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Abstract–The Frontier Mountain (FRO) 93001 meteorite is a 4.86 g fragment of an unshocked,
medium- to coarse-grained rock from the acapulcoite-lodranite (AL) parent body. It consists of
anhedral orthoenstatite (Fs13.3 ± 0.4Wo3.1 ± 0.2), augite (Fs6.1 ± 0.7Wo42.3 ± 0.9; Cr2O3 = 1.54 ± 0.03), and
oligoclase (Ab80.5 ± 3.3Or3.1 ± 0.6) up to >1 cm in size enclosing polycrystalline aggregates of finegrained olivine (average grain size: 460 ± 210 µm) showing granoblastic textures, often associated
with Fe,Ni metal, troilite, chromite (cr# = 0.91 ± 0.03; fe# = 0.62 ± 0.04), schreibersite, and
phosphates. Such aggregates appear to have been corroded by a melt. They are interpreted as
lodranitic xenoliths. After the igneous (the term “igneous” is used here strictly to describe rocks or
minerals that solidified from molten material) lithology intruding an acapulcoite host in Lewis Cliff
(LEW) 86220, FRO 93001 is the second-known silicate-rich melt from the AL parent asteroid.
Despite some similarities, the silicate igneous component of FRO 93001 (i.e., the pyroxeneplagioclase mineral assemblage) differs in being coarser-grained and containing abundant enstatite.
Melting-crystallization modeling suggests that FRO 93001 formed through high-degree partial
melting (≥35 wt%; namely, ≥15 wt% silicate melting and ~20 wt% metal melting) of an acapulcoitic
source rock, or its chondritic precursor, at temperatures ≥1200 °C, under reducing conditions. The
resulting magnesium-rich silicate melt then underwent equilibrium crystallization; prior to complete
crystallization at ~1040 °C, it incorporated lodranitic xenoliths.
FRO 93001 is the highest-temperature melt from the AL parent-body so far available in
laboratory. The fact that FRO 93001 could form by partial melting and crystallization under
equilibrium conditions, coupled with the lack of quench-textures and evidence for shock deformation
in the xenoliths, suggests that FRO 93001 is a magmatic rock produced by endogenic heating rather
than impact melting.
INTRODUCTION
Acapulcoites and lodranites (AL) are rare (48 in total),
petrogenetically related classes of achondrites that can
potentially provide important information on the heating,
melting, and melt migration mechanisms responsible for the
chondrite-to-achondrite transition in the asteroid belt early in
the history of the solar system (e.g., Mittlefehldt et al. 1998).
Acapulcoites are fine-grained granoblastic rocks of
quasi-chondritic bulk composition and mineral abundances,
cross-cut by an intricate network of metal-plus-sulfide
veinlets (e.g., Mittlefehldt et al. 1998). Lodranites tend to be
coarser-grained and relatively depleted in plagioclase and
troilite. Metal-plus-sulfide is concentrated in veins and

masses of up to several centimeters in size in Monument
Draw (McCoy et al. 1996) and Graves Nunataks (GRA)
95209 (McCoy et al. 2006). Lewis Cliff (LEW) 86220 is a
unique member of the AL group and consists of mediumgrained igneous rock resulting from the crystallization of
basaltic and Fe,Ni-FeS melts that intrude on an acapulcoite
host (e.g., McCoy et al. 1997b; Mittlefehldt et al. 1998). The
similar oxygen isotope compositional range of acapulcoites
and lodranites indicates that they originated from a common
parent asteroid (Clayton et al. 1992; Franchi et al. 1992;
McCoy et al. 1996). Their formation and cooling occurred
early in the history of the solar system, as documented by
4.60 ± 0.03 and 4.557 ± 0.002 Sm-Nd and Pb-Pb ages for
Acapulco (Prinzhofer et al. 1992; Göpel et al. 1992) and by a

1183

© The Meteoritical Society, 2006. Printed in USA.

1184

L. Folco et al.

number of 40Ar/39Ar ages ranging from 4.521 ± 0.006 to
4.49 ± 0.01 Ga for the Acapulco, Monument Draw, Allan
Hills (ALH) 81187, and ALH 81261 acapulcoites; the Gibson
lodranite; and the transitional types Elephant Moraine (EET)
84302 and GRA 95209 (McCoy et al. 1996, 1997a, 2005;
Mittlefehldt et al. 1996; Pellas et al. 1997).
According to the generally held view (e.g., Nagahara
1992; Taylor et al. 1993; Petaev et al. 1994a, 1994b;
Mittlefehldt et al. 1996; McCoy et al. 1996, 1997a, 1997b;
Floss 2000), AL meteorites record a range of degrees of
partial melting and melt migration during the early stages of
magmatic
differentiation
of
chondritic
asteroids.
Schematically, acapulcoites are interpreted as unfractionated
products of incipient partial melting of a chondrite-like source
material at ~980 °C, which caused minor mobilization of
Fe,Ni-FeS cotectic melts along fractures. Lodranites are
considered fractionated residues from which Fe,Ni-FeS and
basaltic melts were extracted after up to ~20 vol% whole-rock
partial melting (McCoy et al. 1997b) or ~15 wt% silicate
partial melting (Floss 2000) at ~1050–1200 °C. The igneous
lithology intruding on the LEW 86220 acapulcoite is thought
to represent a unique sample of the basaltic partial melt
complementary to lodranites, which migrated from the hotter
lodranite source region to the cooler acapulcoite emplacement
region (McCoy et al. 1997b). The paucity of basaltic rocks in
the world’s AL meteorite collection is partly attributed to
removal from the parent body through explosive volcanism of
the type envisioned by Wilson and Keil (1991) and/or impact
corrosion over time (McCoy et al. 1997b).
An alternative view (e.g., Kallemeyn and Wasson 1985;
Takeda et al. 1994; Rubin et al. 2002) envisages that AL
meteorites formed through impact heating, brief incomplete
melting, and preferential mobilization of the lowtemperature/low-compression components (i.e., troilite,
metal, and plagioclase) of the chondritic precursor. In
particular, Takeda (1993), Miyamoto and Takeda (1994), and
Takeda et al. (1994) proposed that planetary-scale collisions
were concurrent with the generation of the heat required for
the formation of AL. However, the fact that no important
shock features have so far been documented in the ALforming minerals is a major problem in the shock-melting
model (e.g., Taylor et al. 1993; McCoy et al. 1996).
Frontier Mountain (FRO) 93001 is a small meteorite of
4.86 g (Fig. 1) found on the blue ice field of the Frontier
Mountain meteorite trap (Antarctica) by the 1993/94 PNRA/
EUROMET joint meteorite collection expedition. FRO 93001
was initially classified as a lodranite (Grady 2000). Our
preliminary results published in abstract form (Burroni and
Folco 2003) and in Meteoritical Bulletin No. 89 (Russell et al.
2005) show that FRO 93001 is unlike any other known
lodranite, but that it is similar to the igneous regions described
in the LEW 86220 acapulcoite (McCoy et al. 1997b). Given
the potential importance of such rare lithologies in
understanding heating and melting mechanisms on the

