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Abstract—An acapulcoite, Northwest Africa (NWA) 725, a transitional acapulcoite, Graves Nunataks
(GRA) 95209, and a lodranite, NWA 2235, have been studied with the short-lived chronometer
I82H£-182W gystem in order to better constrain the early evolution history in the acapulcoite-lodranite
parent body. Unlike the more evolved achondrites originating from differentiated asteroids—e.g.,
eucrites and angrites—bulk rock acapulcoites and lodranite are characterized by distinct '82W deficits
relative to the terrestrial W, as well as to the undifferentiated chondrites, €, varies from —2.7 to —-2.4.
This suggests that live-182Hf was present during the formation of acapulcoites and lodranites, and
their parent body probably had never experienced a global melting event. Due to the large
uncertainties associated with the isochron for each sample, the bulk isochron that regressed through
the mineral separates from all 3 samples has provided the best estimate to date for the timing of
metamorphism in the acapulcoite-lodranite parent body, 5 (+6/=5) Myr after the onset of the solar
system. It is thus inconclusive whether acapulcoites and lodranites have shared the same petrogenetic
origin, based on the Hf-W data of this study. Nevertheless, the formation of acapulcoite-lodranite clan
appears to have post-dated the metal-silicate segregation in differentiated asteroids. This can be
explained by a slower accretion rate for the acapulcoite-lodranite parent body, or that it had never

accreted to a critical mass that could allow the metal-silicate segregation to occur naturally.

INTRODUCTION

Acapulcoites and lodranites are 2 small groups of
achondrites that share the same oxygen isotopic compositions
(Clayton and Mayeda 1996) and therefore are regarded to
have come from the same parent body. The acapulcoite-
lodranite clan appears to be less evolved compared to the
other groups of achondrites, such as the howardite-eucrite-
diogenite-type achondrites, angrites, and ureilites (Mittlefehldt
et al. 1998), suggesting that the acapulcoite-lodranite parent
body had not experienced extensive thermal events as the
differentiated asteroids. Acapulcoites and lodranites have
different petrographic features, as well as mineral and bulk
chemical compositions (McCoy et al. 1996, 1997a, 1997b;
Mittlefehldt et al. 1998). However, some samples exhibit
petrographic features and compositions that are transitional
between the 2 endmembers, acapulcoite and lodranite, and
thus several subtypes for the acapulcoite-lodranite clan have
been proposed (Floss 2000; Patzer et al. 2004). Generally
speaking, acapulcoites are fine-grained, with rare chondrule
relicts and modal mineral and bulk compositions similar to
that of ordinary chondrites (McCoy et al. 1996; Mittlefehldt
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et al. 1998). It has been suggested that most of the
acapulcoites probably had not been heated to a temperature
high enough to sustain partial melting of silicates, or removal
of partial melt (McCoy et al. 1996, 2006). In contrast,
lodranites are characterized by their coarse-grained texture
and non-chondritic compositions, e.g., rich in Ca-pyroxene
and deficient in plagioclase, troilite, and highly
incompatible elements (Takeda et al. 1994; McCoy et al.
1997a; Mittlefehldt et al. 1998). It appears that some
basaltic melt had been extracted during the formation of
lodranites (McCoy et al. 2006), while the rest of the
acapulcoite-lodranite clan samples show no evidence of
melt moving (Mittlefehldt et al. 1998).

Although the acapulcoite-lodranite parent body did not
experience a global melting event, some samples, e.g., Graves
Nunataks (GRA) 95209 and Monument Draw, do preserve
extensive metal-sulfide-phosphate veins that seem to reflect
the initial stage of metal-silicate segregation in their parent
body (McCoy et al. 1996, 2006). Numerous methods have
been used to date the formation of acapulcoite-lodranite clan,
however, most of the studies were focused on acapulcoites.
While some results indicate an early formation or metamorphic
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age for acapulcoites (Gopel et al. 1992; Nichols et al. 1994;
Brazzle et al. 1999), most of the ages are either imprecise or
significantly younger than 4.55 Ga (Palme et al. 1981; Schultz
et al. 1982; Kaneoka et al. 1992; Prinzhofer et al. 1992;
Torigoye et al. 1993; McCoy et al. 1996; Mittlefehldt et al.
1996; Pellas et al. 1997; Renne 2000; Min et al. 2003).
Furthermore, there is no indication of any systematic age
difference between the acapulcoites and lodranites.

The short-lived chronometer !82Hf-182W, t,, = 8.90 +
0.09 million years (Vockenhuber et al. 2004), has been shown
to be one of the best tools for studying the metal-silicate
differentiation and thermal history of early planetary bodies
(Harper et al. 1991; Harper and Jacobsen 1996; Lee and
Halliday 1996, 1997; Horan et al. 1998; Schoenberg et al.
2002; Yin et al. 2002; Kleine et al. 2002, 2004, 2005a,
2005b; Quitté et al. 2000, 2005; Quitté and Birck 2004; Lee
2005; Markowski et al. 2006a, 2006b). This is due largely to
the different chemical behavior between Hf and W, with Hf
tending to concentrate in the silicate mantle, while W goes
into the metal core during metal-silicate segregation (Lee and
Halliday 1996; Kleine et al. 2005a, 2005b; Lee 2005; Quitté
et al. 2005; Markowski et al. 2006a, 2006b). Consequently,
compared to the undifferentiated chondrites (or CHUR), iron
meteorites and metal grains in undifferentiated meteorites are
characterized by 182W deficits, and the scales of the deficits
reflect the timing when metal-silicate segregation occurred in
the respective parent body (Lee and Halliday 1996, 2000a,
2000b; Horan et al. 1998; Kleine et al. 2005a; Lee 2005;
Quitté et al. 2005; Markowski et al. 2006a, 2006b; Schérsten
et al. 2006). Furthermore, due to the differences in
compatibility between Hf and W during partial melting, the
Hf-W system is also very useful in deciphering the timing and
the nature of the petrogenetic history of various meteorite
parent bodies (Lee and Halliday 1997; Quitté et al. 2000;
Kleine et al. 2002, 2004, 2005b; Yin et al. 2002; Quitté and
Birck 2004). Therefore, the main focus for this study is to
constrain the petrogenetic history in the acapulcoite-lodranite
parent body using the short-lived '82Hf-132W isotope system,
to compare it to the differentiated asteroids, e.g., HED and
angrite parent bodies, and also to check if Hf-W data can help
in deciphering the formation ages between the acapulcoites
and lodranites.

