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Abstract

Asuka 881394 is a unique magnesian eucrite with pyroxenes that are Mg-rich like those of cumulate eucrites, but
with a granulitic texture unlike the textures of cumulate eucrites. Plagioclase compositions are ~ Angg, and are even
more calcic than those in cumulate eucrites. Pyroxene does not show pigeonite-to-orthopyroxene inversion textures,
suggesting different crystallization conditions than those of cumulate eucrites. Mn—Cr isotopic analyses determined
initial >*Mn/>Mn=(4.6+1.7)x107% and initial &**Cr);=0.25+0.17 in A881394. This initial *Mn abundance
corresponds to a formation interval Aty gpw = —6 =2 Ma relative to the LEW86010 angrite, implying an ‘absolute’ age
of 4564+ 2 Ma. Both the initial *Mn abundance and the initial &>3Cr); value for A881394 are identical to those
previously determined for the HED parent body at the time of its differentiation. Al-Mg isotopic analyses determined
initial 2°A1/27Al=(1.18 £0.14) X 107, from which a formation interval Atca; =3.95%0.13 Ma is calculated relative to
the canonical value 2Al/2”Al1=5x% 107> for CAI. Combining this formation interval with a recently reported Pb-Pb
age of 4567.2+0.6 Ma for CAI gives 4563.2+ 0.6 Ma as the age of A881394, in excellent agreement with the age
based on the Mn—Cr formation interval. Alternatively, the *Mn and 2°Al formation intervals of A881394 allow the
Mn-Cr and Al-Mg timescales to be intercalibrated, suggesting that an ‘absolute’ CAI age of 4568 Ma is most
consistent with the 4558 Ma Pb-Pb age of LEW86010. The initial 2°Al abundance existing in A881394 would have
been insufficient to cause global melting in the HED parent body (probably asteroid 4 Vesta). Nevertheless, it could
have been derived by radioactive decay over only ~2 Ma from an abundance that would have been sufficient to
cause global melting. The higher value of molar Mg/(Mg+Fe) =0.57 for A881394 than those of the ordinary (basaltic)
eucrites (Mg/(Mg+Fe)=0.30-0.42) suggests additional factors may have been important for magma genesis on the
parent body. If Al were the only heat source, partial melting would have been the major process in the interior of
the parent body, and Mg/(Mg+Fe) would be lower in the melts than in the primordial source material. Late-stage
accretion could have supplied relatively magnesian primordial material to the surface of the parent body, thereby
increasing Mg/(Mg+Fe) in a shallow magma ocean from which A881394 crystallized, and also may have augmented
26 Al heating. The granulitic texture of A881394 may have been produced during residence in the thin, earliest, crust,
kept hot by the magma beneath it. If 2°Al was, nevertheless, the major heat source for asteroidal melting, it may
account for declining post-accretion heating of main belt asteroids with increasing heliocentric distance.
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1. Introduction

Antarctic meteorite Asuka 881394 (hereafter
A881394) is a coarse-grained igneous rock com-
posed of nearly equal amounts of mm-sized pla-
gioclase and pyroxene crystals, and minor
amounts of other minerals. The isotopic compo-
sition of its oxygen shows that this meteorite be-
longs to the howardite—eucrite-diogenite (HED)
meteorite clan [1]. These meteorites are widely
believed to come from the asteroid 4 Vesta, often
characterized as the smallest terrestrial planet.
Although A881394 is a eucrite, it is unlike other
basaltic eucrites, because it contains magnesian
pigeonitic pyroxene and very calcic feldspar. Nor-
mally, Mg-rich eucrites, i.e. cumulate eucrites,
contain orthopyroxenes transformed from pigeon-
ite by very slow cooling, like plutonic rocks in
layered intrusions on earth. This eucrite shows a
metamorphic, granulitic, texture unlike the adcu-
mulate texture of the better-known cumulate eu-
crites. Plagioclase compositions in A881394 are
Angg, and are even more calcic than those in lunar
highland rocks. Its old Al-Mg and Mn-Cr ages
and unique mineralogical features are clear evi-
dence that this rock is the oldest basalt yet recov-
ered from the HED parent body, and a portion of
the oldest planetary crust known to exist any-
where in the solar system.

2. Mineralogy—petrology of A881394

A polished thin section of A881394,52-2 sup-
plied from the National Institute of Polar Re-
search (Tokyo, Japan) has been employed for
mineralogical and petrographic studies. Elemen-
tal distribution maps of Si, Mg, Al, and Cr
were obtained by electron probe microanalysis
(EPMA) at the Ocean Research Institute of the
University of Tokyo. Modal abundances (vol%)
of minerals derived from these maps are: pyrox-
ene 49.3%, plagioclase 44.9%, silica mineral 5.3%,

and chromite 0.5%. Fig. 1 shows plane- and cross-
polarized views of a thin section of the meteorite.
Pale brown pyroxene crystals 0.4-1.5 mm in size
are connected to form a granular texture. EPMA
of exsolved augite lamellae, CaspMgigFe 9, shows
they are well separated in chemical composition

Fig. 1. (a) Plane-polarized view of Asuka 881394. The width
is 5.0 mm. The coarse-grained, granulitic texture of pyroxene
(tan) and plagioclase (off-white) is clearly visible. A large
chromite grain at the lower right (black) poikilitically enclo-
ses plagioclase. (b) Same view as (a), but in cross-polarized
light. Note pronounced exsolution lamellac in the pyroxene
grain (dark blue) towards the upper left from the large chro-
mite grain. A large plagioclase region, off-white and more
visible in (a), extends from the central region towards the
bottom of the photograph, and is seen in cross-polarized
light to be composed of many smaller crystals. To the right
and below the chromite is another pyroxene grain (yellow),
and to its lower right is an irregularly shaped grain of silica
(black).
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Table 1
Chemical compositions (wt%) of minerals in A881394 eucrite
Minerals Plagioclase Silica Chromite Pigeonite Augite Low-Ca Px
Small xIs? Bulk® Lamellae Host
No. Meas. 26 8 42 169 7 7
SiO, 43.94 100.08 0.02 52.02 52.24 51.81
TiO, 0.01 0.11 3.87 0.27 0.45 0.22
Al O5 35.46 0.11 9.10 0.65 1.34 0.48
FeO 0.19 0.09 3245 23.12 11.02 26.66
MnO 0.01 0.02 0.54 0.80 0.47 0.88
MgO 0.09 0.00 2.14 17.11 13.44 18.11
CaO 20.05 0.04 0.05 5.23 20.51 0.83
Na,O 0.22 0.02 0.01 0.01 0.02 0.01
K,O 0.01 0.01 0.00 0.01 0.01 0.01
Cr,03 0.02 0.00 51.31 0.52 0.85 0.42
V,0; 0.01 0.00 0.53 0.02 0.04 0.02
Total 99.99 100.48 100.02 99.76 100.39 99.44

