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Abstract

The 26Al-26Mg short-lived chronometer has been widely used for dating ancient objects in studying the early Solar System.
Here, we use this chronometer to investigate and refine the geological history of the asteroid 4-Vesta. Ten meteorites widely
believed to come from Vesta (4 basaltic eucrites, 3 cumulate eucrites and 3 diogenites) and the unique achondrite Asuka
881394 were selected for this study. All samples were analyzed for their d26Mg* and 27Al/24Mg ratios, in order to construct
both whole rock and model whole rock isochrons. Mineral separation was performed on 8 of the HED’s in order to obtain
internal isochrons. While whole rock Al-Mg analyses of HED’s plot on a regression that could be interpreted as a vestan plan-
etary isochron, internal mineral isochrons indicate a more complex history. Crystallization ages obtained from internal
26Al-26Mg systematic in basaltic eucrites show that Vesta’s upper crust was formed during a short period of magmatic activity
at 2:66þ1:39

�0:58 million years (Ma) after Calcium-Aluminum inclusions (after CAI). We also suggest that impact metamorphism
and subsequent age resetting could have taken place at the surface of Vesta while 26Al was still extant. Cumulate eucrites crys-
tallized progressively from 5:48þ1:56

�0:60 to >7.25 Ma after CAI. Model ages obtained for both basaltic and cumulate eucrites are
similar and suggest that the timing of differentiation of a common eucrite source from a chondritic body can be modeled at
2:88þ0:14

�0:12 Ma after CAI, i.e. contemporaneously from the onset of the basaltic eucritic crust. Based on their cumulate texture,
we suggest cumulate eucrites were likely formed deeper in the crust of Vesta. Diogenites have a more complicated history and
their 26Al-26Mg systematics show that they likely formed after the complete decay of 26Al and thus are younger than eucrites.
This refined chronology for eucrites and diogenites is consistent with a short magma ocean stage on 4-Vesta from which the
basaltic eucrites rapidly crystallized. In order to explain the younger age and the complex history of diogenites, we postulate
that a second episode of magmatism was possibly triggered by a mantle overturn. We bring a refined chronology of the geo-
logical history of Vesta that shows that the asteroid has known a more-complex differentiation than previously thought.
� 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Eucrites and diogenites are igneous rocks belonging to
the howardite-eucrite-diogenite meteorite (HED) series.
The HED’s are widely believed to originate from early mag-
matic activity on the same parent body, one of the three lar-
gest asteroids of the asteroid belt, 4-Vesta (Vesta hereafter)
(Lugmair and Shukolyukov, 1998; Drake, 2001;
Mittlefehldt, 2015). The common origin of these three types
ons.org/licenses/by/4.0/).
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of achondrite have been confirmed by similarities in their
oxygen isotopic composition (Clayton and Mayeda, 1996;
Greenwood et al., 2005; Scott et al., 2009; Greenwood
et al., 2014). The matching reflectance spectra between
HED achondrites and the surface of Vesta suggests that this
asteroid is the parent body of HED series (McCord et al.,
1970; Consolmagno and Drake, 1977; Pieters et al., 2006).
This hypothesis is supported by recent data from the Dawn
mission (Russell et al., 2012; McSween et al., 2013; Russell
et al., 2013). Large craters observed on the surface of Vesta
could be the source of the abundant small objects with iden-
tical reflectance spectra found in the asteroid belt called
‘‘Vestoids” that could also be the source of HED meteorite
found on Earth (Binzel and Xu, 1993), notwithstanding
that some eucrites have recently been identified as being
anomalous and possibly originated from other parent bod-
ies than Vesta (Scott et al., 2009; Greenwood et al., 2014;
Sanborn and Yin, 2014; Williams et al., 2015).