METHOD

An acapulcoite Northwest Africa (NWA) 725 (~5 g), a
transitional acapulcoite GRA 95209 (~5 g), and a lodranite
NWA 2235 (~2 g) have been analyzed in this study. Detailed
descriptions of the mineralogy and chemical compositions for
these samples can be found elsewhere (Patzer et al. 2004;
Takeda et al. 2005; McCoy et al. 2006; Yamaguchi et al.
2006). All 3 samples were cut into thin slices, so it was not
possible to select pristine inner parts for this study.
Consequently, a more rigorous cleaning with ~10 mL of 2N HCI1
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in an ultrasonic bath for ~15 min was used to remove potential
surface alterations, saw marks, and handling blanks before
they were crushed using an aluminum oxide mortar inside a
class 10,000 clean room at the Institute of Earth Sciences,
Academia Sinica. Small amounts of metal phases and altered
silicates on the surface might have been partially dissolved
and attacked during the leaching, but the rest of the silicates
should remain unaffected. A hand magnet was used to
separate the high-magnetic (metal-rich) fractions out of the
low-magnetic (silicate-rich) fractions for NWA 725 and
NWA 2235. Consequently, 3 fractions, including the high-
magnetic, the whole rock, and the low-magnetic were
separated for NWA 725, and an extra medium-magnetic
fraction was separated for NWA 2235. Due to the rarity and
the first Hf-W study for these samples, the simple mineral
separation employed in this study was aimed at getting some
useful data first while minimizing the total experimental
blanks. Therefore, each mineral fraction was not as clean and
complete as possible, which, however, might affect the total
spread of Hf/W ratios but not the slope of the isochron.

Because metal veins are inter-grown with silicates in
GRA 95209, it is quite difficult to physically separate the
silicates from the metal veins through crushing. Therefore,
separation of the silicate fraction of GRA 95209 was achieved
by preferentially dissolving the metal using 6N HCI plus a
small amount of concentrated HNO; on a hot plate. Some
silicates in GRA 95209 might have been attacked or partially
dissolved by this process, however, the isochron are not
affected. In addition to the lodranite and acapulcoite samples,
the whole rock sample of an angrite Sahara 99555 (~1 g) was
also analyzed in this study. With the exception of the metal
(high-magnetic) fraction of GRA 95209, which was dissolved
using 6N HCI + trace amount of HNOj, all the fractions were
dissolved sequentially with concentrated HF plus trace
amount of HNO;, 8N HNOj;, and 6N HCI plus trace amount
of HF. Approximately 10% of the solution was split and
spiked with a mixed !'"8Hf-134W spike for isotope dilution
measurements. The mixed 78Hf-184W spike, originally set up
at ETH, has been calibrated at ETH and at IES independently
with mixed Hf-W standards, independently prepared from
~1 g of high-purity Hf and W metal. The results agreed to
within 0.5%, and the offset was most likely due to
evaporation lost over a period of ~6 yr. The remaining
solution was then evaporated to dryness and re-dissolved with
~8 mL of 4N HF.

The column procedures used for W isotopic composition
and Hf-W isotope dilution measurements have followed those
described in Lee et al. (1997, 2002), except for the addition of
a cleaning step for W isotopic measurement with a reduced
column and slightly modified procedures. Approximately
3.5 mL of Bio-Rad AG-1 x 8, 200—400 mesh, anion resin was
loaded into a Teflon column, ¥ inch in diameter, from Savillex.
The resin was washed sequentially with ~30 mL of SN HCl + IN
HF and deionized H,0, and preconditioned with ~15 mL of
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4N HF. All the sample solutions were centrifuged before they
were loaded onto the columns. A column full, ~30 mL, of 4N
HF was added to the column after the sample solutions had
eluted through. An additional 8 mL of SN HCI + IN HF was
eluted, aimed at taking out the bulk of Ti, Zr and Hf, before W
was collected with 10 mL of SN HC1+ IN HF. The W fraction
collected from the first column was dried and re-dissolved
with ~1 mL of 4N HF + trace amount of HNO;, and loaded
onto the clean up column, a Bio-Rad micro column filled with
~0.8 mL of Bio-Rad AG-1 x 8, 200-400 mesh, anion resins.
After the sample solution has loaded and eluted, a column full
(~6 mL) of 4N HF + trace HNO; was added subsequently
before W was collected with a column full of SN HCI + IN
HF. The same setup and procedure as the clean up column
was used for the spiked samples, and Hf was collected
together in the W fraction. Total procedural blank for W was
<0.4 ng.

All the W isotope and Hf-W isotope dilution
measurements were performed using the Nu Plasma, a
multiple collector inductively coupled-plasma mass
spectrometer, from Nu Instrument, at the Institute of Earth
Sciences, Academia Sinica (Table 1). The NIST-3163 W
standard was run in between every sample to monitor the
performance of the Nu Plasma and to check for memory
effects, which were negligible. All the W isotopic
measurements were normalized to 8OW/184W = (0.927633
(Lee and Halliday 1995). The IES Nu Plasma gives a mean
182W/184W and '83W/184W of 0.864910 + 18 and 0.467012 +
15, respectively. The quoted 26 standard errors all refer to the
least significant figures. However, due to the lack of duplicate
sample measurement, a minimum uncertainty of 0.4 epsilon
unit, instead of the 20 standard error from the measurement,
for 182W/184W was used for all mineral fractions in isochron
regression calculations. The Hf and W isotopic
compositions of the spike sample were determined
simultaneously, and approximately 10 ng of pure natural Re
was admixed in the spiked sample to monitor the mass
fractionation during the isotopic measurement. Although the
uncertainties of the Hf and W isotope dilution measurements
were typically 0.2% or better, an uncertainty of 0.5% was
used in the isochron regression for each sample.

RESULTS
W Isotopic Compositions

All the data are shown in Table 1, and the W isotopic data
are corrected for blank contributions, which vary from sub-
ppm to ~3 ppm in the medium magnetic fraction of NWA
2235, significantly less than the analytical uncertainties. In
contrast to the large and variable 182W excesses observed in
differentiated achondrites such as the eucrites and the
angrites, bulk rock acapulcoite and lodranite are characterized
with slightly unradiogenic W compared to that of the CHUR

(Fig. 1), and are consistent with the results of Touboul et al.
(2006). High-magnetic (metal-rich) fractions of all 3 samples
exhibit consistently less radiogenic €,, signatures, from —3.3
to —2.8, compared to the whole rock and the low-magnetic
(silicate-rich) fractions within each sample (Fig. 1), and their
W isotopic signatures are similar to the metal grains found in
equilibrated, enstatite, and CH chondrites, and some iron and
stony-iron meteorites (Lee and Halliday 1996, 2000a, 2000b;
Horan et al. 1998; Kleine et al. 2005a; Lee 2005; Quitté et al.
2005; Markowski et al. 2006a, 2006b). Furthermore, the low-
magnetic (silicate-rich) fractions also appear to be slightly
unradiogenic to comparable W signatures relative to the CHUR
(Fig. 1). Among the achondrites that have been studied with
the 182ZH{-182W system, only ureilites (Lee et al. 2005) show
similar W isotopic signatures (Fig. 1), despite that ureilites are
highly differentiated achondrites (Goodrich 1992; Mittlefehldt
et al. 1998).