Acapulco-Lodranite parent asteroid, we report here on a
petrologic study of FRO 93001 based on petrographic and
electron microprobe analyses and simple meltingcrystallization modeling.
SAMPLES AND ANALYTICAL METHODS
The 4.86 g FRO 93001 meteorite (Fig. 1) has a nearly
prismatic shape and measures ~16 mm × 13 mm × 12 mm. The
specimen is covered by millimeter-size patches of black
fusion crust with a glassy appearance, which amounts to ~20%
of the external surface. Fusion crust is absent on one side,
suggesting that FRO 93001 is a piece of a larger meteorite.
The external surfaces lacking fusion crust reveal a granular
texture; abundant brown-yellow and deep-green mafic
silicates and lesser metal grains are visible. Although the
partial lack of fusion crust suggests some physical weathering,
the freshness of the fusion crust and of the mafic and metal
crystals attests to limited or no chemical weathering. The
samples used in this study were obtained from the main mass
kept at the Museo Nazionale dell’Antartide in Siena.
In order to obtain a representative sample of FRO 93001
for petrographic investigation, one polished thin section was
prepared starting from a thin slice cut across the meteorite
specimen using a low-velocity diamond-wheel saw (blade
diameter and thickness are 100 mm and 0.294 mm,
respectively). The thin section, labelled FRO 93001,03, is
~13 mm × 11 mm in maximum dimensions (Fig. 2).
Petrographic observations were carried out under the optical
microscope in both transmitted and reflected light. Additional
petrographic and mineralogical features were investigated
using a Philips XL30 microanalytical scanning electron
microscope (SEM-EDS) at the Museo Nazionale
dell’Antartide in Siena. Mineral mode, reported in Table 1,
was determined through digital image analyses of a mineral
distribution map (Fig. 2b) of the FRO 93001,03 thin section.
The mineral distribution map was obtained by processing a
mosaic map of backscattered electron images. Mineral
compositions of olivine, pyroxenes, feldspars, phosphates,
and chromite, reported in Tables 2, 3, and 4, were determined
with a JEOL JXA 8600 electron microprobe at the CNR
Istituto di Geoscienze e Georisorse in Florence. Operating
conditions were 15 kV accelerating voltage and 10 nA beam
current. Counting times for the analyzed elements ranged
from 10 s to 60 s at both peak and background, depending on
the element abundances. The nominal beam spot was 1 µm
for the analysis of all minerals except feldspars and
phosphates, for which a defocused beam, 5–15 µm in
diameter depending on grain size, was employed to reduce the
undesirable migration of volatile elements. A defocused beam
of 20 µm was also employed to determine the bulk mineral
composition of exsolved pyroxenes with lamellar
pseudoperiodicity of ~5 µm (see below). The Bence and
Albee (1968) method was employed for the correction of raw
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Fig. 1. A hand-specimen view of the FRO 93001 meteorite. The meteorite is almost devoid of fusion crust (black, millimeter-size patches on
the right-hand side) and shows a granular texture and silicate-rich mineral composition.

data. The compositions of sulfide, phosphide, and metal were
determined with a CAMECA SX50 electron microprobe at
the CNR Istituto di Geoscienze e Georisorse in Padua.
Instrumental conditions were 20 kV accelerating voltage,
20 nA beam current, 1 µm nominal beam spot, and 20 s
counting time for all elements. The manufacturer-supplied
PAP procedure was employed for raw data reduction. A
number of synthetic and mineral standards were used for
instrumental calibration.
RESULTS
Petrography and Mineral Chemistry
An optical micrograph and a backscattered electron image
of the FRO 93001,03 thin section that was studied are given in
Fig. 2 along with the relative mineral distribution map. FRO
93001,03 shows a medium- to coarse-grained igneous rock
consisting mainly of anhedral crystals of enstatite, augite, and
plagioclase (Figs. 3a and 3b) up to 1 cm in size. Note, however,
that the largest enstatite observed in the studied thin section
(Figs. 2a and 2b) is a portion of a larger crystal. The oligoclase
area at the bottom part of the thin section shown in Fig. 2 is a
collection of grains in optical continuity with each other; the
same holds for the oligoclase area at the upper-left part of the
thin section: thus, they are portions of two larger crystals. We
therefore conclude that the grain size of FRO 93001 pyroxene
and plagioclase can be >1 cm.
Enstatite, augite, and plagioclase enclose numerous
polycrystalline aggregates and individual crystals consisting
mainly of fine-grained olivine (Figs. 3a–3d, 4a), and/or

irregular metal masses up to some millimeters in maximum
dimension, often associated with fine-grained troilite and
trace amounts of Ca phosphates, chromite, schreibersite
(Figs. 3a, 4a–4c), and graphite.
A few nonpervasive Fe,Ni-metal and troilite veins,
typically <10 µm thick, depart from the largest metal masses
and indistinctly cut across crystals of other minerals
(plagioclase inclusive). The two phases form discrete
segments.
The mineral mode from thin section FRO 93001,03 is
enstatite 53.7 vol%, olivine 15.0 vol%, plagioclase 9.6 vol%,
augite 6.4 vol%, Fe,Ni metal (mostly kamacite) 12.7 vol%,
troilite 2.0 vol%, and traces of chromite, Ca phosphates,
schreibersite, and graphite (Table 1). The grain size of FRO
93001 is large relative to its size and to that of the thin section:
one single centimeter-size enstatite crystal comprises about
40 vol% of the studied thin section (Figs. 2a and 2b). As such,
the above mineral mode is probably not representative of the
parent-lithology of FRO 93001, and arguments based on the
mineral mode can only be tentative. However, our estimates
provide us with important qualitative information on mineral
abundances; in particular, they highlight the relatively high
abundance of plagioclase and pyroxenes.
FRO 93001 is devoid of evidence of shock deformation
at the optical microscope scale. Silicates such as olivine,
pyroxenes, and plagioclase exhibit sharp optical extinction,
with minor irregular fracturing in orthoenstatite and olivine.
Such features are diagnostic of unshocked meteorites, i.e.,
shock stage S1 according to the classification scheme for
meteorites of chondritic mineralogy (i.e., including AL
meteorites) by Stöffler et al. (1991). Both troilite and
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Fig. 2. The overall textural and mineral compositional features of FRO 93001 from polished thin section FRO 93001,03. a) A photomicrograph
(transmitted light, crossed nicols; high birefringence colors are due to ~50 µm thickness of the FRO 93001,03 thin section). b) A backscattered
electron image mosaic. c) A mineral distribution map. The locations of Figs. 3a–3d are also indicated.
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Table 1. The mineral mode (vol%) of FRO 93001. The literature data (mean values and ranges in brackets) from
acapulcoites (Acapulco, Allan Hills 77081, Allan Hills 78230, and Yamato-8307) and lodranites (Gibson, MacAlpine
88177, Yamato-74357, Yamato-75247, Yamato-791491, and Yamato-8002) are reported for comparison.
Acapulcoites
Yugami et al. (1998)

Lodranitesa

Minerals

FRO 93001
This work

Olivine
Enstatite
Augite
Chromite
Plagioclase
Ca phosphates
Graphite
Troilite
Fe,Ni metal
Schreibersite

15.0
53.7
6.4
tr.
9.6
tr.
tr.
2.0
12.7
tr.