In terms of petrology and mineralogy, eucrites are basal-
tic to gabbroic achondrites composed of pyroxenes (pigeo-
nite) and plagioclase (Krot et al., 2003). Eucrites can be
subdivided into two groups: basaltic (non-cumulate) and
cumulate eucrites (Krot et al., 2003). The mineralogy of
these two types of eucrite is similar but they have different
grain sizes and texture (Krot et al., 2003). Basaltic eucrites
are fine to medium grained while cumulate eucrites are
characteristically coarse (Krot et al., 2003). The cumulate
eucrites can also be distinguished from basaltic eucrites
based on chemical features such as higher Mg#
(Mg# � 57–45 in cumulate eucrites as opposed to
Mg# � 42–30 in basaltic eucrites), and lower abundance
of incompatible trace elements such as LREE (Barrat
et al., 2000; Barrat, 2004; Mittlefehldt, 2015). Diogenites
are coarser-grained igneous cumulates. These meteorites
are orthopyroxenite or harzburgitic achondrites composed
of �90% of orthopyroxene with minor plagioclase and oli-
vine content (Bowman et al., 1997). Assuming that the
HED’s originated from the same parent body, likely Vesta,
they constitute a unique opportunity to investigate early
Solar System planetary evolution such as differentiation
and early magmatic activity on a large asteroid.

Eucrites and diogenites have traditionally been consid-
ered as co-magmatic. As such, different scenarios for their
formation have been suggested. First, eucrites are hypothe-
sized to have crystallized from a residual basaltic melt
formed by intensive fractional crystallization of a magma
ocean. In this case, diogenites, as ultramafic cumulates,
would have crystallized directly from the same magma
ocean (Righter and Drake, 1997; Ruzicka et al., 1997;
Takeda, 1997; Drake, 2001; Greenwood et al., 2005;
Larsen et al., 2011; Mandler and Elkins-Tanton, 2013;
Greenwood et al., 2014; Mittlefehldt, 2015; Schiller et al.,
2017). A second scenario suggests the formation of eucrites
and diogenites by partial melting of the Eucrite Parent
Body (EPB) with extraction of basaltic magma forming
the eucrite crust and crystallization of residual magma
forming diogenites (Stolper, 1977; Jones, 1984). However,
chemical features such as incompatible trace element abun-
dances suggest no direct link between the two parent mag-
mas of eucrites and diogenites, and also possibly the
existence of more than one parental melt for the diogenites
(Mittlefehldt, 1994; Fowler et al., 1995; Shearer et al., 1997;
Barrat, 2004; Barrat et al., 2008; Mittlefehldt, 2015). In a
third scenario, diogenites could have been produced in plu-
tons or in multiple small magma chambers without any
genetic relationship with eucrites (Shearer et al., 1997;
Barrat et al., 2008; Beck and McSween, 2010; Yamaguchi
et al., 2011; Mittlefehldt, 2015). Chemical signatures in
some diogenites have been proposed to be crustal contam-
ination (Barrat et al., 2010), originating when diogenites
crystallized as intrusions within a eucritic crust. In a fourth
scenario, based on oxygen isotope measurements, it has
been proposed that diogenites originated from at least
two distinct parent bodies (Day et al., 2012). However a
careful revaluation of earlier with new oxygen isotopes
has concluded to a small variation range for oxygen isotope
data between eucrites and diogenites and thus a single par-
ent body (Greenwood et al., 2014). Finally, based on
chronological measurements that Vesta formed on a very
rapid timescale (within 3 Ma after CAI formation),
Schiller et al. (2011) suggested that the HED series may
not have originated from Vesta at all, as this asteroid is
too large to have such a brief magmatic activity. A similar
hypothesis was also considered by Wasson (2013) due to O
and Cr isotope data being more similar to the IIIAB aster-
oid. However, the recent results obtained from the Dawn
mission indicate that the surface of Vesta is consistent with
the mineralogy of HED meteorites (McSween et al., 2013).
If it is assumed that HED meteorites do come from Vesta,
their precise dating is of importance to understand the evo-
lution of this asteroid and the possible scenarios of igneous
activities related to the formation of eucrites and diogenites.
Howardites will not be considered in the following as they
are breccia randomly sampling different lithologies and may
also record younger impact ages in addition to igneous
activity.