Internal Hf-W Isochron

It has been shown that bulk rock eucrites exhibit a
general positive correlation in an isochron plot of HffW
versus €,, (Fig. 2) (Lee and Halliday 1997; Quitté et al. 2000;
Kleine et al. 2004). The two angrites show similar Hf-W
behavior to the eucrites in terms of the Hf-W systematic (Fig.
2), despite the fact that they do not exhibit a positive
correlation between their Hf/W ratios and ¢, (Fig. 2). This
can be explained if the Hf-W system has been disturbed by
late thermal event in these two angrites, or if they did not
share the same petrogenetic origin. The latter is consistent
with the petrographic evidence (Mittlefehldt et al. 1998), and
the results of Baker et al. (2005) and Markowski et al. (2007).
Clearly, more data are needed for a better understanding of the
differentiation history in the angrite parent body. Unlike the
eucrites and the angrites, the mineral fractions of the 3
acapulcoite-lodranite samples, GRA 95209, NWA 2235, and
NWA 725, exhibit very limited fractionation between Hf and
W, the 180H{/184W ratios varying from 0.007 to 1.5 (Table 1;
Fig. 2). Generally speaking, such a limited variation of the
Hf/W ratio is consistent with the petrographic evidence that
the acapulcoite-lodranite parent body had never experienced
extensive thermal history (Zipfel et al. 1995; McCoy et al.
1996, 1997a, 1997b, 2006; Mittlefehldt et al. 1996). The bulk
rock fractions of NWA 725 and NWA 2235 were prepared
using two smaller chips out of the total 5 g and 2 g samples,
respectively. As a result, sample heterogeneities were
probably responsible for the slight offsets of the bulk rock Hf/
W ratios between the two acapulcoite-lodranite samples and
the CHUR.

Mineral separates from each of the 3 acapulcoite-
lodranite samples also define a straight line each with a
positive slope (Figs. 3-5). Since only two fractions were
analyzed for GRA 95209, the CHUR is also included in the
regression of the isochron in order to better assess the
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Table 1. Hf and W isotope data.
Hf \\Y 180Ty f/184\Y 182y /184y Ew
Sample (ppb) (ppb) (atomic) +26 SE +26 SE
GRA 92029 (transition acapulcoite)
High-magnetic 7.750 1244 0.007350 0.864626 £ 18 -3.28£0.21
Low-magnetic 167.8 3953 0.5007 0.864676 £ 16 -2.71£0.19
NWA 2235 (lodranite)
High-magnetic 25.63 756.7 0.03997 0.864639 £ 18 -3.13£0.21
Medium-magnetic 54.87 198.2 0.3266 0.864660 = 17 -2.89+0.20
Whole rock 122.62 179.0 0.8085 0.864702 £ 17 —2.40+0.20
Low-magnetic 77.48 60.18 1.519 0.864744 £ 24 -1.92+£0.28
NWA 725 (acapulcoite)
High-magnetic 50.02 529.7 0.1114 0.864665 £ 20 -2.83+0.23
Whole rock 123.7 248.1 0.5884 0.864687 £ 15 -2.58£0.17
Low-magnetic 159.4 146.2 1.286 0.864728 £ 26 -2.10£0.30
Sahara 99555 (angrite)
Whole rock 1820 292.5 7.342 0.865153 £ 17 2.81£0.20

All the data are single isotopic measurement, and the quoted 26 SE (standard errors) are referred to the least significant figures.
The &y is defined as [(182W/184W g, 01 /MWW o )—11 X 10,000, where the standard is the NIST SRM-3163, which gives a mean $2W/18W of 0.864910 + 18.
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Fig. 1. &, of the 3 samples analyzed in this study. Also plotted are the
ranges of €, for bulk rock eucrites (Lee and Halliday 1997; Quitté
et al. 2000; Kleine et al. 2004, 2005b), the ureilites (Lee et al. 2005),
the angrite (Quitté et al. 2000), and the CHUR (Yin et al. 2002;
Kleine et al. 2004) for references. The €, is defined as [(132W/
AW campte/ B2 W/IW g dara)—11 X 10,000, where the NIST SRM-
3163 is used as the terrestrial standard.

uncertainty of the isochron, assuming the parent body of
acapulcoite-lodranite was indeed chondritic in terms of the
Hf-W system. The apparent isochron of GRA 95209 plus the
CHUR gives a slope equivalent to an '82Hf/!30Hf initial of
(9.9 +2.7) x 1073, and an initial €, at —3.28 £ 0.29 (Fig. 3).
In fact, the slope remains identical within errors regardless of
whether CHUR is included, which justifies the addition of
CHUR in the isochron regression for GRA 95209, and also
that GRA 95209 was differentiated from a chondritic
precursor. The slope of the apparent isochron of GRA 95209
is in fact overlapping within errors to the slope of the

T T T

O Eucrites (Quitté et al., 2000)
40 [~ | M Eucrites (Lee and Halliday, 1997)

@ Eucrites (Kleine et al., 2004)

@ Angrites (Quitté et al., 2000 this study)

QO Acapulcoite-lodranite (this study) %_D_(
30+ HH -

1S2[f/180Hf = (7.96 +0.34) x 107 (Quitté et al., 2000)
P IS RS S SRS RIS

0 10 20 30 40 50
180FL£/184W

Fig. 2. BOHf/'%W versus g, for the mineral fractions of the
acapulcoite, NWA 725, the transitional acapulcoite, GRA 95209, the
lodranite NWA 2235, and the angrite Sahara 99555 from this study,
along with the bulk eucrite isochron of Quitté et al. (2000), the eucrite
data (Lee and Halliday 1997; Kleine et al. 2004;), the angrite ADOR
(Quitté et al. 2000), and the CHUR (Yin et al. 2002; Kleine et al. 2004)
for references.

apparent isochron defined by the mineral fractions of
NWA 2235 (Fig. 4), which gives an '82Hf/'80HTf initial of
(7.1 £ 3.0) x 1075, and an initial €, at —3.12 + 0.26. The
slope and the initial €, of NWA 2235 are also identical within
errors regardless of whether the CHUR is included in the
isochron calculation. As for the acapulcoite NWA 725, the
mineral fractions also define an apparent isochron with a
slope equivalent to an '82H{/180Hf initial of (5.4 £ 4.0) x 1073,
and an initial €, at —2.91 £ 0.33 (Fig. 5). Again, the apparent
isochron for NWA 725 remains the same within errors if
CHUR is included in the isochron regression. It appears that
all 3 apparent isochrons go through CHUR, suggesting that
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Fig. 3. 180H{/'8W versus €, for the mineral fractions of GRA 95209
from this study along with the data of CHUR (Kleine et al. 2004).
Instead of the 26 standard errors from the isotopic measurement, an
uncertainty of 0.4€ was used for each of the mineral fractions in all of
the isochron regressions (Figs. 3—6). The isochron regression was done
using the Isoplot 3.0 of Kenneth R. Ludwig, and the 95% confidence
limit was selected as the uncertainties of the isochron. The At was
calculated using the relationship of A = 1/A x In [('$2Hf/"8OHf)cpur/
(182HI{/"8H ) Gr A 95200, Where A=0.0779£0.0008 Myr~! (Vockenhuber
et al. 2004). The upper limit of the Af uncertainty was assessed using
the upper limit of the '82Hf/'8Hfyr and the lower limit of the '$2H{/
180Hf5R A 95200 and A, and vice versa for the lower limit. High-mag =
high-magnetic; low-mag = low-magnetic.
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Fig. 4. Same isochron plot as Fig. 3, except for the mineral
fractions of lodranite NWA 2235. High-mag = high-magnetic;
med-mag = medium-magnetic; low-mag = low-magnetic.

both acapulcoites and lodranites were formed by direct
heating of a chondritic precursor, consistent with the
petrological and chemical evidence (McCoy et al. 1996,
1997a, 1997b; Mittlefehldt et al. 1998).