4 Average of several small crystals.
b Average of line analyses across the exsolved lamellae.

from host low-Ca pyroxene, Ca,MgssFeqq (Table
1). The bulk pyroxene composition obtained by
line analyses with the EPMA is Ca;sMgsoFes;.
The widths of augite lamellae reach up to 10
um. The host pigeonite does not show inversion
textures indicating transformation from pigeonite
to orthopyroxene, suggesting that the cooling his-
tory of A881394 differs from that of cumulate
eucrites. Plagioclase regions up to 2 mm in longest
dimension (off-white in Fig. 1a) fill the interstices
between grains, and are composed of rounded,
smaller crystals typically ~0.1-0.4 mm in diame-
ter, as shown in the cross-polarized view (Fig. 1b).
Plagioclase grains occasionally reach sizes of
~0.5%X 1.0 mm. Grains of a silica mineral up to
0.9 mm in length are distributed among plagio-
clase and pyroxene. This texture is unique among
eucrites, and is different from those of recrystal-
lized eucrites such as AS881388. A large
(0.55x%0.30 mm) chromite grain at the lower right
in Fig. 1 poikilitically encloses plagioclase, evi-
dence of thermal metamorphism.

3. Min-Cr formation interval
Conventional Rb-Sr and Sm-Nd ages of

A881394 are ~4.4-4.5 Ga (1 Ga=10° yr). Also,
excess '?Nd in A881394 corresponds to an initial

abundance of the parent nuclide, '*°Sm, of *°Sm/
144Sm =0.0074 £ 0.0012 [2], nearly identical to
146Sm/1*Sm = 0.0076 £ 0.0009 in the LEW86010
angrite [3]. Thus, newly synthesized '*°Sm, which
has a halflife (¢,,,) for radioactive decay of 103
Ma (1 Ma=10° yr), was present in the rock
when it crystallized. The 4°Sm—!'**Nd forma-
tion interval of A881394 relative to LEW86010,
At gw, 18 4126 Ma, confirming an ancient age.
These observations prompted a search for evi-
dence of shorter-lived **Mn (t,=3.7 Ma) and
A1 (112=0.73 Ma) in A881394.

Cr isotopic analysis followed the procedures of
[3]. Table 2 presents the Mn—Cr isotopic data for
A881394 and three other Asuka eucrites that were
analyzed concurrently with it: A87272, A881388,
and A881467. Values of &>*Cr)~1.0 in the eu-
crites show that >3Cr is enriched relative to that in
the terrestrial standard by about 1 part in 10 000.
For A881388 and A87272, there are no apparent
correlations between £>3Cr) and **Mn/>?Cr for
data for different mineral separates (Fig. 2). The
lack of variation of &33Cr) among the mineral
phases of these meteorites shows that either all
the > Mn had decayed before the meteorites crys-
tallized from a magma, or that the Cr isotopic
composition was homogenized among the mineral
phases after crystallization. In contrast, the low
&3Cr) value for A881394 chromite, correspond-
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Table 2

Mn-Cr analytical results for Asuka eucrites A881394,

A87272, A881388, and A881467

Sample* Weight Mn®  Cr®
(mg)  (ppm) (ppm)

(1) Eucrite A881394

SSMn/SZCrc 8(53Cr)d

WR 5.1 3196 2442 148%0.08 0.79+0.30
Px 13.1 5830 3878 1.70£0.09 0.97+0.20
Chr 22 3634 317100 0.013+£0.001 0.26+0.17
(2) Eucrite A87272
WR 9.2 4231 1642 291+0.15 1.07x0.27
Chr 0.1 860 22220 0.044%0.002 1.28+0.20
Px 9.9 7013 1744 4.54+0.23 0.99%0.20
Silicates 25.17 6042 4483 1.52+0.08 0.85%0.18
0.74%0.26
(3) Eucrite A881388
WR 6.1 5538 2120 295%£0.15 1.11+0.26
Chr 0.1 2030 6020 0.05+0.02 1.17+0.21
Px 6.5 7886 948 9.40+047 0.89%0.26
(4) Eucrite A881467
WR 6.35 5435 1829 3.36+0.17 1.07%0.27
Chr 0.53 4381 249200 0.02+0.001 0.87%0.28

Opq(l) 7.19 4434 10684 0.47%0.024 1.04+0.35
Px 7.35 3917 492 8991045 1.40%0.26

2 WR =whole rock, Px=pyroxene, Chr=chromite, Opgq-
(1) = opaques leachate.

® Determined by graphite furnace atomic absorption analysis
(GFAA, analyst: C. Galindo of Hernandez Eng.) and induc-
tively coupled plasma-source mass spectrometry (ICP-MS,
analyst: C.M. Kuo of Wyle Labs).

¢ Error limits are *5%.

d 8(53CI‘) =10000X [(53Cr/52Cr)salnple/(53Cr/szcr)standard71]~
(P3Cr/P2Cr)standara = 0.1134576 £ 46 for 19 runs of the JSC ter-
restrial standard normalized to Cr/°>Cr=0.0518585 [5]. The
error limit for the standard analyses is *20, and corre-
sponds to the last figures. The error limits for the samples
are the greater of *20, of the sample runs, or *2¢g;, for
an equal number of standard runs. o, =standard deviation
of the population; oy, =standard deviation of the mean.

ing to low *>Mn/*Cr, shows that chromite in this
meteorite formed prior to complete decay of
3Mn, and that the Cr isotopic composition was
not subsequently equilibrated among mineral
phases.

The lower Mn concentration and the higher Cr
concentration in the bulk sample of A881394 than
for bulk samples of the other three eucrites results
in a ¥Mn/2Cr ratio in A881394 that is only
about half that in the others. Consequently, the
Cr isotopic composition in A881394 is relatively
non-radiogenic compared to that in the other eu-

crites. A881394 is a coarse-grained sample for
which sampling heterogeneity is likely to be a
factor for the ~5 mg bulk sample. Bulk samples
of the eucrites were taken from larger (0.6-2.1 g)
samples which had been crushed to <150 um
grain size, but without special precautions to
make them representative of the larger samples.
‘Bulk’ means only that these samples are unsepa-
rated. The NIPR value of *Mn/>>Cr=1.12 for
A881394 [4] is ~25% lower than our value of
1.48, in agreement with the observation that
A881394 has an unusually low Mn/Cr ratio. Our
average >Mn/>>Cr=3.07 for the other three eu-
crites is 8% higher than the average (2.83) of the
NIPR published values [4]. The improved agree-
ment for the other eucrites is probably a conse-
quence of finer grain size and slightly larger bulk
samples (~6-9 mg) for them.