Short-lived radioactive-isotope systems are powerful
tools to study the early history of the Solar System as they
can provide high-resolution age information during the life-
time of their parent isotopes. As such, they serve as the
most effective chronometers for the first few million years
(Ma) of the Solar System history. However, some inconsis-
tencies exist between different chronometers, and different
ages have been proposed for eucrites and diogenites
(Table 1). While a pioneering study found no 26Mg* in
eucrites (Schramm et al., 1970), recent studies have shown
that some eucrites have a small excess in 26Mg*

(Srinivasan et al., 1999; Bizzarro et al., 2005; Schiller
et al., 2010a), suggesting the presence of 26Al at the time
of their formation. Bizzarro et al. (2005) and Schiller
et al. (2010a) showed that asteroidal melting and basaltic
magmatism on the EPB occurred �3 Ma after the Solar
System formation. Other dating results obtained on eucrites
using 53Mn-53Cr, 26Al-26Mg, 60Fe-60Ni and 182Hf-182W
short-lived radioactive systems indicated that core forma-
tion and silicate differentiation of Vesta occurred rapidly,
1–5 Ma, after CAI formation (Lugmair and
Shukolyukov, 1998; Quitté et al., 2000; Kleine et al.,



Table 1
Age comparison for HED samples between previous studies and this study obtained with different short-lived isotopic system.

Sample Isotopic system (26Al/27Al)0 ± 2r DtCAI ± 2r Reference

Basaltic eucrites

A-881388 182Hf-182Wz 3:97þ1:10
�0:93 Srinivasan et al. (2007)

Pb-Pbz 47.35 ± 73 Misawa et al. (2005)

A-881467 182Hf-182Wz 6:87þ2:89
�2:19 Srinivasan et al. (2007)

Pb-Pbz 15:55þ16:58
�12:02 Srinivasan et al. (2004)

Pb-Pbz 2.35 ± 10 Misawa et al. (2005)
Agoult Pb-Pbz 12.85 ± 2 Iizuka et al. (2015)

Béréba 182Hf-182W 17:83þ4:33
�3:01 Kleine et al. (2005)

182Hf-182W 11:13þ1:35
�1:13 Touboul et al. (2015)

Pb-Pbz 15.35 ± 20 Zhou et al. (2013)

Bouvante 182Hf-182W 11:25þ1:09
�0:92 Touboul et al. (2015)

Cachari Pb-Pbz 19.35 ± 24 Zhou et al. (2013)
Caldera 53Mn-53Cr >21 Lugmair and Shukolyukov (1998)

Pb-Pbz 25.35 ± 80 Zhou et al. (2013)

Camel Donga 26Al-26Mg 2.93 ± 2.79 � 10�6 3:04þ3:20
�0:70 This study

26Al-26Mg* 3.22 ± 0.42 � 10�6 2:88þ0:12
�0:14 Bizzarro et al. (2005)

26Al-26Mg* 2.97 ± 0.61 � 10�6 2:96þ0:19
�0:23 Schiller et al. (2010a)

182Hf-182 W 22:27þ3:36
�2:46 Kleine et al. (2005)

182Hf-182 W 23:09þ7:71
�4:47 Touboul et al. (2015)

Pb-Pbz 36.35 ± 10 Zhou et al. (2013)
Chervony Kut 53Mn-53Cr 2:82þ0:02

�0:01 Lugmair and Shukolyukov (1998)

Dho 182 182Hf-182Wz 9.18 ± 10.62a Roszjar et al. (2016)
EET 87520 53Mn-53Cr >17 Lugmair and Shukolyukov (1998)
EET 90020 182Hf-182Wz >34.77 Srinivasan et al. (2007)

HaH262 26Al-26Mg* 1.99 ± 0.65 � 10�6 3:33þ0:36
�0:24 Bizzarro et al. (2005)

HaH286 182Hf-182Wz 11.93 ± 3.16a Roszjar et al. (2016)

Ibitira 26Al-26Mg* 2.46 ± 0.54 � 10�6 3:11þ0:20
�0:15 Bizzarro et al. (2005)

53Mn-53Cr 9:50þ2:81
�1:53 Lugmair and Shukolyukov (1998)

Juvinas 26Al-26Mg* 2.78 ± 0.60 � 10�6 2:99þ0:20
�0:15 Bizzarro et al. (2005)