0 T T
- | NWA725| ]
: ;
CHUR
c% -2 whole rock ¢

high-mag

12 f/180Hf ~ (5.4+4.0)x10-5
&w;=-2.91 +0.33, MSWD =0.03 | ]
At =8.8%% myrs

4 0.5 1 1.5 2

180 [£/184 WY

Fig. 5. Same isochron plot as Fig. 3 except for the mineral
fractions of acapulcoite NWA 725. High-mag = high-magnetic;
low-mag = low magnetic.

Hf-W Isochron Ages of Acapulcoites versus Lodranites

Similar to the equilibrated ordinary chondrites (Lee and
Halliday 2000a; Kleine et al. 2002; Yin et al. 2002), enstatite
chondrites (Lee and Halliday 2000b), and the primitive CH
chondrites (Kleine et al. 2005a), the Hf-W isochron ages
observed in these 3 samples, NWA 725, GRA 95209, and
NWA 2235, must have recorded the timing of the
metamorphic events in their parent body that resulted in
the formation of the metal phases in acapulcoites and
lodranites. The solar 32Hf/'80Hf and e, initials are
estimated at (1.07 £ 0.10) x 10™* and ~-3.5, respectively
(Kleine et al. 2002, 2004; Yin et al. 2002). Using the initial
I82Hf/180Hf of CHUR (Kleine et al. 2004), the Hf-W
isochron age is estimated at 1 (+5.3/-4.3), 5.3 (+8.3/—6.9), and
8.8 (+18.7/-8.4) Myr after the start of the solar system for
GRA 95209 + CHUR, NWA 2235, and NWA 725,
respectively. Due to the small variations in Hf/W and W
isotopic compositions observed in these samples, the Hf-W
isochron ages are relatively imprecise and overlapping with
each other, although the acapulcoite may have formed
slightly later. If, however, the acapulcoites and lodranites
formed around the same time, the timing of which could be
better determined by the isochron of the combined Hf-W
data (Fig. 6). However, the combined isochron age exhibits
very modest improvement, and places the timing of thermal
metamorphism in the acapulcoite-lodranite parent body at
4.9 (+6.1/-4.7) Myr since the start of the solar system.
Despite being relatively imprecise, the Hf-W data suggest
that the thermal metamorphism in the acapulcoite-lodranite
parent body occurred within the first 10 Myr after the start of
the solar system. Although acapulcoites and lodranites
probably did not share the same petrogenetic origin, it is
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Fig. 6. Same isochron plot as Fig. 3, but was calculated using the
combined mineral fractions of all 3 samples.

premature to conclude whether separate thermal events were
responsible for the formations of lodranites and acapulcoites
based on the Hf-W data of this study. Further studies with
better precision are needed to confirm if the apparent isochron
age differences among these 3 acapulcoite-lodranite samples
are accurate.

DISCUSSION
Thermal History in Acapulcoite-Lodranite Parent Body

Lodranites and the transitional acapulcoite GRA 95209
have previously been dated by “°Ar-3*Ar chronology (McCoy
et al. 1997a, 2006), and the 4.52 Ga “°Ar-**Ar age is
significantly younger than the Hf-W isochron age. This is to
be expected, since the Ar-Ar age has been interpreted as the
cooling age (McCoy et al. 2006). It has been suggested that
lodranites experienced a relatively slow cooling from the
peak metamorphic temperature to the closure temperature of
Ar, followed by a rapid cooling (McCoy et al. 1997a).
Because the Hf-W system is very sensitive to the formation of
metal phases (Lee and Halliday 1996, 2000a, 2000b; Kleine
et al. 2002, 2005a), the Hf-W age should have dated the
formation of metal-sulfide veins in NWA 2235 and GRA
95209 (McCoy et al. 1997a, 2006). However, depending on
the closure temperature of W in various mineral phases, the
Hf-W age may also be the cooling age as the “°Ar-3Ar ages
(McCoy et al. 1997a, 2006), albeit at a higher closure
temperature. Although relatively imprecise, both samples are
in isotopic equilibrium, and the Hf-W isochron ages are
noticeably older than the 4.52 Ga Ar-Ar age, yet comparable
to slightly younger than the metal-silicate segregation
observed in differentiated asteroids (Lee and Halliday 1996,
2000a, 2000b; Horan et al. 1998; Kleine et al. 2005a; Lee
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2005; Quitté et al. 2005; Markowski et al. 2006a, 2006b;
Schérsten et al. 2006), as well as the CH and CB chondrites
(Amelin and Krot 2005; Kleine et al. 2005a). This implies that
either both samples experienced relatively fast cooling after
the peak metamorphism and the cooling rate slowed down
below the closure temperature of W, or the closure
temperature of W is comparable to the peak metamorphic
temperatures. Nevertheless, within the current analytical
uncertainties, the Hf-W ages have dated the formation of
metal and sulfide veins, and hence the formation of GRA
95209 and NWA 2235 (McCoy et al. 1997a, 2006). A more
precise estimate of the cooling rate and dating of the peak
metamorphism may provide more stringent constraints to the
metamorphic history in the acapulcoite-lodranite parent body,
however, at present, the bulk acapulcoite-lodranite isochron
age of ~5 (+6/-5) Myr is the best estimate for the
metamorphic event responsible of the formation of lodranites
and transitional acapulcoites.