The slope of an isochron regressed through the
A881394 data gives initial >*Mn/>Mn = (4.6 = 1.7)
x107%, and initial &°3Cr);=0.25%+0.17. These
values are identical within their error limits to
those for an isochron defined by data for bulk
diogenites and eucrites [6]. The latter has been
interpreted as dating the last global differentia-
tion of the HED parent body. The initial *Mn
abundance in A881394 also can be compared to
initial **Mn/>’Mn=(1.4410.07)x107° for the
angrite LEWS86010 [3]. The formation interval
for A881394 relative to the LEWS86010 angrite
thus obtained is Af;gw = —6 £2 Ma. An ‘absolute’
Pb-Pb age of 4558 Ma was determined for
LEWS86010 [7] implying an ‘absolute’ age of
4564 £2 Ma for A881394.

The Mn—Cr data for the Asuka 881467 eucrite
also satisfy an isochron relationship for
B3Mn/’Mn=(6.1£4.4)x10"7 and &(3Cr)=
0.91£0.20. The formation interval is thus rela-
tively imprecisely constrained to lie in the range
At gpw ~ 2-12 Ma corresponding to an absolute
age T=4546-4556 Ma. Isochron fits to the data
for the other two eucrites yield only lower limits
to the formation intervals and upper limits to
their ages of 7<<4559 Ma and T <4548 Ma for
A87272 and AS881388, respectively. These data
suggest either that magmatism on the HED par-
ent body persisted for at least ~15-20 Ma, or
that post-crystallization heating events reequili-
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brated the Cr isotopic composition among the
mineral phases in some of the eucrites.

Radioactive decay of 2°Al was postulated to
have supplied the heat to melt the asteroids [8].
If so, the very ancient age of A881394 implied by
the Mn—Cr data shows it to be a good candidate
in which to search for excess radiogenic 2°Mg*,
evidence of the initial presence of 2°Al.

4. Al-Mg formation interval

Table 3 reports the Mg isotopic compositions
of A881394 and three other Asuka eucrites,
A87272, A881388, and A881467. The mineralogy
of the latter three eucrites has been described pre-
viously [9]. The Mg/**Mg values are normalized
to Mg/**Mg=0.12663 [10], and expressed as per
mil (%o ) deviations, 8(**Mg), from the terrestrial
26Mg/**Mg value determined for laboratory stan-
dards. The *Mg/>*Mg ratios were corrected for
mass fractionation during analysis according to
the exponential law [11]. Two series of analyses
of the laboratory Mg standard performed con-
temporaneously with the sample analyses gave
values of 2°Mg/**Mg =0.139420 £ 15 (35 analyses)
and 0.139419 £29 (15 analyses), respectively. The
quoted error limits refer to the last digits and are
* 20, where oy, is the population standard devia-
tion. The quoted error limits for the meteorite
data are either * 20, for several analyses of that
sample, or 20, for the series of contemporane-
ous standard analyses, whichever is greater. These
error limits are more conservative than those used
for the Cr isotopic analyses because the measured
values of Mg isotopic composition vary with Al*/
Mg" during the analyses, asymptotically ap-
proaching ~0.13942 as Al"/Mg? increases. The
values obtained here for *Mg/**Mg for the stan-
dard are within error limits of the ‘absolute’ value
of 0.13932 £ 26 reported by Catanzaro et al. [10].
Seven analyses of the Mg standard at JSC follow-
ing the procedure of [10] gave Mg/
24Mg=0.139395+25. Ion yields for this proce-
dure were too low for use with the meteorite sam-
ples, however. Because the measured Mg isotopic
composition varies rapidly with Al"/Mg™* for low
values of Al"/Mg", the Al*/Mg® ratio is kept

within a selected operational range for both stan-
dard and sample analyses. The error limits are
chosen to reflect the degree to which the measured
Mg isotopic ratios are reproducible, and for this
purpose, the population standard deviation, o, is
appropriate for both standard and sample analy-
ses. In contrast, there is no evidence of non-ran-
dom error terms in the Cr isotopic measurements.
Error limits based on the standard deviation of
the mean of the isotopic measurements are appro-
priate when comparing sample and standard Cr
analyses.

Fig. 3 shows the Al/Mg data in an isochron

Asuka Eucrites

| Eucrite A881394 Eucrite A881467
L | 53Mn/%®Mn=(4.6+1.7)x10°8 || 3Mn/®5Mn=(6.124.4)x10”7
+2 £(5%cr)=+0.25:0.17 £(53cr)=+0.910.20
L T=456412 Ma T=4546-4556 Ma
o l Px
5 ok Py Px S
[52] - .
% +1 B Wiz 4l A T
| F‘?’-‘
WR i
Eucrites ]
: WR A87272 T<4559 Ma
Chr A881388 T<4548 Ma 1
+0 T e et e Y
0 5 10
S5Mn/S2cr

Fig. 2. Mn/Cr isochron for whole rock (WR), pyroxene (Px),
and chromite (Chr) separates from granulitic magnesian eu-
crite Asuka 881394 compared to Mn—Cr data for three other
eucrites. The slope of the isochron for A881394 gives »Mn/
SMn=(4.6%1.7)x107%, identical within error limits with
B3Mn/SMn=(4.710.6) X 107® for the HED parent body at
the time of its differentiation [6]. The intercept, &>*Cr);=
0.25+0.17, is also identical with initial &*Cr);=0.25%0.07
for the HED parent body [6], consistent with the O isotopic
evidence [1] that A881394 derives from the same parent as-
teroid as the other HED meteorites. Data for two other eu-
crites, A87272 and A881388, show uniform enrichment of ra-
diogenic ¥Cr* in the analyzed phases, indicating that these
eucrites either solidified after Mn had decayed, or that the
Cr isotopic composition was homogenized in them during
post-crystallization thermal metamorphism. The data for a
third eucrite, A881467, satisfy a relatively imprecisely defined
isochron relationship for *Mn/>Mn=(6.1£4.4)x10~7 and
&%Cr);=0.91£0.20. The Mn—Cr formation interval, At gw,
of A881394 relative to the LEW86010 angrite is —6+2 Ma,
implying initial crystallization of A881394 at 4564+2 Ma
ago, assuming an ‘absolute’ age, T, of 4558 Ma for the an-
grite [7]. For A881467, At gw ~2-12 Ma and T'=4546-4556
Ma. Upper limits on the ages of A87272 and A881388 are
T <4559 Ma and T<4548 Ma, respectively.
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Table 3
Al-Mg analytical data for Asuka eucrites A881394, A87272,
A881388, and A881467
Sample* Weight Al Mg TTAIPAMg 8% Mgt
(mg)  (Wt%) (ppm)  (%o)
(1) Eucrite A881394