26.9 (25.2–28.4)
37.5 (32.4–41.1)
5.5 (2.5–7.3)
tr.
14.0 (13.5–14.8)
0.8 (tr.–1.2)

42.9 (20.3–71.9)
37.0 (9.7–50.5)
2.5 (0.2–6.3)
tr.
2.6 (0.0–10.0)
tr.

b

b

6.3 (3.9–8.7)
8.5 (5.7–15.0)
tr.

1.7 (0.0–5.4)
12.8 (1.0–25.3)
0.3 (0.0–1.2)

a Contrary to acapulcoites, the large ranges and variability in modal values for lodranites are likely due to the large grain size of these rocks compared to the extent

of the analyzed thin sections.
is reported for Acapulco (El Goresy et al. 2005); graphite abundance in the matrix and metal-rich areas of GRA 95209 is 1.9 and 2.4 vol% (McCoy
et al. 2006).
tr. = traces.
b Graphite

Table 2. The compositions of olivines, pyroxenes, and chromite in FRO 93001 (oxides wt% and, in parentheses, standard
deviations).
n

Olivine
(cores)
73

SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
NiO
Cr2O3
V2O3
ZnO
CoO
Na2O
K2O
Total

100.61

Endmembers

Fa9.9 (0.6)

41.2 (0.3)
<0.04
<0.04
9.67 (0.51)
0.54 (0.05)
49.2 (0.5)
<0.03
<0.04
<0.05

Enstatite
(bulk)
10

Enstatite
(lamellae-free)
35

Enstatite
(symplectite)
4

Augite
(bulk)
4

Augite
(lamellae-free)
25

Chromite

56.3 (0.5)
0.17 (0.01)
0.39 (0.03)
8.41 (0.13)
0.54 (0.04)
31.8 (0.3)
1.66 (0.13)

56.9 (0.5)
0.16 (0.02)
0.39 (0.04)
8.44 (0.25)
0.56 (0.04)
32.4 (0.3)
1.41 (0.15)

57.2 (0.7)
0.07 (0.01)
0.12 (0.02)
7.00 (0.18)
0.60 (0.05)
34.7 (0.6)
0.57 (0.08)

53.8 (0.5)
0.32 (0.04)
0.98 (0.21)
3.47 (0.12)
0.30 (0.05)
17.7 (0.2)
20.2 (0.5)

53.9 (0.3)
0.39 (0.03)
1.08 (0.15)
3.13 (0.08)
0.30 (0.01)
17.2 (0.5)
20.9 (0.2)

<0.07
0.70 (0.17)
4.53 (1.65)
20.0 (0.9)
1.92 (0.25)
6.97 (0.79)
<0.03

0.47 (0.03)

0.45 (0.05)

0.13 (0.05)

1.54 (0.09)

1.54 (0.03)

64.8 (1.4)
0.52 (0.1)
0.47 (0.1)

8

<0.04
0.13 (0.09)
<0.02
99.87

<0.07
<0.02
100.71

<0.07
<0.02
100.41

0.78 (0.09)
<0.02
99.09

0.73 (0.17)
<0.02
99.17

Fs13.3 (0.4)
Wo3.1 (0.2)

Fs13.2 (0.4)
Wo2.6 (0.3)

Fs10.1 (0.2)
Wo1.1 (0.2)

Fs6.1 (0.7)
Wo42.3(0.9)

Fs5.6 (0.9)
Wo44.0(1.0)

99.91
Ulvö1.8 (0.6)
Sp11.2(1.8)
Chr86.8 (2.2)

n = number of analyses; for olivines, n = number of core-analyses.

kamacite are monocrystalline; this feature is typically
observed in unshocked or weakly shocked meteorites of
chondritic mineralogy (Bennett and McSween 1996).
Secondary minerals produced by terrestrial weathering
are scarce. They include nickeliferous iron oxide haloes
around a few metal grains, and limonitic products along
cracks in mafic silicates and metal veins. According to the
classification scheme by Wlotzka (1993) for meteorites with
chondritic mineralogy, FRO 93001 belongs to the lowweathering degree W1 category.

As mentioned above, FRO 93001 appears to be
volumetrically dominated by orthorhombic enstatite (Figs. 2a
and 2b). It forms millimeter- to centimeter-size crystals with
an overall prismatic outline, although grain boundaries are
typically irregularly shaped. Enstatite is finely exsolved on
[100] (Fig. 4d). Its bulk composition, Fs13.3 ± 0.4 Wo3.1 ± 0.2, is
nearly homogeneous (Table 2; Fig. 5a). The exsolution
products consist of micrometer-thick lamellae of a Ca-rich
pyroxene of unresolvable composition at the electron
microprobe scale in an orthoenstatite host with lower calcium
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Table 3. Compositions of plagioclase, alkali-feldspar, and phosphates in FRO 93001 (oxides wt% and, in parentheses,
standard deviations).

n
SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Cr2O3
Na2O
K2O
F
P2O5
Cl
-O eq F,Cl
Total
Endmembers

Plagioclase
50
64.3 (0.8)
<0.04
22.8 (0.6)
0.12 (0.01)
<0.07
<0.06
3.48 (0.59)
<0.05
9.41 (0.23)
0.54 (0.01)

Na-rich
1

Alkali-feldspar
K-rich
1

67.9
<0.04
20.2
0.31
<0.07
<0.06
0.55
<0.05
11.3
0.57

65.0
<0.04
19.1
0.23
<0.07
<0.06
0.36
<0.05
1.68
13.5

100.65

100.83

99.87

Ab80.5 (3.3)
Or3.1 (0.6)

Ab94.3
Or3.1

Ab15.6
Or82.5

Merrillite
8

F apatite
4

<0.07

<0.07

<0.07

<0.05
0.31 (0.14)
<0.07
3.63 (0.07)
48.1 (0.9)

<0.04
0.12 (0.11)
<0.07
<0.06
56.1 (1.2)

<0.05
0.32
<0.07
<0.06
57.5

2.69 (0.14)
0.05 (0.02)
<0.20
46.7 (0.5)
<0.02

<0.07
<0.02
3.58 (0.99)
41.3 (1.5)
1.24 (0.47)
102.4
1.79
100.6

0.09
< 0.02
0.46
41.5
2.93
102.80
0.90
101.9

101.48

Cl apatite
1

n = number of analyses.