Unlike the lodranites, acapulcoites have been dated by
various methods, and with the exception of the Pb-Pb and
I-Xe ages (Gopel et al. 1992; Nichols et al. 1994; Brazzle
et al. 1999), most of the ages are either relatively imprecise,
or significantly younger than 4.55 Ga (Palme et al. 1981;
Schultz et al. 1982; Kaneoka et al. 1992; Prinzhofer et al.
1992; Torigoye et al. 1993; McCoy et al. 1996; Pellas et al.
1997; Renne 2000; Min et al. 2003). Pellas et al. (1997)
suggested that acapulcoites had quickly cooled to ~700 °C
after the initial heating to account for the significant
differences between the Pb-Pb and Ar-Ar ages. NWA 725 is
also in isotopic equilibrium in terms of the Hf-W system, and
which seems to be consistent with a fast initial cooling for
acapulcoites. Consequently, the Hf-W age of NWA 725
should also mark the formation of metal-sulfide-phosphate
blebs or veins observed in acapulcoites (McCoy et al. 1996;
Mittlefehldt et al. 1998), hence the formation of NWA 725.
Despite the large uncertainties, the Hf-W isochron age of
NWA 725 is generally consistent with the Pb-Pb and I-Xe
ages (~6 to 11 Myr after the start of the solar system)
determined on the phosphates and feldspars extracted from
Acapulco (Gopel et al. 1992; Nichols et al. 1994; Brazzle et
al. 1999). Although the ages are self-consistent among the
acapulcoites, they do overlap with the bulk Hf-W isochron
age (Fig. 6), therefore, ~5 (+6/—5) Myr after the start of the
solar system remains the best estimate for the formation of
acapulcoites. Similar to the lodranites, the same “0Ar-3%Ar
cooling age of ~4.52 Ga is also found in acapulcoites (McCoy
et al. 1996; Pellas et al. 1997). The same “°Ar-3*Ar cooling
age among the acapulcoites and lodranites is consistent with
the Hf-W ages that they formed contemporaneously, or within
a small time window. Alternatively, the same cooling ages
among the acapulcoites and lodranites may reflect a
subsequent thermal event, e.g., an impact-induced breakup
and reassembly (McCoy et al. 1997a) that affected the entire
parent body.



Early evolution history in the acapulcoite-lodranite parent body

When considering the individual Hf-W age, the
acapulcoite NWA 725 is significantly younger than most of
the iron meteorites, while the lodranite NWA 2235 and the
transitional acapulcoite GRA 95209 range from slightly
younger to overlapping with the W model ages of iron
meteorites (Kleine et al. 2005a; Lee 2005; Markowski et al.
2006a, 2006b; Schérsten et al. 2006). The Hf-W isochron
ages show no relationship to the degree of metamorphism,
suggesting that the metamorphism was localized. However, at
present the Hf-W age of the bulk acapulcoite-lodranite
(Fig. 6) reflects the best estimate for the earliest thermal
event occurred in the acapulcoite-lodranite parent body, the
Hf-W data suggest a slightly delayed and less intensive thermal
events occurred in the parent body of acapulcoites and
lodranites, in contrast to the differentiated asteroids. Such a
delayed and reduced thermal history in the acapulcoite-
lodranite parent body suggests that it probably had a slower
accretion rate compared to the differentiated asteroids. This is
because a slower accretion rate will result in a slower or
insufficient time to build up enough heat from the decay of
short-lived nuclides, e.g., 26Al and ®Fe, and the accretional
energy to melt the entire asteroid. Alternatively, the accretion
rate may have started the same for all the planetesimals, but
the accretion for the acapulcoite-lodranite parent body may
have seized prematurely.

Hf-W Systematic of Achondrites versus Ordinary,
Enstatite, and CH Chondrites

Despite the different environment and peak metamorphic
temperatures, ~900 to 1200 °C for the acapulcoite-lodranite
clan (Zipfel et al. 1995; McCoy et al. 1996, 1997a, 1997b,
2006; Mittlefehldt et al. 1996) versus ~500—-1000 °C for type
4-6 chondrites (Keil 2000), the thermal history in the parent
body of acapulcoites and lodranites is actually more in line
with that of equilibrated ordinary chondrites (Lee and Halliday
1996, 2000a; Kleine et al. 2002; Yin et al. 2002), enstatite
chondrites (Lee and Halliday 2000b), and the primitive CH
chondrites (Kleine et al. 2005a). The Hf-W ages of the metals
in these 3 groups of chondrites are consistent, within errors,
with the formation age of chondrules, 2—-5 Myr post-CAI
(Amelin et al. 2002; Amelin and Krot 2005), and they are
noticeably younger than the metal-silicate segregation that
occurred in differentiated asteroids (Kleine et al. 2005a;
Lee 2005; Markowski et al. 2006a, 2006b). Acapulcoite-
lodranite as a whole appears to have formed, or metamorphosed,
around the same time as these 3 groups of chondrites, if
Hf-W and chondrule formation ages are indeed marking the
formation, or thermal metamorphism, of the above groups of
chondrites. Apart from the Hf-W ages, the concentrations of
Hf and W and the Hf/W ratios from various phases are all
quite similar among these samples. As illustrated in Fig. 7,
where 180H{/184W is plotted versus W and Hf, for the
samples in this study and the published results (Lee and

681

Halliday 2000a, 2000b; Quitté et al. 2000; Kleine et al.
2002, 2004, 2005a, 2005b; Yin et al. 2002). The acapulcoite-
lodranite data overlap with those of the ordinary, enstatite,
and CH-CB chondrites, but are quite distinct from the bulk
rock eucrites and the angrites (Fig. 7). It is evident that both
eucrites and angrites are the products of silicate melting in
two asteroids that had already experienced metal-silicate
differentiation (Fig. 7), while the acapulcoite-lodranite
parent body experienced no planetary-wise metal-silicate
segregation, with only thermal metamorphism and/or
localized partial melting and melt extraction (McCoy
et al. 1996, 1997a, 2006).

The Hf-W data of the acapulcoite and lodranites studied
here exhibit a better match to the ordinary and CH-CB
chondrites than the enstatite chondrites (Fig. 7). This is not
surprising given the similarities in mineralogy and chemical
compositions between the acapulcoite-lodranite clan and the
ordinary chondrites (McCoy et al. 1997a; Mittlefehldt et al.
1998). However, apart from the mineralogy and bulk
compositions, the acapulcoite-lodranite clan is quite distinct
from the ordinary chondrites in terms of oxygen isotopes
(Clayton and Mayeda 1996), and mineral compositions
(Mittlefehldt et al. 1998). In fact, the oxygen isotopes of the
acapulcoite-lodranite clan are quite distinct from all the other
groups of meteorites, but actually fall within the range of
CR-CH chondrites (Clayton 2004). Although there is not yet
evidence that can provide a genetic link between the
acapulcoite-lodranite clan and the CR-CH chondrites, the
consistency in the formation ages, the Hf-W data, and more
importantly the oxygen isotopes (Clayton 2004) seem to
support such a possibility. More detailed mineralogical,
chemical, and isotopic studies are needed in order to provide
more convincing proof whether the acapulcoite-lodranite
clan can be genetically linked to the CR-CH chondrites.

Petrogenesis of Acapulcoites and Lodranites

Adapted from the H-chondrite parent body model of
Trieloff et al. (2003), Eugster and Lorenzetti (2005) proposed
a two-layered model for the parent body of acapulcoites and
lodranites. They suggested that the faster cooled acapulcoites
sit at the outer layer, while the slowly cooled lodranites are
located in the inner layer of their parent body. However, the
cooling history described in Eugster and Lorenzetti (2005)
seems inconsistent with the same “°Ar-*?Ar cooling ages
observed in acapulcoites and lodranites, suggesting that they
both had experienced the same fast cooling after the initial
heating, then slowly cooled to below the closure temperature
of Ar (McCoy et al. 2006). Due to the lack of proper age
determination for lodranites, Eugster and Lorenzetti (2005)
did not offer specific constraints about the relative timing for
the formation of acapulcoites and lodranites. The same cooling
ages between the acapulcoites and lodranites are conceivable
if they were formed around the same time through different



T T T T
metal

& melt \
1000+ - © silicate

o OGeN o o4
0"%@ l‘> )
o »

(a)

& residue
Ono

® Eucrite
O Angrite
W Acap-Lod
10 | & E. Chon. " 3
O 0. Chon.