Plagl 4.6 18.8¢ 819 261+£26 1.97+0.11
Plag2a 1.3 18.8¢ 918 233%23 1.97£0.11
Plag2b 1.13 18.8¢ 937 228%23 1.92+0.15
Plag3a 7.35 18.9f 1064 20310 1.72+0.11
I-Plag3b 8.66 18.5 1198 176%9 1.18%£0.11

(impure)

Px1 1.77 0.30° 96900 0.04%£0.01 —0.05+0.34
Px2 0.73 0.30° 93300 0.04%£0.01 0.01+0.28
(2) Eucrite A87272

Plag 8.56 18.4 1731 1216 —0.03£0.21
I-Plag 9.5 14.7° 13040 12.8+0.6 —0.12+0.21
Px 6.01 0.60f 65100 0.10+£0.01 —0.07+0.21
(3) Eucrite A881388

Plag 5.44 19.6 1516 1477 —0.04£0.21
I-Plag  4.16 18.0f 9630 21.3x1.1 —0.06%£0.21
Px 6.12 0.96" 65780 0.17+£0.01 0.02+0.21
(4) Eucrite A881467

Plagl 242 17.3f 2462 80.1£4.0 0.07+0.21
Plag2  5.53 19.3f 2660 83.0+4.1 —0.01£0.21
Px1A  1.61 0.39° 69400 0.07+0.01 —0.08+0.21
Px1B 1.16 0.90f 54960 0.18+0.01 —0.02+0.21

4 Plag = plagioclase, I-Plag=impure plagioclase, Px=pyrox-
ene.

® Determined by isotopic dilution using a Mg spike.

¢ Error limits are *5% and *10% for inductively coupled
plasma-source mass spectrometry (ICP-MS) and EPMA anal-
yses, respectively.

4§ Mg( %0 )=1000x [(26 Mg/24Mg)Sample/(26 MgmMg)standard_l]'
26Mg/**Mg in the terrestrial standard= 0.139420 % 0.000015
normalized to >Mg/**Mg=0.12663 [10] for 35 runs of the
standard during the A881394 analyses and 0.139419+
0.000029 for 15 runs during analysis of the other three eu-
crites. The error limits for the standard analyses refer to the
last digits and are twice the standard deviation of the popu-
lation of values obtained within a given series of analyses
(£20y). The error limits for the samples are the greater of
*20, for several sample runs, or *20, of the standard
runs.

¢ Determined by EPMA (Table 1).

' Determined by ICP-MS (analyst: C.M. Kuo, Wyle Labora-
tories).

plot. For A881394, 5(**Mg) values correlate with
2T Al**Mg values, whereas there are no detectable
26Mg excesses for the other three eucrites. The
A881394 data determine an Al-Mg isochron
with a slope corresponding to initial 2°Al/
2TA1=(1.18£0.14)x 107, from which a forma-

tion interval, Atcar, of 3.95+0.13 Ma can be cal-
culated relative to the canonical value of °Al/
YTA1=5x%107 for Allende CAI [12,13]. Here we
use an 2°Al halflife of 0.73 Ma following a con-
vention established for Al-Mg studies [13,14],
although a lower value of 0.705%0.024 Ma [15]
is in common use in cosmogenic nuclide studies
[16]. Nishiizumi [16] summarized recent determi-
nations of the 2°Al halflife for which a weighted
average is 0.7151£0.016 Ma. Using the 0.705 Ma
value preferred by [16] would change the forma-
tion interval to 3.81+0.13 Ma, a change compa-
rable to the statistical uncertainty.

The Mg isotopic data for the other eucrites an-
alyzed simultaneously with A881394 (Table 3,
Fig. 3) show no evidence of Mg excesses. The
YTAl*Mg ratios for their plagioclase separates
are lower than those for the A881394 plagioclase
separates, but are similar to those reported by
Srinivasan et al. [17] for plagioclase separates of
the Piplia Kalan eucrite. The 2’ Al/>*Mg ratios for
all the plagioclase separates are much lower than
values of ~ 5000 obtained by in situ SIMS anal-
yses of plagioclase in Piplia Kalan [18].

The Al-Mg formation interval of A881394 can
be combined with the ‘absolute’ Pb-Pb age of
CAI to obtain an estimate of the absolute age
of A881394 that is analogous to that derived
from its Mn—Cr formation interval. The custom-
arily assumed Pb—-Pb age of CAI of ~4566 Ma
[14,19] combined with the Al-Mg formation inter-
val gives ~4562 Ma as the age of A881394. Re-
cently, Amelin et al. [20] have reported the Pb—Pb
age of CAI from the CV chondrite Efremovka to
be 4567.2+0.6 Ma. They also report initial 2°Al/
2TA1=(4.6310.44)x 107> for one of the CAI,
E60. Accepting the latter value as equivalent to
the ‘canonical’ 2°Al/?’Al value (as do Amelin et
al.) leads to an estimated absolute age of
4563.21+0.6 Ma for A881394, in excellent agree-
ment with the age estimated from the Mn—Cr sys-
tematics and the Pb-Pb age of the angrite
LEWS86010. In earlier work, Lugmair and Shuko-
lyukov [21] argued that the ~4566 Ma age for
CALI is inconsistent with the time of other early
solar system events, and placed CAI formation at
~4571 Ma. In that case, the absolute crystalliza-
tion age of A881394 would be ~4567 Ma. This
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Fig. 3. Al/Mg isochron for plagioclase and pyroxene sepa-
rates from granulitic magnesian eucrite Asuka 881394. The
slope of the isochron gives initial 2Al*7Al=(1.18%
0.14)x107°, and a formation interval, Atca;, of 3.95+0.13
Ma relative to the canonical value of 2°Al/*’Al=5X10"> for
Allende CAI [12,13]. This formation interval combined with
an ‘absolute’ Pb-Pb age of 4567.2 Ma for CAI [20] gives
T=4563.220.1 Ma as the absolute crystallization age of
A881394. The error limit is increased to 0.6 Ma when the
uncertainty of the Pb—Pb age is included. Plagioclase and py-
roxene data for a series of basaltic eucrites, A881467,
A87272, and A881388, show no enrichment of radiogenic
26Mg* in plagioclase, indicating that these eucrites either sol-
idified after 2°Al had decayed, or that the Mg isotopic com-
position was homogenized in them during post-crystallization
thermal metamorphism.

age is marginally higher than the 4564 =2 Ma age
derived from the Mn—Cr systematics and the Pb-
Pb age of LEWS86010.