Table 4. The compositions of troilite, schreibersite, and metal in FRO 93001 (elements wt% and, in parentheses, standard
deviations).
n

Troilite
18

Schreibersite
9

Hi-Ni metal
16

Low-Ni metal
68

S
Fe
Co
Ni
Cr
Mn
P
Total

36.4 (0.3)
62.7 (0.2)
<0.04
<0.04
0.36 (0.03)
<0.03
<0.02
99.56

42.0 (1.7)
0.04 (0.01)
43.7 (1.8)
<0.04
<0.03
15.1 (0.1)
100.90

68.3 (3.1)
0.20 (0.06)
31.0 (2.5)
<0.04
<0.03
<0.02
99.30

92.5 (0.6)
0.38 (0.04)
6.78 (0.46)
<0.04
<0.03
<0.03
99.75

n = number of analyses.

content than the bulk, Fs13.2 ± 0.4 Wo2.6 ± 0.3. The lamellar
pseudoperiodicity is ~7 µm. A second system of ~[001]
sigmoidal exsolution lamellae similar to those described in
chondritic pyroxenes by Ferraris et al. (2003) were
occasionally observed (Fig. 4d). Orthoenstatite includes a
number of melt inclusions (Fig. 4e), typically some tens
of µm in size. They principally consist of µm-size, euhedral
crystals of augite Fs4.9 ± 0.6 Wo45.2 ± 1.1 set in a matrix of microto cryptoperthitic alkali-feldspar with composition ranging
from Ab94.3 Or3.1 to Ab15.6 Or82.5 (Fig. 5b; Table 3).
Augite occurs as millimeter-size anhedral crystals
(Fig. 3b). It is finely exsolved on [100] (Fig. 4f). The bulk
composition is nearly homogeneous Fs6.1 ± 0.7 Wo42.3 ± 0.9 with
a distinctively high chromium content, i.e., Cr2O3 = 1.54 ±
0.09 wt% (Fig 5a; Table 2). The exsolution products consist
of micrometer-thick lamellae of a Ca-poor pyroxene of
unresolvable composition at the electron microprobe scale in

an augitic host with higher calcium content than the bulk,
Fs5.6 ± 0.9 Wo44.0 ± 0.1 (Table 2). The lamellar pseudoperiodicity
is ~4 µm. Two-pyroxene thermometry indicates equilibrium
Ca-Mg-Fe exchange reactions during crystallization at 1033
± 33 °C; temperatures were obtained using the QUILF95
program (Andersen et al. 1993) from the bulk compositions of
the orthoenstatite and augite crystals.
Plagioclase forms large centimeter-size anhedral crystals
(Fig. 3a). It shows a prominent interstitial character, although
fingered intergrowth textures occur when it is in contact with
augite crystals (Fig. 3b). It is polysynthetically twinned with a
slightly variable oligoclase composition Ab80.5 ± 3.3 Or3.1 ± 0.6
(Fig. 5b; Table 3).
A large fraction of the inclusions in enstatite, augite, and
plagioclase consists of fine-grained olivine. Beside some
isolated crystals, olivine typically forms clusters of several
individuals characterized by well-developed 120° triple
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Fig. 3. Optical microscope views (transmitted light, crossed nicols; the high birefringence colors are due to the ~50 µm thickness of the FRO
93001,03 thin section) of FRO 93001. Their location in the FRO 93001,03 thin section is given in Fig. 2b. a) A medium- to coarse-grained
enstatite (the pale yellow crystal in the lower left quadrant and the purple crystal in the lower right quadrant, respectively) and plagioclase (the
coarse-grained brownish crystal in the upper left quadrant) enclosing numerous polycrystalline aggregates consisting mainly of olivine, Fe,Nimetal, and troilite. b) An augite (the green crystal at right) and plagioclase (the striated, twinned, brownish crystal in the upper left quadrant)
showing intergrowth texture. c) A detailed view of the olivine aggregates enclosed in plagioclase crystals (low-birefringence and
polysynthetically twinned); note the 120° triple junctions between adjacent olivine crystals. Opaque material consisting of troilite-plusenstatite symplectites (see Fig. 4a) discontinuously decorates olivine rims and occasionally irregular fractures in the interior of olivine crystals
(see the olivine crystal in the lower left quadrant). Note that the olivine crystal boundaries abutting host plagioclase tend to be rounded. d)
Another detailed view of olivine aggregates enclosed in enstatite. Note the 120° triple junctions between adjacent olivine crystals and the
rounded crystal boundaries abutting enstatite host.

junctions typical of homeoblastic textures (Figs. 3a–d).
Olivine grain boundaries abutting host crystals are, however,
generally rounded. Olivine is sometimes associated with metal
and troilite to form polymineralic aggregates (Fig. 4a). Grain
size ranges from 60 µm to 1100 µm, with an average value of
460 ± 210 µm (statistics based on 120 measured crystals;
Fig. 6). Figure 5c (see also Table 2) shows the distribution of
olivine composition based on 75 core analyses. Olivine has a
homogenous core composition Fa9.9 ± 0.6 with chondritic [Fe/
Mn] = 17.6 ± 1.6; however, two rounded, isolated grains
<100 µm in diameter, enclosed in pyroxenes, show a more Fe-