W (ppb)
e

& CH-CB Chon.

L ! L L
T T T T

()

® Eucrite
. [ J
O Angrite O
1000 W Acap-Lod L P 4 J
< E. Chon. Allend
S O 0. Chon. T ~..
., ® CH-CB Chon. e A ¢
e | ° Wy go ]
~ o O O7mO °
Gt P
: c,g ” melt
10 @) silicate -
|
&
O
metal residue
0.01 | 1 | 100
180F[£/184 WY

Fig. 7. Log-log plot of 130H{/'8W versus a) W (ppb) and b) Hf (ppb)
for the samples analyzed in this study. Also plotted are the published
results for the bulk rock eucrites (Lee and Halliday 1997; Quitté et al.
2000; Kleine et al. 2004, 2005b), the angrite (Quitté et al. 2000), the
mean of Allende as CHUR (Kleine et al. 2004), the ordinary
chondrites (Lee and Halliday 2000a), the enstatite chondrites (Lee
and Halliday 2000b), and the CH-CB chondrites (Kleine et al. 2005a)
for references. The arrows shown are general fractionation trends for
the end products during metal-silicate segregation and partial melting
of a chondritic precursor-CHUR.

localized thermal events, as suggested by the bulk acapulcoite-
lodranite isochron. Alternatively, the same Ar cooling ages
may reflect a separate thermal event that postdated the
formation of the acapulcoite-lodranite clans (McCoy et al.
2006). Nevertheless, the formation of each subgroup of the
acapulcoite-lodranite clan must have depended solely on the
energy released for each localized thermal event.

Heating of an asteroid is generally accomplished by the
radioactive decay of short-lived nuclides, such as 26Al and
%0Fe, plus the energy released through impact, and in principle
both can be responsible for the heating of the acapulcoite-
lodranite parent body. Given the same “°Ar-3°Ar cooling ages,
acapulcoites and lodranites should have similar thermal
histories and will most likely be located approximately at the
same depth, even though they probably do not share the same
petrogenetic origin. Heating by the decay of short-lived
nuclides is entirely viable for the acapulcoite-lodranite parent
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body, however, depending on the depth where acapulcoites
and lodranites are located, it requires additional mechanisms
to either help dissipate the heat more efficiently in the
beginning if they are deeply buried, or to slow down the
cooling rate after the initial heating if they are sitting near the
surface. Furthermore, constrained by the available 26Al and
%0Fe remaining in the acapulcoite-lodranite parent body,
radioactive heating is viable for acapulcoites and lodranites, if
the thermal events occurred near the beginning of the time
window (~1 to 5 Myr) (Fig. 6), but it is unlikely to work
towards the end of the time window of ~9 Myr after the start
of the solar system. Alternatively, heating by impact near the
surface and subsequently being buried by the falling debris, or
by other mechanisms, can satisfy a rapid cooling in the
beginning, and followed by a slow cooling scenario observed
in acapulcoites and lodranites. Unlike short-lived nuclides,
impact heating was not confined by the timing, and also
occurred frequently during the run-away growth stage of the
planetary accretion. If this scenario is correct, it suggests that
acapulcoites and lodranites were heated by different impact
events while sitting near the surface, and subsequently got
buried after they had cooled below ~700 °C (Pellas et al. 1997,
McCoy et al. 2006). Furthermore, the localized impact origin
is consistent with either a single or multiple thermal event(s)
responsible for the formation of the acapulcoite-lodranite
clan. Despite the simplicity of an impact origin, heating by the
decay of 26Al and %°Fe may still be responsible for the early
metamorphism that leads to the formation of GRA 95209, and
it may require additional mechanisms to help bury
acapulcoites and lodranites to a greater depth in order to
explain the high abundance of trapped noble gases (Weigel
et al. 1999). More data, such as petrographic evidence of
impact induced melting and high precision Hf-W
measurements for other samples from the acapulcoite-
lodranite clan, are needed in order to better determine if the
above scenario is correct.

CONCLUSION

Due to the large errors associated to the isochron ages of
these 3 acapulcoite-lodranite samples, the Hf-W data
obtained here cannot reliably distinguish if acapulcoites and
lodranites shared the same petrogenetic origin. At present, the
best estimate for the timing of thermal metamorphism in
the parent body of acapulcoite-lodranite is ~5 (+6/-5) Myr
after the start of the solar system, provided by the bulk
acapulcoite-lodranite isochron (Fig. 6). The Hf-W data seem
to indicate that localized thermal metamorphic events were
responsible for the formation of the primitive acapulcoite-
lodranite clan, in contrast to the partial melting of an already
differentiated silicate mantle for more evolved achondrites
(e.g., eucrites and angrites). Furthermore, the formation of the
acapulcoite-lodranite clan seems to be comparable to the
slightly post-dated metal-silicate segregation that occurred in
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differentiated asteroids. This can be explained if the accretion
rate was low, or the accretion had seized prematurely for the
acapulcoite-lodranite parent body due to an insufficient
supply of building materials. This delayed and protracted
thermal history in the acapulcoite-lodranite parent body is
also in favor of an impact origin for the formation of the
acapulcoite-lodranite clan. Although the initial results are
very encouraging, more data are needed for multiple samples
from all the subgroups of the acapulcoite-lodranite clan in
order to have a thorough understanding about the
petrogenetic history in the acapulcoite-lodranite parent body.

Acknowledgments—The author would like to thank K. Righter
of NASA for providing the Antarctic meteorite GRA 95209
for this study, W-Y. Hsu and G-N. Shih for their assistance in
maintaining the Nu Plasma and the chemistry lab, and T. Lee
and J. Shen for discussions. The manuscript was greatly
improved by the comments of T. D. Swindle, T. Kleine, and G.
Quitté. This study is supported by NSC and Academia Sinica
of Taiwan, ROC.

Editorial Handling—Dr. Timothy Swindle
REFERENCES

Amelin Y. and Krot A. N. 2005. Young Pb-isotopic ages of
chondrules in CB carbonaceous chondrites (abstract #1247). 36th
Lunar and Planetary Science Conference. CD-ROM.

Amelin Y., Krot A. N., Hutcheon I. D., and Ulyanov A. A. 2002. Lead
isotopic ages of chondrules and calcium-aluminum-rich inclusion.
Science 297:1678—-1683.

Baker J., Bizzarro M., Wittig N., Connelly J., and Haack H. 2005.
Early planetesimal melting from an age of 4.5662 Gyr for
differentiated meteorites. Nature 436:1127-1131.