Fig. 4 illustrates how determining both Al-Mg
and Mn-Cr isochrons for A881394 allows these
two short-lived chronometers to be calibrated to
one another and to an absolute age standard. Be-
ginning with the ‘absolute’ Pb—Pb age of ~4558
Ma for LEW86010 [7], the Mn—Cr formation in-
terval Afpgpw =—612 Ma, places formation of
A881394 at ~4564+2 Ma before the present,
neglecting the uncertainty in the reference age.
Adding the CAI-t0-A881394 Al-Mg formation
interval, Atca; =3.9510.13 Ma, places CAI for-
mation at ~4568 =2 Ma in turn. As noted above,
this derived CAI age is in good agreement with
the Pb—Pb age directly determined for CAI by
Amelin et al. [20]. Mn-Cr data for chondrules
from the Chainpur and Bishunpur unequilibrated
ordinary chondrites (UOC) show that chondrules

were forming in the solar nebula with initial
S3Mn/>Mn ~9.5x107° [22] about 4 Ma prior
to differentiation of the HED parent body and
formation of A881394. A recent investigation of
five ferromagnesian chondrules from the Semar-
kona UOC gave initial 2Al1/>’ Al values averaging
(7.86+ 1.43)x 1076 [23]. The formation interval of
these chondrules relative to 2°A1/>’Al in A881394
is —1.9%£0.3 Ma. One chondrule from the Efre-
movka CV3 chondrite gave a higher initial 2°Al/
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Fig. 4. Formation chronology for angrite LEW86010, eucrite
A881394, chondrules, and CAI. The horizontal axis gives
‘absolute’ age in Ma. For LEW86010 and CAI, Pb-Pb ages
[7,19,20] are assumed to be ‘absolute’ ages. For the other
samples, ‘absolute’ ages are calculated from the Mn-Cr and
Al-Mg formation intervals referenced to the Pb-Pb age of
the angrite [7]. The vertical axes give 26Al/*’Al (upper panel)
and 3Mn/>Mn (lower panel) on logarithmic scales. The
common Mn-Cr formation interval of ~6 Ma for A881394
and bulk eucrites and diogenites [6] relative to LEW86010
places differentiation of the HED parent body at ~4564 Ma
ago. The Al-Mg data for A881394 suggest CAI formed with
the canonical value of 2°Al/27Al=5%x10"° about 4 Ma ear-
lier, at ~4568 Ma (open diamond in top panel), within ana-
lytical uncertainties of the Pb-Pb ages of CAI. The dated
CAI are from the CV3 chondrites Allende ([19], open hexa-
gon) as reviewed by [14], and Efremovka ([20], solid hexa-
gon). The error limits for the Efremovka CAI Pb-Pb age
[20] are contained within the symbol. Absolute ages of chon-
drules from Efremovka ([24], inverted triangle) and Semarko-
na ([23], triangle) are calculated from their Al-Mg formation
intervals relative to A881394. The Mn-Cr data for bulk
chondrules from Chainpur and Bishunpur [22] as well as
Semarkona (unpublished JSC data) are consistent with the
Al-Mg timescale for chondrules. Mn-Cr data implying for-
mation of CAI at ~4574-4575 Ma (dashed arrow, squares)
apparently reflect lack of complete Cr isotopic equilibration
in the early solar nebula.
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2TAl=(2.510.8) X 1073 [24], indicating formation
at 3.210.3 Ma prior to A881394. The Al-Mg
data for these chondrules agree well with the
Mn-Cr timescale, but initial *Mn/°Mn=
(2.8£0.3) X107 [22], or (3.66£1.22)X107° [25]
for CAI places the CAI-to-A881394 interval at
9.6 £2.5 Ma, and CAI formation at ~4574 Ma.
The unresolved inconsistency between Al-Mg and
Mn—-Cr chronometry for CAI is attributed most
readily to lack of isotopic homogenization be-
tween Cr in very refractory spinels in CAI and
the bulk of the Cr in the solar nebula. As will
be discussed later in the paper, formation of the
HED parent body contemporaneously with chon-
drules having 2°Al abundances like those given
would have resulted in its melting from the energy
released in radioactive decay of the 2°Al.
Srinivasan et al. [17,26,27] reported radiogenic
26Mg* excesses in the eucrite, Piplia Kalan, but
the initial abundances determined for the longer-
lived activities >*Mn and '**Sm in Piplia Kalan
[17,27] are inconsistent with the reported initial
abundances of °Al/7Al of ~(0.8-2.6)x107°.
For example, an upper limit to initial >*Mn/
SMn<1.9%x107¢ [17] implies ‘formation’ of Pi-
plia Kalan or its protolith ~4.7 Ma after differ-
entiation of the HED parent body. During this
time interval, equivalent to ~6.5 halflives of
26A1, the 2°Al abundance would have fallen to
~ 1% of its initial abundance, ie. to < ~5X
1077, even if the HED parent body initially con-
tained the canonical abundance of 2°Al, i.e. 2°Al/
YTAI=5X1073. Also, initial 4Sm/'*Sm = (4.4 £
1.2)x 1073 for Piplia Kalan [27] corresponds to
a %Sm-1%2Nd formation interval, At pw=81%
36 Ma, and implies formation of Piplia Kalan at
least ~ 60 halflives of 2°Al after crystallization of
the LEWS86010 angrite. That the short-lived ra-
diometric systems of Piplia Kalan give results
that are ‘not easily reconcilable’ [27] may be be-
cause Piplia Kalan is a genomict breccia [28] that
probably was assembled from a more ancient li-
thology at the ¥Ar—*°Ar age of ~3.6 Ga [29].
Thermal processing during assembly of Piplia Ka-
lan could have partially homogenized pre-existing
isotopic heterogeneities in rocks of the protolith.
In contrast, the granulitic texture of Asuka
881394 can be related to the igneous texture of

the original crystalline rock, and radiogenic en-
richments in Mg* can be considered to have
been generated in situ.

SIMS analyses by Srinivasan [30] confirmed the
presence of excess 2°Mg* in A881394 plagioclase
corresponding to initial 2°Al7Al=(2.10.4)
X 107°. This value is nearly a factor of two higher
than we found, and suggests that A881394 could
be ~0.6 Ma older than our data indicate. Srini-
vasan [30] also reported that the 2Mg* excesses
were not well correlated with Al/Mg ratios in pla-
gioclase. The 2’ Al/**Mg ratios measured in situ by
SIMS were about twice those measured for our
mineral separates, but the analytical uncertainties
illustrated for the isotopic measurements were
~T7%o [30], about six times larger than for the
TIMS data. For some analyses, the analytical un-
certainties of the SIMS isotopic data are compa-
rable to the measured 2°Mg* excesses [30]. Be-
cause our own data do not show evidence of
disturbance of the isochron relationship between
26Mg* and 2’Al/**Mg, we will not attempt to ex-
plore the possible implications of a disturbed Al-
Mg system here.