rich composition Fa13.7. The grain boundaries of adjacent
olivines in the clusters are discontinuously decorated by
symplectites of troilite and enstatite Fs10.1 ± 0.2 (Fig. 4b;
Table 2). Symplectites also occur at the contact between
olivine and troilite plus metal grain associations in the
polymineralic aggregates (Fig. 4a). The olivine rims abutting
symplectites are reduced to Fa7.9 (Fig. 5d).
Reduction rims and symplectites are truncated by the
host plagioclase and pyroxene crystals (Fig. 4a). The cores of
very few olivine crystals also include swarms of oriented,
opaque Fe,Ni metal inclusions up to a few tens of µm in size,
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Fig. 4. Backscattered electron images from the FRO 93001,03 thin section. a) Polycrystalline aggregate consisting mainly of metal, troilite,
and olivine embedded in plagioclase. The occurrence of troilite plus enstatite symplectites, which discontinuously decorate olivine-reduced
rims, is also shown. Note that symplectites are truncated by the plagioclase host. b) A millimeter-size polycrystalline aggregate (center)
consisting primarily of metal (mostly kamacite) plus subordinate chromite, schreibersite, and phosphates. c) Troilite-plus-chromite aggregates
showing an irregularly rounded outline and truncated crystal boundaries. d) Ca-rich pyroxene exsolution lamellae (planar [100] and sigmoidal
~[001]) in orthoenstatite host. e) Melt inclusion in orthoenstatite consisting mainly of alkali-feldspar with tiny augite daughter crystals along
inclusion walls. f) Ca-poor pyroxene [100] exsolution lamellae in augite host. g) Micrometer-size, euhedral graphite crystals associated with
metal inclusions in olivine. Abbreviations: opx = orthoenstatite, cpx = augite, ol = olivine, plg = plagioclase, kfs = alkali feldspar, tr = troilite,
met = Fe,Ni metal, chr = chromite, pho = Ca phosphate, gr = graphite, sym = troilite plus enstatite symplectites.
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sometimes associated with micrometer-size, euhedral
graphite crystals (Fig. 4g).
Another major component of the polycrystalline
aggregates is Fe,Ni metal (Table 1). It forms irregular masses
with cuspate-lobate contours up to a few millimeters in
maximum dimension (Figs. 3a and 4b), or much smaller
rounded aggregates. Metal mainly consists of kamacite grains
(Ni = 6.78 ± 0.46 wt%) (Table 4) hosting a few discrete
taenite domains (Ni = 31.0 ± 2.5 wt%) (Table 4) up to several
tens of µm in maximum dimension. It is often associated with
euhedral crystals of schreibersite, merrillite, Cl apatite, and
apatite up to a few hundred micrometers in size (Tables 3 and
4; Fig. 4b). The smaller metal grains are often associated with
troilite (Fig. 4a; Table 4). Chromite shows a slightly variable
composition Chr86.8 ± 2.2, Ulvö1.8 ± 0.6, Sp11.2 ± 1.8 with minor
concentrations of vanadium, V2O3 = 0.52 ± 01 wt%, and zinc,
ZnO = 0.47 ± 0.1 wt% (Table 2). It occurs in the form of
euhedral crystals up to several tens of micrometers in size
included in metal and troilite. Note, however, that the crystal
faces of the minerals in the polymineralic aggregates are often
truncated by the surrounding pyroxene and plagioclase host
crystals (e.g., Fig. 4c).
DISCUSSION
FRO 93001: A Unique Igneous Member of the AcapulcoLodran Group
Diagnostic mineralogical data indicate that FRO 93001 is
a sample of the AL parent body. The nearly chondritic mineral
assemblage coupled with achondritic texture are
characteristic of AL meteorites. Olivines have a chondritic
[Mn/Mg] ratio of ~0.006 typical of primitive achondrites (i.e.,
winonaites, silicate inclusions in IAB irons, acapulcoites,
lodranites, and brachinites) (Mittlefehldt 2005), and their
composition plots on the oxidation-reduction trend for AL in
the [Fe/Mn] versus [Fe/Mg] diagram (Fig. 7a). The olivine
and orthopyroxene compositions plot in the AL field in the Fa
versus Fs diagnostic diagram for meteorites of chondritic
mineralogy (primitive achondrites inclusive) and ureilites
(Fig. 7b). The chromite composition, a rather distinctive
feature of primitive achondrites, plots in the AL field of the
Cr/(Cr + Al) versus Fe/(Fe + Mg) diagram (Fig. 7c).
Likewise, the Cr2O3 content (1.54 ± 0.09 wt%) (Table 2) of
augite, falls in characteristic range of AL, i.e., from 0.9 to
1.9 wt% (e.g., Mittlefehldt 2005).
Petrographic data show that FRO 93001 is, however, a
unique member of the AL group, rather than, as originally
classified (Grady 2000), a normal lodranite. The anhedral
texture of the major component of FRO 93001, i.e., the
pyroxene-plagioclase assemblage (hereafter called the
“igneous component”), indicates that the bulk of this rock
crystallized from a melt. As such, FRO 93001 is unlike the
typical acapulcoites and lodranites present in the world’s
meteorite collections, which are broadly characterized by

Fig. 5. The olivine, pyroxene, and plagioclase compositions of FRO
93001. a) Pyroxene quadrilateral. b) Feldspars ternary diagram. c)
Olivine Fa (mol%) distribution. d) Fa (mol%) compositional profile
of olivine from its core to its reduced rim abutting enstatite plus
troilite symplectites.
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Fig. 6. a) The grain size distribution of olivine in FRO 93001. b) The
average grain sizes of mafic silicates in individual acapulcoites (Aca)
and lodranites (Lod); modified after McCoy et al. (1996).

homeoblastic textures produced most likely by extensive
subsolidus recrystallization. Instead, FRO 93001 may have an
affinity with the unusual igneous lithology found in the LEW
86220 acapulcoite described by McCoy et al. (1997b). The
latter lithology is composed of basaltic and Fe,Ni-FeS
components. The basaltic component consists mainly of
zoned plagioclase (An13.8 ± 3.5) and augite (Fs3.9 ± 0.2
Wo43.4 ± 0.7), typically 1–3 mm in size, with minor enstatite
(Fs9.6 ± 0.3 Wo2.1 ± 0.4). Troilite typically occurs within the large
plagioclase crystals, whereas Fe,Ni metal is mainly confined
to the boundary with the host acapulcoite. The pyroxeneplagioclase assemblage of FRO 93001 is thus similar to the
basaltic melt in LEW 86220; however, a major difference is
that the FRO 93001 pyroxenes are richer in ferrosilite
endmember (Table 2); furthermore, the LEW 86220 gabbroic
lithology is finer-grained, virtually devoid of olivine
inclusions, and contains only trace amounts of orthoenstatite.
Petrogenesis
Petrogenetic Constraints from Petrographic Analyses

If the FRO 93001 pyroxene-plagioclase assemblage is
obviously a product of crystallization from a melt, based on
its anhedral texture, the origin of the polycrystalline mineral
inclusions is more problematic. The interstitial occurrence of
plagioclase (Figs. 3a and 3c), the fingered intergrowth
textures between augite and plagioclase (Fig. 3b), and the
presence of magmatic inclusions in enstatite (Fig. 4e) are
major lines of evidence indicating that these three phases
crystallized from a melt. In contrast, the olivine inclusions are
characterized by well-developed 120° triple junction when in