Brazzle R. H., Pravdivtseva O. V., Meshik A. P., and Hohenberg C. M.
1999. Verification and interpretation of the I-Xe chronometer.
Geochimica et Cosmochimica Acta 63:739-760.

Clayton R. N. 2004. Oxygen isotopes in meteorites. In Meteorites,
comets, and planets, edited by Davis A. M. Treatise on
Geochemistry, vol.1. San Diego: Elsevier. pp. 129-142.

Clayton R. N. and Mayeda T. K. 1996. Oxygen isotope studies of
achondrites. Geochimica et Cosmochimica Acta 60:1999-2017.

Eugster O. and Lorenzetti S. 2005. Cosmic-ray exposure ages
of four acapulcoites and two differentiated achondrites, and evi-
dence for a two-layer structure of the acapulcoite/lodranite
parent asteroid. Geochimica et Cosmochimica Acta 69:2675—
2685.

Floss C. 2000. Complexities on the acapulcoite-lodranite parent
body: Evidence from trace element distributions in silicate
minerals. Meteoritics & Planetary Science 35:1073-1085.

Goodrich C. A. 1992. Ureilites: A critical review. Meteoritics 27:
327-352.

Gopel C., Manhés G, and Allégre C. J. 1992. U-Pb study of the
Acapulco meteorite (abstract). Meteoritics 27:226.

Harper C. L. and Jacobsen S. B. 1996. Evidence for '82Hf in the early
solar system and constraints on the time scale of terrestrial
accretion and core formation. Geochimica et Cosmochimica Acta
60:1131-1153.

Harper C. L., Volkening J., Heumann K. G, Shih C. Y., and
Wiesmann H. 1991. !82Hf-182W: New cosmochronometric
constraints on terrestrial accretion, core formation, the

683

astrophysical site of the r-process, and the origin of the solar
system. 22nd Lunar and Planetary Science Conference. pp. 515—
516.

Horan M. F., Smoliar M. 1., and Walker R. J. 1998. 182W and
187Re-1870s systematics of iron meteorites: Chronology for
melting, differentiation, and crystallization in asteroids.
Geochimica et Cosmochimica Acta 62:545-554.

Kaneoka 1., Takaoka N., and Yanai K. 1992. 40Ar-3°Ar analyses
of Y-74063 and ALH 78230: Consortium study of unique
meteorites from Antarctic. Proceedings of the NIPR Symposium
on Antarctic Meteorites 5:224-232.

Keil K. 2000. Thermal alteration of asteroids: Evidence from
meteorites. Planetary and Space Science 42:1109-1122.

Kleine T., Mezger K., Miinker, C., Palme H., and Bischoff A. 2004.
I2H{-182W isotope systematics of chondrites, eucrites, and
Martian meteorites: Chronology of core formation and early
mantle differentiation in Vesta and Mars. Geochimica et
Cosmochimica Acta 68:2935-2946.

Kleine T., Mezger K., Palme H., Scherer E., and Miinker C. 2005a.
Early core formation in asteroids and late accretion of chondrite
parent bodies: Evidence from !82Hf-182W in CAls, metal-rich
chondrites, and iron meteorites. Geochimica et Cosmochimica
Acta 69:5805-5818.

Kleine T., Mezger K., Palme H., Scherer E., and Miinker C. 2005b.
The W isotope composition of eucrites metal: Constraints on the
timing and cause of the thermal metamorphism of basaltic
eucrites. Earth and Planetary Science Letters 231:41-52.

Kleine T., Miinker C., Mezger K., and Palme H. 2002. Rapid
accretion and early core formation on asteroids and the terrestrial
planets from Hf-W chronometry. Nature 418:952-955.

Lee D.-C. 2005. Protracted core formation in asteroids: Evidence
from high-precision W isotopic data. Earth and Planetary
Science Letters 237:21-32.

Lee D.-C. and Halliday A. N. 1995. Precise determinations of the
isotopic compositions and atomic weights of molybdenum,
tellurium, tin, and tungsten using ICP magnetic-sector multiple
collector mass-spectrometry. International Journal of Mass
Spectrometry and lon Processes 146/147:35-46.

Lee D.-C. and Halliday A. N. 1996. Hf-W isotopic evidence for rapid
accretion and differentiation in the early solar system. Science
274:1876-1879.

Lee D.-C. and Halliday A. N. 1997. Core formation on Mars and
differentiated asteroids. Nature 388:854—857.

Lee D.-C. and Halliday A. N. 2000a. Hf-W internal isochrons for
ordinary chondrites and the initial '82Hf/'8Hf of the solar system.
Chemical Geology 169:35-43.

Lee D.-C. and Halliday A. N. 2000b. Accretion of primitive
planetesimals: Hf-W isotopic evidence from enstatite chondrites.
Science 288:1629-1631.

Lee D.-C., Halliday A. N., Leya ., Wieler R., and Wiechert U. 2002.
Cosmogenic tungsten and the origin and earliest differentiation
of the Moon. Earth and Planetary Science Letters 198:267-274.

Lee D.-C., Halliday A. N., Singletary S. J., and Grove T. L. 2005.
I82H{-182W chronometry and an early differentiation in the parent
body of ureilites (abstract #1638). 36th Lunar and Planetary
Science Conference. CD-ROM.

Markowski A., Leya 1., Quitt¢ G., Ammon K., Halliday A. N., and
Wieler R. 2006a. Correlated helium-3 and tungsten isotopes in
iron meteorites: Quantitative cosmogenic corrections and
planetesimal formation times. Earth and Planetary Science
Letters 250:104-115.

Markowski A., Quitté G., Halliday A. N., and Kleine T. 2006b.
Tungsten isotopic compositions of iron meteorites: Chronological
constraints versus cosmogenic effects. Earth and Planetary
Science Letters 242:1-15.



684 D.-C. Lee

Markowski A., Quitté¢ G., Kleine T., Bizzarro M., Irving A. J., and
Halliday A. N. 2007. Hafnium-tungsten chronometry of angrites
and the earliest evolution of the planetary body. Planetary
Science Letters 262:214-229.

McCoy T. J., Carlson W. D., Nittler L. R., Stroud R. M., Bogard
D. D., and Garrison D. H. 2006. Graves Nunataks 95209: A
snapshot of metal segregation and core formation. Geochimica et
Cosmochimica Acta 70:516-531.

McCoy T. J., Keil K., Clayton R. N., Mayeda T. K., Bogard D. D.,
Garrison D. H., Huss G. R., Hutcheon I. D., and Wieler R. 1996.
A petrologic, chemical and isotopic study of Monument Draw
and comparison with other acapulcoites: Evidence for formation
by incipient partial melting. Geochimica et Cosmochimica Acta
60:2681-2708.

McCoy T. J., Keil K., Clayton R. N., Mayeda T. K., Bogard D. D.,
Garrison D. H., and Wieler R. 1997a. A petrologic and isotopic
study of lodranites: Evidence for early formation as partial melt
residues from heterogeneous precursors. Geochimica et
Cosmochimica Acta 61:623—637.