Srinivasan [31] also reported that eucrites
A87122 and Vissananepta contain excess 2°Mg*.
The initial 2A1/%’ Al values of those meteorites,
(5.7£4.2)x 1077 and (1.03+0.46) X 107, respec-
tively, are close to our value for A881394, but
apparently extend the record of magmatism in
the presence of live °Al on the HED parent
body by an additional ~1 Ma. The longer-lived
33Mn extends the recorded magmatic period to
~15-20 Ma after CAI, as typified by A881467
and some other eucrites [14]. One must look to
the long-lived chronometers to determine when
magmatism on the HED parent body may have
ceased.

5. Preservation of radiogenic 2Mg* excesses in
A88139%4

The granulitic texture of A881394 formed after
its igneous crystallization, and thus raises the
question: why was not the Mg isotopic composi-
tion rehomogenized then? During recrystalliza-
tion, radiogenic *Mg* would have diffused out
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of plagioclase, and non-radiogenic Mg would
have diffused in, tending to reset the Al-Mg
clock. If recrystallization immediately followed
initial crust formation, and if it was rapid and
close to the time of parent body formation, radio-
genic *Mg* could have reaccumulated. In that
case, the Al-Mg isochron would date the recrys-
tallization.

Partial Sr and Nd isotopic reequilibration is
required to account for the comparatively low
and discordant Rb-Sr and Sm-Nd ages of
4370+ 60 Ma and 4490%X20 Ma for AS881394
[2], however, and may imply partial Mg isotopic
reequilibration. LaTourette and Wasserburg [32]
found (D/a*)yg to be ~100X(D/a*)s; in anor-
thite, suggesting that Mg isotopic reequilibration
would be greater than Sr isotopic reequilibration.
However, the relationship between (D/az)Mg and
(Dla)s; appears to be reversed in vitreous albite
[33], suggesting some uncertainty in the relative
magnitudes of these quantities. Additionally, re-
crystallization might have hindered Mg isotopic
equilibration. For example, if radiogenic **Mg*
cations stayed at the tetrahedral sites of the pla-
gioclase framework structure following 2°Al de-
cay, their diffusion rate might be slow in compar-
ison to cations located outside the framework.
Also, the short 2°Al halflife makes the absolute
error of an AI-Mg formation interval very much
smaller than the error caused by an equivalent
degree of isotopic reequilibration of one of the
long-lived chronometers. That is, any remnant
of excess **Mg* remaining after partial isotopic
equilibration would nevertheless be interpreted
as indicating a formation interval of only a few
million years. The preservation of an equivalent
percentage change in age from 4564 Ma, for ex-
ample, would require long-lived isotope chronom-
eters to show essentially no evidence of isotopic
equilibration. Thus, over the age of A881394, the
Al-Mg chronometer could appear robust com-
pared to the Rb—Sr and Sm—Nd chronometers.

6. Was the 2°Al abundance in A881394 enough
to melt its parent body?

Eq. | from Schramm et al. [34] gives the heat,

Hy, produced in each gram of a parent body due
to 2°Al decay as:

Hy (cal/g/yr) = 4.8 X 10~* (*°Al/Si). (1)

The 26Al abundance used here is the atomic
abundance per 10° Si atoms. With the assumption
that no heat is lost from the asteroid, the maxi-
mum increase of its central temperature, (7c—7p),
was estimated to be:

(Tc—=To)~(Hot/Cp) (2)

where Ty is the initial temperature, C, is the spe-
cific heat capacity, and =1/ is the mean lifetime
of 26Al for decay constant A. Using C, =0.2 cal/g/
deg, 2Al/2’Al1=1.18 X 107, and an atom ratio Al/
Si=10.069 for the HED parent body for the aver-
age estimated composition [35], gives a maximum
estimated temperature increase (7c—7p) of only
203°C. Assuming, as Schramm et al. [34] did, an
initial temperature of 100 K, the maximum esti-
mated central temperature of the asteroid would
be ~303 K, far short of that required for melting.

In a more elaborate thermal model, Ghosh and
McSween [36] chose an initial temperature of 292
K for Vesta, but even for this choice, the central
temperature calculated for the asteroid with the
above conditions is only 495 K, and also falls
short of that needed for melting. From Eq. 2,
the estimated 2°Al abundance needed to attain a
central temperature T¢c ~ 1443 K (1170°C), an ap-
proximate melting temperature (solidus) for ba-
salts like A881394, is 2°Al27A1=7.8%107°, for
an initial temperature, 7y~ 100°C. The thermal
model of LaTourette and Wasserburg [32] in-
cludes surface heat loss [37], omitted from the
model of Schramm et al. [34]. It leads to interior
melting ~4 Ma after CAI formation for a Vesta-
sized asteroid 265 km in radius that formed with
the bulk composition estimated by Warren [35]
and initial 2°A1/*’Al=6.7X107°. It requires a
slightly higher initial 2°A1/2’Al1=7.1x10"° for
melting within ~25 km of the surface at that
time. These values agree remarkably well with
the 2°Al/2’Al values found for ferromagnesian
chondrules from UOC, but are more than twice
the initial 2°Al/?’ Al value of 3.22X107° used by
Ghosh and McSween [36] for their Vesta thermal
model. Those authors assumed an asteroid of
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H-chondritic bulk composition with an Al/Si ratio
nearly the same as for the HED parent body com-
position of Warren [35]. Also, the model of
Ghosh and McSween [36] considers redistribution
of heat sources during melting, a fundamental
difference between it and the simple models used
here.

One can ‘calibrate’ Eq. 2 to give the same tem-
perature change, (T¢c—T7y)=931°C, as in the
Ghosh and McSween model [36] for their Stage
1, which ends with core formation at 1223 K. This
requires a multiplicative factor 1.7, effectively ex-
tending the heating interval in Eq. 2 from 7 to
1.7t. The corresponding estimated 2°Al abun-
dance needed to bring the center of the asteroid
to melting temperature from 292 K is lowered to
26A1/77Al~4.0x107°, similar to the value of
~3.2%X107% used in the Ghosh and McSween
[36] model. The estimated time interval from ac-
cretion of the HED parent body to crystallization
of A881394 with °Al27Al=1.18%x107% is 1.96
Ma if the parent body initial °Al/*’Al=
7.8%107°, and 1.27 Ma if the initial 2Al/2’Al =
4.0x107°, respectively. The corresponding inter-
val in the Ghosh and McSween model [36] from
parent body formation to crust formation at the
end of their Stage 2 is 3.7 Ma. All of these time
intervals are roughly similar, suggesting that the
26Al abundance in A881394 could be consistent
with the higher values needed to initiate parent
body melting. However, none of the models sug-
gests that the 2°Al abundance inferred from the
presence of excess radiogenic *Mg* in A881394
would have been sufficient in itself to melt the
HED parent body.