Fig. 7. Olivine, pyroxene, and chromite compositional diagrams for
FRO 93001. a) [Fe/Mn] versus [Fe/Mg] in olivine; [Mn/Mg] fields
defined by Goodrich and Delaney (2000) and Goodrich and Righter
(2000). b) Fa versus Fs in olivine and orthopyroxene, respectively. c)
Cr/(Cr + Al) versus Fe/(Fe + Mg) in chromite. Literature data for
winonaites, silicate inclusions in IAB irons, acapulcoites, lodranites,
equilibrated ordinary chondrites (H, L, and LL groups) and
brachinites from: Nagahara and Ozawa (1986); Yanai and Kojima
(1991); Palme et al. (1981); Kimura et al. (1992); Nagahara (1992);
Takeda et al. (1994); Zipfel et al. (1995); McCoy et al. (1996, 1997b);
Nehru et al. (1997); Goodrich (1998); Mittlefehldt et al. (1998);
Brearley and Jones (1998); Yugami et al. (1998); Benedix et al.
(2000); Patzer et al. (2004); McCoy et al. 2006).
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mutual contact in the polycrystalline clusters. Their
boundaries abutting pyroxene or plagioclase host are,
however, rounded (Fig. 3d). These textures suggest that such
olivine clusters are granoblastic xenoliths incorporated and
partially corroded by the surrounding melt. The fact that the
olivine clusters may contain Fe,Ni metal ± troilite ± chromite
± Ca phosphates ± schreibersite ± graphite associations
(Fig. 4a) suggests that these mineral phases may also be (or at
least in part) of xenolithic origin. The euhedral crystal faces of
chromite enclosed in troilite truncated by the host igneous
pyroxene (Fig. 4c) supports the xenolithic hypothesis. It
remains, however, unclear whether the millimeter-size
irregular masses of Fe,Ni metal (Figs. 2a and 4b) crystallized
from a metallic melt or were preexisting solids. Because of
this uncertainty, we have not distinguished the modes for the
igneous and the xenolithic components in Table 1.
The xenolithic component in FRO 93001 appears to be
lodranitic in nature. Although the overall mineral assemblage
and the granoblastic textures are features common to both
acapulcoites and lodranites (see also the previous section), the
average olivine grain size of 460 µm (Fig. 6) is very close,
despite possible grain size reduction due to corrosion, to the
typical range for mafic silicates in lodranites and distinctly
coarser than that of acapulcoites (average grain size 150–
230 µm and 540–700 µm, respectively, according to McCoy
et al. 1996). The lodranitic parentage based on grain size
criteria is also corroborated by the presence of reduced rims in
olivine. According to McCoy et al. (1993), reverse FeO
zoning in olivine is a typical characteristic of lodranites. Fine
intergrowths of troilite plus an unidentified SiO2-rich phase
were observed at the boundary between metal and mafic
silicates in Lodran, the paired Yamato- (Y-) 791491 and Y791493, and FRO 90011 lodranites by McCoy et al. (1997a).
In acapulcoites, troilite plus orthopyroxene (yet to be
documented) symplectites were only reported in Acapulco
(El Goresy et al. 2005). Despite uncertainties in the
identification of the silicate phase intergrown with troilite,
such symplectites look very similar to those described in FRO
93001 here. Such symplectites, therefore, appear to be a
widespread feature in typical lodranites, supporting our
hypothesis that the polycrystalline aggregates in pyroxene
and plagioclase (e.g., Fig. 4a) have an affinity with lodranitic
material. Likewise, the content of the highly volatile zinc
present in the chromite of the FRO 93001 polycrystalline
aggregates is ZnO = 0.47 ± 0.1 wt% (Table 2) and is close to
the typical range for lodranites, ZnO = 0.59 ± 0.03, and
distinctly lower than that of acapulcoites, ZnO = 0.98 ± 0.21
(Nagahara 1992; Kimura et al. 1992; Takeda et al. 1994;
Zipfel et al. 1995; Mittlefehldt et al. 1996). In conclusion, we
interpret FRO 93001 to be dominantly a coarse-grained
igneous rock consisting of enstatite, augite, plagioclase, and
containing xenoliths of lodranitic nature.
The composition of the FRO 93001 igneous component
provides evidence that its source rock contained substantial
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amounts of Al, Ca, and Na (i.e., basaltic components). A
fertile source from the AL parent asteroid must have had an
unfractionated silicate composition; plausible sources for the
FRO 93001 melt were thus either an acapulcoite or its
chondritic precursor. Our previous statement (Burroni and
Folco 2003) suggesting a source rock of lodranite-like
composition was erroneous, because lodranites are depleted
in the basaltic components (e.g., McCoy et al. 1997a, 1997b;
Patzer et al. 2004).
Although we cannot rule out that the lodranitic xenoliths
in FRO 93001 were cognate xenoliths (i.e., genetically related
inclusions), they are not likely to be unmelted residues of the
source rock (i.e., restitic material). The mineral assemblage of
the xenoliths consists of both high-temperature (magnesian
olivine and chromite) and low-temperature (metal-plustroilite minimum-melt assemblages and phosphates) (Tables 3
and 4; Fig. 4a) components. The coexistence of such
components in restitic material would indicate important
disequilibrium in the melting process, such as that associated
with shock melting commonly observed in meteorites (e.g.,
Keil et al. 1997); however, this scenario can be ruled out on
the basis of the undeformed nature of the xenoliths.
The mafic mineral assemblage of the FRO 93001 igneous
component suggests that the FRO 93001 melt formed from a
higher temperature melt than that which generated the LEW
86220 plagioclase-augite gabbro, i.e., the only other basaltic
melt complementary to lodranites so far known. The
relatively large grain size of the FRO 93001 igneous
component coupled with the homogeneous compositions of
igneous minerals (Tables 2 and 3) indicate crystallization
under equilibrium conditions. In particular, the mg#s of mafic
silicates (orthopyroxene = 87, clinopyroxene = 90)
consistently indicate equilibrium with a silicate melt with a
minimal mg# ~68.
The xenolithic nature of polycrystalline aggregates
included in igneous pyroxene and plagioclase allows us to
conclude that their incorporation in the FRO 93001 melt is
contemporaneous with or postdates a number of events that
occurred in the lodranite region of the AL parent asteroid
(e.g., McCoy et al. 1993, 1997; Miyamoto and Takeda 1994;
Takeda et al. 1994; Papike et al. 1995). These include the
extensive solid-state recrystallization that produced the
granoblastic texture and the reduction process that caused the
formation of reverse FeO zoning in olivines. Most authors
(e.g., Miyamoto and Takeda 1994; Papike et al. 1995) now
agree that reduction of mafic silicates occurred on the AL
parent asteroid during the heating process that produced the
extensive recrystallization, partial melting, and melt
mobilization recorded in AL meteorites.
Petrogenetic Constraints from MELTS Simulations

We used the MELTS computer program (Ghiorso and
Sack 1995; Asimov and Ghiorso 1998) to perform a number
of melting-crystallization simulations in order to define the
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composition of the melt from which the FRO 93001 igneous
component crystallized. The experiment aimed to quantify
the degree of melting necessary to generate such a melt. The
experiment started from an acapulcoite-like composition,
which is considered representative of the source rock material
of the FRO 93001 igneous component for the reasons
discussed in the previous section. Possible parent liquids were
considered to be those melts capable of producing, under an
appropriate set of physical conditions, the igneous phases
observed in FRO 93001 and their mineral chemistry
(orthoenstatite, Fs13.3 ± 0.4 Wo3.1 ± 0.2; augite, Fs6.1 ± 0.7
Wo42.3 ± 0.9; oligoclase, Ab80.5 ± 3.3 Or3.1 ± 0.6); the lack of robust
data for mineral modes unfortunately precluded the use of
mineral abundances as a further constraint.
The first part of the simulation consisted of melting an
acapulcoite model composition. This model composition was
obtained by averaging major element concentrations of three
acapulcoites (Acapulco, ALHA77081, and Y-74063)
determined by Haramura et al. (1983) and Yanai et al. (1995)
through wet chemical analyses. The oxides Ti2O, MnO, K2O,
and P2O5, present in trace amounts, were eliminated in order
to reduce the complexity of the system. The resulting model
composition is reported in Table 5. Melting runs were
conducted assuming liquid-solid chemical equilibrium in
order to simulate the magmatic processes invoked for the
origin of AL meteorites (e.g., McCoy et al. 1997b); they
produced a number of liquids representative of various
degrees of partial melting at temperatures ranging from ~1150
to ~1650 °C. Melting runs were also conducted starting from
the silicate fraction of the acapulcoite model composition in
order to simulate possible efficient, early segregation of the
metallic component during endogenic melting in the AL
parent body (Haack and McCoy 2005). The melt obtained by
completely melting such composition is also representative of
the total melting caused by cosmic impacts: the composition
of this melt was obtained directly from the composition of the
silicate fraction of our model acapulcoite, since no interaction
between the silicate and metal components of the source
material is expected during the nearly instantaneous rise in
temperature associated with impact heating. The second part
of the simulation consisted in crystallizing the generated
silicate melts, assuming that the metallic melts were
segregated from the system. Liquid-solid chemical
equilibrium was assumed during crystallization, consistent
with petrographic constraints discussed in the previous
section. In all computational models, we employed oxygen
fugacity values calculated for AL meteorites of ∆QFM = −5
and ∆QFM = −6 (Righter and Drake 1996; Righter 2004) and
a confining pressure of 100 megapascal, since MELTS is
practically insensitive to pressures ≤100 megapascal, i.e., the
confining pressure conditions expected on asteroid-sized
bodies up to several hundred km in radius. Significant results
are reported in Table 5.
Melt 2 in Table 5 represents a plausible FRO 93001