McCoy T. J., Keil K., Muenow D. W., and Wilson L. 1997b. Partial
melting and melt migration in the acapulcoite-lodranite parent
body. Geochimica et Cosmochimica Acta 61:639—-650.

Min K., Farley K. A., Renne P. R., and Marti K. 2003. Single grain
(U + Th)/He ages from phosphates in Acapulco meteorite and
implications for the thermal history. Earth and Planetary Science
Letters 209:323-336.

Mittlefehldt D. W., Lindstrdém M. M., Bogard D. D., Garisson D. H.,
and Field S. W. 1996. Acapulco- and Lodran-like achondrites:
Petrology, geochemistry, chronology, and origin. Geochimica
et Cosmochimica Acta 60:867—882.

Mittlefehldt D. W., McCoy T. J., Goodrich C. A., and Kracher A.
1998. Non-chondritic meteorites from asteroidal bodies. In
Planetary materials, edited by Papike J. J. Reviews in
Mineralogy and Geochemistry, vol. 36. Chapter 4. Washington,
D.C.: Mineralogical Society of America. pp. 1-195.

Nichols R. H. Jr., Hohenberg C. M., Kehm K., Kim Y., and Marti K.
1994.1-Xe studies of the Acapulco meteorite: Absolute I-Xe ages
of individual phosphate grains and the Bjurbdle standard.
Geochimica et Cosmochimica Acta 58:2553-2561.

Palme H., Schultz L., Spettel B., Weber H. W., Winke H., Michel-
Levy M. C., and Lorin J. C. 1981. The Acapulco meteorite:
Chemistry, composition, and irradiation effects. Geochimica et
Cosmochimica Acta 45:727-752.

Patzer A., Hill D. H., and Boynton W. V. 2004. Evolution and
classification of acapulcoites and lodranites from a chemical
point of view. Meteoritics & Planetary Science 39:61-85.

Pellas, P., Fi¢ni C., Trieloff M., and Jessberger E. K. 1997. The
cooling history of the Acapulco meteorite as recorded by the
244pu and “°Ar-39Ar chronometers. Geochimica et Cosmochimica
Acta 61:3477-3501.

Prinzhofer A., Papanastassiou D. A., and Wasserburg G. J. 1992.
Samarium-neodymium evolution of meteorites. Geochimica
et Cosmochimica Acta 56:797-815.

Quitté G. and Birck J.-L. 2004. Tungsten isotopes in eucrites revisited
and the initial '$2Hf/'8°Hf of the solar system based on iron
meteorite data. Earth and Planetary Science Letters 219:201-207.

Quitté G., Birck J.-L., and Allegre C. J. 2000. 182Hf-182W systematics

in eucrites: The puzzle of iron segregation in the early solar
system. Earth and Planetary Science Letters 184:83-94.

Quitté G, Birck J.-L., and Allegre C. J. 2005. Stony-iron meteorites:
History of the metal phase according to tungsten isotopes.
Geochimica et Cosmochimica Acta 69:1321-1332.

RenneP.R.2000.4°Ar/3° Arageofplagioclase from Acapulcometeorite
and the problem of systematic errors in cosmochronology. Earth
and Planetary Science Letters 175:13-26.

Schoenberg R., Kamber B. S., Collerson K. D., and Eugster O. 2002.
New W-isotope evidence for rapid terrestrial accretion and very
early core formation. Geochimica et Cosmochimica Acta 66:
3151-3160.

Schultz L., Palme H., Spettel B., Weber H. W., Winke H., Michel-
Levy M. C., and Lorin J. C. 1982. Allan Hills 7708 1—an unusual
stony meteorite. Earth and Planetary Science Letters 61:23-31.

Schérsten A., Elliot T., Hawkesworth C., Russell S. S., and
Masarik J. 2006. Hf-W evidence for rapid differentiation of
iron meteorite parent body. Earth and Planetary Science Letters
241:530-542.

Takeda H., Mori H., Hiroi T., and Saito J. 1994. Mineralogy of new
Antarctic achondrites with affinity to Lodran and a model for
their evolution in an asteroid. Meteoritics 29:830-842.

Takeda H., Yamaguchi A., Otsuki M., and Ishii T. 2005. New
achondrites with high-calcium pyroxene and its implication for
igneous differentiation of asteroids (abstract #1298). 36th Lunar
and Planetary Science Conference. CD-ROM.

Torigoye N., Yamamoto K., Misawa K., and Nakamura N. 1993.
Compositions of REE, K, Rb, Sr, Ba, Mg, Ca, Fe, and Sr isotopes
in Antarctic “unique” meteorites. Proceedings of the NIPR
Symposium on Antarctic Meteorites 6:100—119.

Touboul M., Kleine T., Bourdon B., Zipfel J., and Irving A. J. 2006.
Hf-W constraints on the formation and thermal metamorphism of
acapulcoites (abstract). Meteoritics & Planetary Science 41:
Al74.

Trieloff M., Jessberger E. K., Herrweth 1., Hopp J., Fieni C., Ghélis
M., Bourot Denise M., and Pellas P. 2003. Structure and
thermal history of the H-chondrite parent asteroid revealed by
thermochronometry. Nature 422:502-506.

Vockenhuber C., Oberli F., Bichler M., Ahmad 1., Quitt¢ G,
Meier M., Halliday A. N., Lee D.-C., Kutschera W., Steier P.,
Gehrke R. J., and Helmer R. G. 2004. New half-life measurement
of 82Hf: Improved chronometer for the early solar system.
Physical Review Letters 93:172501-1-172501-4.

Weigel A., Eugster O., Koeberl C., Michel R., Krdhenbiihl U., and
Neumann S. 1999. Relationships among lodranites and acapulcoites:
Noble gas isotopic abundances, chemical composition, cosmic-
ray exposure ages, and solar cosmic ray effects. Geochimica et
Cosmochimica Acta 63:175-192.

Yamaguchi A., Takeda H., and Kusakabe M. 2006. Mineralogical
study of augite-bearing lodranite, NWA 2235 and implication for
its origin (abstract). Meteoritics & Planetary Science 41:A192.

Yin Q.-Z, Jacobsen S., Yamashita K., Blichert-Toft J., Télouk P.,
Albarede F. 2002. A short time scale for terrestrial planet formation
from Hf-W chronometry of meteorites. Nature 418:949-952.

Zipfel J., Palme H., Kennedy A. K., and Hutcheon I. D. 1995.
Chemical composition and origin of the Acapulco meteorite.
Geochimica et Cosmochimica Acta 59:3607-3627.




	Introduction
	Method
	Results
	W Isotopic Compositions
	Internal Hf-W Isochron
	Hf-W Isochron Ages of Acapulcoites versus Lodranites

	Discussion
	Thermal History in Acapulcoite-Lodranite Parent Body
	Hf-W Systematic of Achondrites versus Ordinary, Enstatite, and CH Chondrites
	Petrogenesis of Acapulcoites and Lodranites

	Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


