Lambert et al., 1984; Rubin, 2004).

5. CONCLUSIONS

Acapulcoites and lodranites formed by shock melting of
CR-like precursor materials; lodranites were more exten-
sively heated than acapulcoites. Acapulcoites exhibit
numerous shock effects including veins of metallic Fe–Ni
and troilite, polycrystalline kamacite, rapidly solidified me-
tal–troilite assemblages, metallic Cu, and irregularly shaped
troilite grains within metallic Fe–Ni. A few acapulcoites
preserve a few volume-percent relict chondrules. While at
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elevated temperatures, acapulcoites experienced extensive
reduction that produced low olivine Fa and low-Ca pyrox-
ene Fs contents, low FeO/MnO ratios in olivine, relatively
high orthopyroxene/olivine ratios, and reverse zoning in
some mafic silicate grains.

Rapid cooling allowed the retention of relatively high
concentrations of planetary-type noble gases. Acapulcoites
and lodranites were buried beneath an insulating, commi-
nuted regolith (produced, at least in part, during the same
impact events that shocked these meteorite groups) and
underwent moderate post-shock annealing. This allowed
the damaged olivine crystal lattices to be repaired, making
the rocks appear unshocked. A few acapulcoites and
lodranites experienced post-annealing shock and reached
higher shock stages (e.g., S5 in the case of lodranite
MAC 88177).
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