26Al-26Mg* 2.62 ± 0.42 � 10�6 3:05þ0:13
�0:10 Schiller et al. (2010a)

182Hf-182W 22:22þ3:56
�2:58 Kleine et al. (2005)

182Hf-182W 22:57þ2:18
�1:72 Touboul et al. (2015)

53Mn-53Cr 3:94þ0:38
�0:29 Lugmair and Shukolyukov (1998)

Pb-Pbz 22.35 ± 15 Zhou et al. (2013)

Millbillillie 26Al-26Mg* 1.62 ± 0.63 � 10�6 3:54þ0:46
�0:29 Bizzarro et al. (2005)

26Al-26Mg* 2.39 ± 0.70 � 10�6 3:14þ0:30
�0:21 Schiller et al. (2010a)

NWA 1908 182Hf-182Wz 6.50 ± 4.95a Roszjar et al. (2016)
NWA 4523 182Hf-182Wz 6.44 ± 3.25a Roszjar et al. (2016)
NWA 5073 182Hf-182Wz 20.33 ± 14.41a Roszjar et al. (2016)
NWA 5356 182Hf-182Wz 6.09 ± 3.90a Roszjar et al. (2016)
Padvarninkai Pb-Pbz 18.35 ± 5 Misawa et al. (2005)

Piplia Kalan 26Al-26Mg 7.5 ± 0.9 � 10�7 4:34þ0:07
�0:08 Srinivasan et al. (1999)

Pomozdino Pb-Pbz 7.35 ± 5 Ireland and Bukovanska (2003)
182Hf-182Wz 23:24þ12:96

�5:94 Ireland and Bukovanska (2003)

Stannern 26Al-26Mg* 1.26 ± 0.37 � 10�6 3:80þ0:31
�0:22 Bizzarro et al. (2005)

182Hf-182W 3:29þ1:58
�1:30 Kleine et al. (2005)

182Hf-182W 4:32þ1:77
�1:44 Touboul et al. (2015)

Y-75011 Pb-Pbz 15.35 ± 17 Misawa et al. (2005)
Y-792510 Pb-Pbz 3.35 ± 32 Misawa et al. (2005)

(continued on next page)
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Table 1 (continued)

Sample Isotopic system (26Al/27Al)0 ± 2r DtCAI ± 2r Reference

Cumulate eucrites

Dhofar 007 26Al-26Mg* 3.06 ± 0.91 � 10�6 2:89þ0:31
�0:22 Bizzarro et al. (2005)

26Al-26Mg* 3.32 ± 1.40 � 10�6 2:80þ0:51
�0:31 Schiller et al. (2010a)

Moore County 53Mn-53Cr >17 Lugmair and Shukolyukov (1998)
Pomozdino 53Mn-53Cr >12 Lugmair and Shukolyukov (1998)

Serra de Magé 53Mn-53Cr 13:10þ2:37
�1:36 Lugmair and Shukolyukov (1998)

Talampaya 26Al-26Mg* 2.26 ± 1.05 � 10�6 3:20þ0:59
�0:34 Bizzarro et al. (2005)

Diogenites

Johnstown 26Al-26Mg �4.19 ± 2.24 � 10�5 >7.25 This study
53Mn-53Cr >6 Lugmair and Shukolyukov (1998)

Shalka 53Mn-53Cr >10 Lugmair and Shukolyukov (1998)
Whole rocks

Basaltic eucrite 26Al-26Mg 4.19 ± 3.07 � 10�6 2:66þ1:39
�0:58 This study

182Hf-182W 3:19þ0:01
�0:01 Quitté and Birck (2004)

182Hf-182W 11:34þ1:10
�0:93 Touboul et al. (2015)

Cumulate eucrite 26Al-26Mg 0.06 ± 1.54 � 10�4 – This study
182Hf-182W �27 Touboul et al. (2015)

Eucrite group 26Al-26Mg 3.06 ± 0.95 � 10�6 2:99þ0:39
�0:28 This study

182Hf-182W 3:81þ0:33
�0:29 Kleine et al. (2004)

Diogenite 26Al-26Mg – – This study
Diogenite + mesosiderite 53Mn-53Cr 2:13þ0:03

�0:03 Day et al. (2012)