7. Consistency between the 26Al timescale and
estimated accretion timescales

If the HED parent body is the asteroid 4 Vesta,
then the 2°Al timescale implies that mm-sized
chondrules and other dust accreted into a body
of mass m~ 10 g and radius ~265 km, was
melted, and chemically differentiated within
~2-4 Ma. The preceding discussion assumes an
already-accreted asteroidal body, and shows that
melting and initial differentiation alone likely re-

quired ~1-4 Ma. Are these results consistent
with theoretically estimated accretion timescales?
Greenberg et al. [38] numerically simulated the
growth of ‘planets’ ~ 500 km in diameter from
an initial swarm of 1 km-sized planetesimals.
They concluded that bodies in sizes up to ~20
km in diameter would accrete within a few hun-
dred years, bodies ~ 500 km in diameter would
accrete within ~ 6000 yr, and bodies ~ 1000 km
in diameter would accrete within ~ 16000 yr.
Such rapid accretion times allow adequate time
for subsequent melting and differentiation of the
accreted bodies. But, if asteroidal-sized bodies ac-
creted so rapidly, why were not all asteroids
above a threshold size melted by °Al decay?
The work of Nakagawa et al. [39], for example,
suggests accretion occurred at a more leisurely
pace. They give the characteristic time, 7, for
planetary bodies to grow as Tg~m'/?R%, ie.
the growth rate varies with radial distance, R,
from the sun. They found Tg for a body of
mass m~ 10 g in earth orbit to be ~2x10°
yr. If Vesta accreted near its present orbit at
~2.36 AU, its accretion rate would be slowed
relative to a similar body in earth orbit by the
factor (2.36)%, i.e. Tg would be ~2.6x10° yr.
However, a numerical simulation by the same au-
thors [39] suggests somewhat more rapid growth.
That is, their numerical simulation suggested that
a body in earth orbit could grow to ~10* g
within ~2X10° yr. This implies that the actual
growth time, 7g', for a body of a given size
would be approximated by 7Tg for a smaller
body. Nakagawa et al. [39] did not present the
results of numerical simulations for m <10%* g,
but one might infer from the foregoing example
that TG~ 10° yr calculated for m~ 10?> g might
be close to the actual time, 7’ required to grow
to a Vesta-sized body with m~ 10> g. Another
estimate can be obtained from the work of Weth-
erill [40], who numerically simulated the growth
of bodies at 2.5 AU from the sun. A largest body
624 km in diameter was ‘accreted’ in 10® yr. Thus,
accretion of Vesta could have occupied a signifi-
cant portion of the ~2 Ma time interval between
the time when 2°A1/>’Al was ~7.86X107° in fer-
romagnesian chondrules [23] and the time when
2A1/77Al was ~1.18 X107 in A881394.
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The short halflife of Al would have made it
an ephemeral heat source. Compare another mi-
nor planet, 1 Ceres, having mass m~6x10% g,
and located at R=2.77 AU. Using the relation-
ship of Nakagawa et al. [39], the characteristic
growth time of 1 Ceres, TG, exceeds that of 4
Vesta, Tga, by the factor 2.9, i.e. Tg1=2.9 Tga.
Thus, for Tga~1 Ma for 4 Vesta, Tg;~3 Ma
for 1 Ceres. Even for accretion to a Vesta-sized
mass of 10%* g, the time required at the orbit of
Ceres would exceed that at the orbit of Vesta by a
factor 1.6, i.e. Tg1 (R=2.77 AU, m=10* g)=1.6
TG‘4 (R:236 AU, m= 1023 g) Thus, if TG,4~
1 Ma, TG ~ 1.6 Ma, i.e. accretion of Ceres would
be delayed by nearly one halflife of 2°Al. A
two-fold decrease in 2°Al abundance from 2°Al/
TAI~4.0Xx107°, estimated to be required for
melting using the method of Schramm et al. [34]
as ‘calibrated’ above, would cause a decrease of
(Tc—Tp) from ~1150°C to ~575°C, inadequate
for melting. Thus, although some incipient radio-
genic melting may have occurred in the first-ac-
creted material, it is likely the Al abundance in
later-accreted material would be too low for ra-
diogenic melting. Similar considerations apply to
2 Pallas. Both asteroids have surface mineralogies
suggesting that they are undifferentiated [41], pos-
sibly as a result of tardy accretion.

Grimm and McSween [42] applied similar rea-
soning to present isotherms for temperatures from
0°C to 1100°C as a function of asteroid diameter
and orbital radius or time of accretion, respec-
tively. They estimated, for example, that on aver-
age asteroids >100 km diameter would reach
temperatures above the melting point of ice and
silicate, respectively, inward of ~3.4 AU (ice),
and ~2.7 AU (silicate), respectively.

8. Role of accretional heating

Accretional heating could have augmented 2°Al
heating during the final stages of asteroid forma-
tion. Moreover, petrological considerations sug-
gest it may have been difficult to produce eucrites
as magnesian as A881394 if 2°Al were the only
heat source for melting. Partial melting due to
26Al heating and beginning in the interior of the

parent body would cause comparatively iron-rich
lavas such as ordinary basaltic eucrites with low
values of molar Mg/(Mg+Fe)=0.30-0.42 [43], to
be erupted to the surface of the parent body. The
higher mg' =Mg/(Mg+Fe)=0.57 for A881394
[4,44] suggests it formed differently. Such high
mg’ values are typical for angrites and cumulate
eucrites, but A881394 does not have the compo-
sition of an angrite [4,44], or pyroxene exsolution
textures [9] like those of typical cumulate eucrites,
so its petrogenesis must have differed from that of
those rock types, also.