parent liquid. This melt is obtained through ~35 wt%
equilibrium partial melting of the source material at 1200 °C
and ∆QFM = −6. Under these reducing conditions, a
relatively high fraction (~20 wt%) of Fe,Ni melt is always
present together with the silicate melt. The silicate melt
constitutes ~15 wt% of the whole system and has mg# 93. The
complete equilibrium crystallization of this liquid occurs at
~1040 °C (in agreement with the 1033 ± 33 °C the twopyroxene thermometry; see the Petrography and Mineral
Chemistry section) and yields a solid assemblage consisting
mainly of 4.4 wt% orthopyroxene, 29.4 wt% clinopyroxene,
and 66.6 wt% plagioclase. The composition of orthopyroxene
is Fs9.0 Wo2.0, that of clinopyroxene is Fs3.6 Wo44.4, and that of
plagioclase is Ab87.0. The compositions of the modeled
minerals thus approximate those observed in the FRO 93001
igneous phases (Tables 2 and 3). Higher degrees of
equilibrium melting (e.g., Melt 4 in Table 5) produce silicate
liquids with progressively higher mg#; the crystallization of
such liquids give rise to increasingly more mg-rich mineral
assemblages enriched in orthopyroxene which, nonetheless,
are compatible with that observed in FRO 93001.
Importantly, lower degrees of melting at temperatures
<1200 °C produce liquids which do not crystallize
orthopyroxene, but solely plagioclase and/or augite
assemblages, although with compositions similar to those
observed in FRO 93001. Interestingly, such liquids could be
the parent liquids of the plagioclase-augite igneous
assemblage observed in LEW 86220 by McCoy et al.
(1997b).
Low degrees (<30 wt%) of equilibrium melting under
more oxidizing conditions, ∆QFM = −5, produce silicate
liquids with low mg# (see Melt 1 in Table 5), which are
inconsistent with the magnesian mafic assemblage observed
in the FRO 93001. This is in agreement with melting
experiments at 1170–1350 °C on chondritic material reported
in literature: such experiments, performed under equilibrium
conditions starting from powdered LL and H chondrites
(Jurewicz et al. 1995) or under disequilibrium conditions
starting from untreated L chondritic samples (Feldstein et al.
2001), yielded liquids with mg# ranging from 33 to 57. Melts
with a mg# compatible with the mafic assemblage observed
in FRO 93001 can only be obtained through equilibrium total
(or nearly so) melting under ∆QFM = −5 (see Melt 3 in
Table 5), but the crystallization of the resulting melts give rise
to a large amount of forsteric olivine which is not observed in
FRO 93001.
Melts produced from only the silicate fraction of the
model acapulcoite to simulate efficient segregation of the
metallic fraction do not reproduce the FRO 93001 igneous
assemblage. Low degrees of melting (<19 wt%) produce
melts with low mg# (see Melt 5 in Table 5), which are
inconsistent with the magnesian, mafic assemblage observed
in FRO 93001. The magnesian composition of FRO 93001
pyroxenes is only obtained from the crystallization of the melt
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Table 5. Selected data from MELTS melting-crystallization modeling.
Model acapulcoitea

Melt 1b

T (°C)
fO2c
Oxides (wt%)
SiO2
Al2O3
Cr2O3
FeO
MgO
NiO
CaO
Na2O
mg#

38.6
2.40
0.49
28.0
26.2
1.62
1.80
0.88

System components (wt%)
Silicate melt
17.3
Fe,Ni melt
13.0
Residue

Melt 3b

Melt 4b

Melt 5b

Whole-rock melting
1200
1200
∆FMQ-5
∆FMQ-6

1600
∆FMQ-5

1600
∆FMQ-6

Silicate fraction melting
1200
≥1665
∆FMQ-5/-6
∆FMQ-5/-6

59.7
12.5
0.09
8.78
5.97

64.0
13.6
0.09
0.90
6.85

51.6
3.92
0.80
11.0
28.3

58.8
4.65
0.75
1.11
29.5

62.4
13.4
0.64
0.08
4.05

49.7
3.06
0.64
9.53
33.7

7.59
5.28
54.8

8.23
6.32
93.1

2.91
1.43
82.1

3.47
1.71
97.9

7.70
6.15
73.2

2.27
1.14
86.3

14.7
22.1
69.7

64.4
17.8
63.1

54.9
23.8
17.8

27.0

Residue: mineral composition (wt%)
Olivine
51.4
Low-Ca pyroxene
17.5
35.2
Spinel
0.9
Residue: mineral composition (endmembers)
Olivine
Fa21.3
Low-Ca pyroxene
Fs18.7 Wo4.0 Fs6.0 Wo3.0
Spinel
Chr71.0

Melt 2b

Melt 6b

18.5

100.0

21.3

81.5

0.0

17.8

21.1

0.9

0.2

0.2

45.2
35.2
1.12

Fa5.6

Fa6.2

Fa2.0

Chr69.0

Chr86.0

Fa13.1
Fs12.2 Wo3.6
Chr69.5

Crystallization
Crystallization products (wt%)
Olivine
–
Low-Ca pyroxene
19.3
High-Ca pyroxene
25.0
Plagioclase
55.4
Spinel
0.1

–
4.4
29.3
66.5
0.1

Crystallization products (endmembers)
Olivine
Low-Ca pyroxene
Fs46.0 Wo9.6 Fs9.0 Wo2.0
High-Ca pyroxene
Fs24.0
Fs3.6 Wo44.4
Wo39.3
Plagioclase
Ab82.0
Ab87.0
Spinel
Chr92.0
Chr94.4