HED group 26Al-26Mg 2.78 ± 1.24 � 10�6 3:09þ0:62
�0:39 This study

53Mn-53Cr 1:55þ0:01
�0:01 Lugmair and Shukolyukov (1998)

53Mn-53Cr 2:13þ0:03
�0:03 Trinquier et al. (2008)

Model age

Eucrite group 26Al-26Mg* 3.42 ± 0.43 � 10�6 2:88þ0:14
�0:12 This study

26Al-26Mg* 2.1–2.8 Schiller et al. (2011)
182Hf-182W* 2:86þ0:62

�0:54 Kleine et al. (2004)
Diogenite group 26Al-26Mg* �0.83 ± 5.45 � 10�5 – This study

26Al-26Mg* 2.5 Schiller et al. (2011)

* Model age.
z Zircon age.
a Average ± 2SD. DtCAI (in Myr) are obtained using the Efremovka 22E CAI (26Al/27Al)0 = 5.25 ± 0.02 � 10�5 (Larsen et al., 2011), CAI

value for (182Hf/180Hf)0 = 1.018 ± 0.043 � 10�4 (Kruijer et al., 2014) and CAI value for (53Mn/55Mn)0 = 6.28 ± 0.66 � 10�6 (Trinquier et al.,
2008). For the 207Pb-206Pb isotopic system, DtCAI are obtained by back calculation of CAI absolute age of 4567.35±0.28 Ma (Connelly et al.,
2012). Data in bold are from this study (cfr. Table 3).
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2004; Bizzarro et al., 2005; Kleine et al., 2005; Trinquier
et al., 2008; Schiller et al., 2010a; Tang and Dauphas,
2012). In contrast, internal 53Mn-53Cr isochrons show a
large range of ages that span over 20 Ma (Lugmair and
Shukolyukov, 1998). 182Hf-182W isotopic systematics from
whole-rock analyses of basaltic and cumulate eucrites gave
a crystallization range of �3 Ma (Yin et al., 2002) to �10
Ma after CAI formation (Quitté et al., 2000; Quitté and
Birck, 2004). 182Hf-182W internal isochrons also show a
large range of individual ages for the two types of eucrites,
from 4.2 Ma up to 22.8 Ma after CAI formation (Kleine
et al., 2005; Touboul et al., 2015). Finally, U-Pb, Pb-Pb
and Hf-W dating of zircons in basaltic eucrites suggest that
magmatic activity in Vesta persisted up to 50 Ma after CAI
formation (Zhou et al., 2013; Roszjar et al., 2016).
Ages for diogenites are even more controversial
(Table 1). Some studies have considered diogenites being
contemporaneous with or older than eucrites (Trinquier
et al., 2008; Schiller et al., 2011). Day et al. (2012) have
dated diogenites at 4564.8 ± 0.9 Ma using the short-lived
53Mn-53Cr chronometer. This age corresponds to an iso-
chron defined by diogenites and eucrites but also mesosider-
ites that are thought to share a genetic link with HED
achondrites due to the similar O-isotope and 54Cr and
50Ti of HED and mesosiderites (Stewart et al., 1994;
Clayton and Mayeda, 1996; Greenwood et al., 2005;
Trinquier et al., 2008), and corresponds approximately to
the age of basaltic eucrite formation. However, Lugmair
and Shukolyukov (1998) obtained an age of �4561 Ma
for diogenites, supported by the differentiation model for
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Vesta (Neumann et al., 2014) and the diogenite formation
model of Barrat et al. (2010). Finally, some long-lived iso-
topic system such as 147Sm-143Nd and 176Lu-176Hf have also
been used to show that basaltic eucrites formed very early
after the Solar System formation, �100 Ma before cumu-
late eucrites and diogenites (Blichert-Toft et al., 2002).