Late-stage accretion could have supplied rela-
tively magnesian primordial material to the sur-
face of the parent body as well as providing addi-
tional incremental heating. A shallow magma
ocean accompanied by a thin veneer (scum layer)
of comparatively Mg-rich composition might have
covered the surface of the parent body, as pro-
posed by Ikeda and Takeda [45]. These authors
found olivine fragments with mg’ =0.88-0.71 and
diogenite clasts with mg’ up to 0.76 in the Yama-
to 7308 howardite. They argued that these frag-
ments and clasts could have coexisted with a sin-
gle primary liquid of evolving composition from
mg’'~0.70 to ~0.46 for olivine crystallization
and mg’ ~0.46 for crystallization of olivine plus
pyroxene. Saiki et al. [46] also considered the re-
lationship between mg’ in pyroxenes and coexist-
ing equilibrium liquids for a variety of eucritic
and diogenitic clasts in the polymict eucrite
Y791192. They found diogenites with mg’ up to
~ (.68 that apparently crystallized from primary
liquids with mg’ ~0.36, assuming the pyroxene/
liquid distribution coefficient Kp=0.27 [45] in-
stead of 0.30 [46]. The higher value of mg’'=
0.57 for A881394 suggests that it could have
solidified from the primary magma at a more
primitive stage of evolution, possibly including
some cumulus pyroxene. Early solidification of
A881394 is consistent with the presence of 2°Al,
and could be consistent with its inclusion within
the thin ‘scum’ layer that Ikeda and Takeda [45]
hypothesized as covering a shallow magma ocean
on the HED parent body. As discussed by them,
an initial composition of the magma ocean having
mg’ ~ (.70 would be required to account for crys-
tallization of olivine and orthopyroxene with high
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mg’ from it. Partial melts of the interior would
have had lower mg’ values of ~0.30-0.42 as typ-
ical of ordinary basaltic eucrites. Thus, late-stage
accretion of primitive material may have been re-
quired to keep a magma ocean on the HED par-
ent body sufficiently magnesian to account for the
presence of olivine and orthopyroxene with high
mg’ numbers in surface breccias from it.

The hypothetical early-formed, thin, outer crust
of the HED parent body might have been kept
hot after 2°Al had mostly decayed by heat from
the magma beneath it. Intense bombardment by
meteoroids onto the early crust, during the last
stages of accretion, would be a favorable environ-
ment for Na volatilization, accounting for the
most important and unusual mineralogical feature
of A881394: the very calcic nature of its plagio-
clase. Yamaguchi et al. [47] performed shock ex-
periments on evacuated, pre-heated eucrites, and
found that Na loss was observed in shock melts
for those samples pre-heated at 863°C and
shocked at 23 GPa. An implication of this experi-
ment is that one can expect Na loss by repeated
impacts into a magma ocean with a thin, hot
crust. Additionally, if one assumes chondritic
source materials, eucritic compositions appear to
be too calcic to represent direct partial melts. A
possible chondritic partial melt found in the Cad-
do County IAB iron is unlike eucrites [48] and
one of the authors (H.T.) proposed that the
HED magma ocean may have been richer in al-
bitic and diopsidic components than eucrites [43].
If we accept this proposal, the unusually low Na
abundance in A881394 suggests that Na may have
been lost by catastrophic bombardment during
late-stage accretion to produce silica, magnesian
pyroxene, and anorthite according to the equa-
tion:

2NaAlSiz;Og + CaMgSi,Og — Na,O (lost)+
CaAl,Si,0g + MgSiO3 + 5810, (3)

This Na loss is consistent with the presence of
very calcic plagioclase, abundant (5%) silica min-
eral in A881394, and magnesian pyroxenes. Ya-
maguchi et al. [49] also reported silica in
EET90020, but this eucrite contained fayalite
(Fe;SiOy), and their discussion cannot be applied

to A881394. Very early formation of such an out-
er crust would account for generation of radio-
genic 2°Mg* within it. Crystallization of large pla-
gioclase grains, followed by recrystallization to
smaller granulitic grains, would retard diffusion
of Mg out of the entire assemblage.

Yamaguchi et al. [50] considered eucrite meta-
morphism in a thermal environment accompany-
ing rapid volcanism on an initially hot parent
body. A881388, with no evidence of live 2°Al,
was proposed to be a product of such metamor-
phism [50]. In the context of their model, the
above scenario would occur before the major
phase of volcanism. Relatively thin exsolution tex-
tures and the presence of uninverted pigeonites
suggest that a parental mass of A881394 was ex-
cavated from the thin crust allowing significant
cooling of the mass, locking radiogenic **Mg*
from 2°Al decay into plagioclase crystals. The
granulitic texture of A881394 might have been
produced during metamorphism in the thin crust
on the magma ocean.

Thus, textural and mineralogical evidence sug-
gests late, incremental, heating of asteroid 4 Vesta
may have been supplied by the gravitational en-
ergy of accretion of its outermost layers. A similar
scenario of combined radiogenic and accretional
heating has been proposed by Ghosh et al. [51] to
account for the possibility of early melting of
Mars. Such scenarios appear to require a delicate
balance between the time of onset of accretion
and the rate of accretion. In the Martian case,
formation of a magma ocean, distinguished from
whole body melting, required that accretion be-
gins more than ~2 Ma after CAI formation,
and be completed within ~1 Ma [51]. An appro-
priately adjusted scenario appears reasonable for
Vesta, also.

9. Conclusions

The abundance of 2°Al in A881394 during crys-
tallization would have been sufficient to raise the
internal temperature of an asteroidal parent body
by only ~200°C if characteristic of the entire
asteroid. From Eqs. 1 and 2 an approximately
six-fold higher abundance would be required to
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raise the internal temperature of an asteroid by
~1200°C, sufficient for melting, from an initial
temperature close to 0°C. Similar Al abundan-
ces, i.e. ~7.2X107°, have been observed in some
chondrules present in primitive meteorites [23]. If
the HED parent body formed contemporaneously
with chondrules, it would have contained enough
26 Al for internal melting. This would require par-
ent body formation earlier than A881394 by only
about three halflives of 2°Al, i.e. ~2 Ma. The
thermal model of Ghosh and McSween [36] shows
an even lower initial abundance of 2°Al/*’Al~
3.2%X107% could have been sufficient for partial
melting of a Vesta-sized asteroid. Thus, 2°Al de-
cay probably was a major contributor of the heat
required for magmatism on the parent body of
A881394, although it may not have been the
only heat source. Even if the 2°Al abundance
were insufficient for global melting, 2°Al decay
would have produced a relatively hot asteroidal
interior on which a global magma ocean could
have been produced with minimal additional
gravitational accretional energy.

If, as seems likely, A881394 indeed comes from
asteroid 4 Vesta, differentiation of, and crustal
formation on, this ‘smallest terrestrial planet’ ap-
pears to have been aided by radioactive decay of
now-extinct 2°Al included in it during its accretion
in the inner region of the asteroid belt. Further-
more, if 2°Al decay was the major heat source for
asteroidal melting, it could have accounted for
declining post-accretional heating in the asteroid
belt with increasing solar distance and decreasing
planetesimal size [42,52].
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