29.7
48.8
5.0
15.2
1.3

d

72.6
8.7
17.6
1.1

–
8.5
28.8
62.1
0.6

44.0
39.0
4.1
11.9
1.0

Fs17.1 Wo4.5
Fs8.7 Wo40.0

Fa18.2
Fs2.0 Wo2.0
Fs1.0 Wo43.8

Fs30.7 Wo3.5
Fs12.9 Wo43.3

Fa13.5
Fs13.1 Wo4.0
Fs6.7 Wo41.0

Ab79.0
Chr85.0

Ab80.9
Chr84.9

Ab86.4
Chr88.6

Ab79.7
Chr84.8

a Acapulcoite

model composition used as starting material in the melting modeling; it was obtained by averaging major element concentrations of three
acapulcoites determined by Haramura et al. (1983) and Yanai et al. (1995) and recalculated in oxide wt%; see text for further details.
b Melts 1–4 were obtained through equilibrium partial melting of the source composition (Model acapulcoite). Melts 5 and 6 were obtained through total melting
of the sole silicate fraction of model acapulcoite, as if the metal and silicate fractions acted as separate systems during melting. See text for further details.
c Melting and crystallization simulations were performed under integer numbers of FMQ because no intermediate values are allowed by MELTS.
d The equilibrium crystallization of Melt 4 initially produced abundant Fa olivine which was subsequently completely resorbed at 1230 °C.
2

produced through total melting (or nearly so) of the starting
composition (i.e., Melt 6 in Table 5); however, such melts
generate abundant forsteritic olivine, which is not observed in
FRO 93001.
In summary, the model that fits the paragenesis observed
in the FRO 93001 igneous component indicates equilibrium
crystallization from a melt obtained through >35 wt%

equilibrium partial melting of an acapulcoite-like source
material at temperatures of >1200 °C, under ∆QFM = −6
oxygen fugacity. Although MELTS predicts an increase of the
pyroxene/plagioclase modal ratio for degrees of melting
higher than 35 wt%, the lack of robust data for mineral modes
in FRO 93001 precludes a more precise estimate of the degree
of melting above this minimum value.
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A Petrogenetic Model

Based on the constraints derived from the discussion
above, we propose that FRO 93001 formed through extensive
heating above 1200 °C and very high degrees of melting
(≥35 wt%; namely, ≥15 wt% silicate melting and ~20 wt%
metal melting) of an acapulcoite-like source material under
strongly reducing conditions typical of asteroidal
environments. The silicate melt produced then underwent
equilibrium crystallization and, prior to complete
crystallization at ~1040 °C, incorporated xenoliths of
lodranitic nature.
FRO 93001 is thus a rock providing evidence of the
highest melting temperatures and degrees of melting that
occurred on the AL parent body: as outlined in the
introduction to this paper, melting temperatures experienced
by AL meteorites present in literature span ~980–1200 °C,
possibly corresponding to degrees of whole rock partial
melting up to ~10–20 vol% of a source rock of acapulcoitic
composition (e.g., McCoy et al. 1997a, 1997b); whole-rock
partial melting up to 20% at about 1200 °C was also estimated
by Zipfel et al. (1995) for Acapulco, whereas a ~15 wt%
silicate partial melting was advocated by Floss (2000) for the
MacAlpine Hills (MAC) 88177 and LEW 88280 lodranites.
For this reason, the envisioned petrogenetic scenarios must
differ somewhat from those proposed for other AL meteorites
which have been outlined in the introduction to this paper.
Shock melting due to cosmic impacts on targets of
chondritic composition can be ruled out for a number of
reasons. Shock melting typically generates total melts at
temperatures in excess of ~1600 °C (e.g., Stöffler et al. 1988;
Bischoff and Stöffler 1992; Keil et al. 1997), but FRO 93001
is not necessarily a total melt: in the previous section, we have
shown that the composition of the FRO 93001 igneous
assemblage may require a mere ~35 wt% partial melting of
the source rock. Furthermore, the undeformed nature of the
xenoliths, the coarse-grained texture, and the crystallization
under equilibrium conditions of the FRO 93001 melt are
uncommon features in impact melts.
Thus, it seems more likely that FRO 93001 is a plutonic
rock produced by endogenic heating. The scarce knowledge
of the thermal structure of AL parent asteroids prevents a
detailed discussion of a magmatic scenario. In particular, we
do not know whether the FRO 93001 melt was generated by a
localized or a widespread magmatic process. However, FRO
93001 may extend the anatectic model proposed by McCoy
et al. (1997b) for AL meteorites, which assumes internal
heating ~4.55–4.50 Gyr ago in an asteroid several tens of km
in radius or more, with lodranites and acapulcoites at
progressively shallower levels. In this model, FRO 93001
would represent a deep magma permeating a lodranitic
region. The retention of liquids produced by high-degree
partial melting (≥35 wt%) deep inside the parent asteroid is
however a critical issue, since it would require an extremely
rapid heating mechanism to induce very high thermal

gradients and an impermeable crust to prevent upward melt
migration and eruptions.
Floss (2000) argued that rare earth elements (REE) and
other incompatible elements (Ti, Zr, Y) distribution in
enstatite and augite of MAC 88177 and LEW 88280
lodranites are consistent with extraction of ~15% silicate
partial melt from these meteorites. Interestingly, this degree
of partial melting is similar to the minimum value necessary
to form the FRO 93001 melt (see previous section). It is thus
tempting to hypothesize that the FRO 93001 melt is the
complementary melt to lodrantites similar in composition to
MAC 88177 and LEW 88280. However, in order to produce
the FRO 93001 melt, our melting-crystallization models
generate residues which are more strongly depleted than
MAC 88177 and LEW 88280, i.e., devoid of augite (Table 5).
CONCLUSIONS
FRO 93001 is a new igneous member of the AL
meteorite group that carries evidence for very high-degree
melting processes on the AL parent asteroid. Petrographic
analysis combined with melting-crystallization modeling
performed with the MELTS computer program yielded a
number of petrogenetic constraints used to reconstruct a
sequence of events that generated FRO 93001. In particular,
we conclude that:
1. FRO 93001 is a unique achondritic meteorite from the
AL parent asteroid. It is a medium- to coarse-grained
igneous rock consisting mainly of orthoenstatite
(Fs13.3 ± 0.4 Wo3.1 ± 0.2), augite (Fs6.1 ± 0.7 Wo42.3 ± 0.9), and
oligoclase (Ab80.5 ± 3.3 Or3.1 ± 0.6), which incorporated
xenoliths of lodranitic composition.
2. FRO 93001 has an affinity to the silicate component of
the igneous lithology which intrudes on an acapulcoite
host in the LEW 86220 meteorite (McCoy et al. 1997b).
FRO 93001 and LEW 86220 thus represent the only
known silicate-rich melts from the AL parent asteroid.
However, FRO 93001 differs substantially from LEW
86220 in its coarser grain size and abundant enstatite
content.
3. FRO 93001 formed through extensive heating above
1200 °C of an acapulcoitic source rock which
experienced a high degree of melting, namely ≥35 wt%.
The melt thus produced underwent equilibrium
crystallization and, prior to complete crystallization at
~1040 °C, incorporated xenoliths of lodranitic nature.
4. FRO 93001 is most likely a magmatic rock produced by
endogenic heating on the AL parent asteroid, since it
does not have the petrographic characteristic of an
impact melt. Contrary to typical impact melt rocks, FRO
93001 formed through partial melting and crystallization
under equilibrium conditions, it lacks textures indicative
of rapid cooling or quenching, and includes xenoliths
devoid of shock deformation.

Frontier Mountain 93001
5. FRO 93001 is the highest-temperature melt belonging to
the AL clan so far available in the laboratory, and it may
possibly extend the anatectic model of the AL parent
body proposed by McCoy et al. (1997b).
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