As illustrated above, the chronology of eucrites and
diogenites is poorly constrained and the magmatic con-
nection between eucrites and diogenites is unclear, with
some studies considering them to be co-magmatic (belong-
ing to the same isochron) (e.g. Day et al., 2012; Schiller
et al., 2017) while some others not (e.g. Barrat et al.,
2008; Mittlefehldt, 2015). Here, we investigate in detail
the temporal relationship between eucrites and diogenites
by comparing internal (mineral separates), external (whole
rock -WR-) as well as model (compared to a chondritic
starting composition) 26Al-26Mg isochrons in order to
enhance our understanding of the geological history of
Vesta. The 26Al-26Mg isotopic system is of particular
interest because of its high temporal resolution, its high
abundance (Al and Mg being both major elements) and
its resistance to resetting due to the relatively high closure
temperature of the system (LaTourrette and Wasserburg,
1998). The now extinct radionuclide 26Al decayed to
26Mg with a half-life of 0.73 Ma (Walker et al., 1989).
This chronometer can thus date only the objects that
formed during a period of <5 Ma after the Solar System
formation. Any object that formed during this period with
a fractionated Al/Mg ratio relative to the estimated bulk
chondritic value (�0.101) (Scott and Krot, 2003) will pre-
sent an anomaly in d26Mg* that is expressed as a deviance
from the terrestrial mass-dependent average value. The
deviation from the reference terrestrial value is noted
d26Mg*, and is expressed as:

d26Mg� ¼ d26Mg � ½ð1þ 0:001� d25MgÞ1=0:511 � 1� � 1000

ð1Þ
In this study, onlymonomict specimens have been selected to
constrain the timing of differentiation and the magmatic his-
tory ofVesta. For this, we analyzed 4 basaltic eucrites (Camel
Donga, Millbillillie, Yamato (Y-)792510, Y-793591), 3
cumulate eucrites (Yamato (Y-)980318, Y-980433 and
Asuka (A-)881819) and 3 diogenites (Bilanga, Johnstown
and Tatahouine). Finally, in order to reinvestigate its
relationship with the EPB, we also analyzed the A-881394
unique achondrite that was considered as a cumulate eucrite
based on its mineralogy but excluded from the HED group
because of its O, Cr and Ti isotope signatures not consistent
with the group (Scott et al., 2009; Greenwood et al., 2014;
Sanborn and Yin, 2014; Williams et al., 2015). Six of these
samples were obtained from the Antarctic meteorite collec-
tion ofNational Institute of Polar Research in Japan (NIPR)
(Y-792510, Y-793591, Y-980318, Y-980433, A-881819 and
A-881394). Four samples (Millbillillie, Bilanga, Johnstown
andTatahouine) were obtained from themeteorite collection
of the Royal Belgian Institute for Natural Sciences in
Brussels, Belgium. A piece of Camel Donga was obtained
commercially.
2. ANALYTICAL TECHNIQUES

Preparation and chemical procedures were performed in
a clean laboratory at the Université Libre de Bruxelles
(ULB). Each sample was cleaned in an ultrasonic bath with
trace grade acetone. Then, �50 mg of each sample was
crushed in an agate mortar for bulk rock analyzes. Mineral
separation was performed on �200–500 mg fractions of six
eucrites (Camel Donga, Y-792510, Y-793591, Y-980433, Y-
980318 and A-881819), of two diogenites (Bilanga and
Johnstown) and of the A-881394 achondrite. The samples
were crushed and sieved between 64 and 125 lm. The differ-
ent mineral fractions were obtained from density separation
using heavy liquids (methylene iodide) and then by mag-
netic separation on a Frantz magnetic separator. In the case
of diogenites, as they are mostly composed of orthopyrox-
ene, all the mineral fractions (Fr.) will be orthopyroxene
with small variation in their chemical composition (e.g.
Mittlefehldt, 2015).

Around 50 mg of bulk-rock samples and the available
mass of mineral fractions were dissolved in an HNO3/HF
(2:1) mixture followed by two steps in concentrated
HNO3. After complete dissolution, an aliquot of 0.5%
was taken for measuring 27Al/24Mg ratios. Magnesium
was separated using cation-exchange resin (BIO Rad
AG�50W-X12, 100–200 mesh) following the procedure in
Jacobsen et al. (2008). The purification procedure consists
of loading an aliquot of 20 ml of the dissolved sample fol-
lowed by three successive steps on the same column
(0.4 cm diameter � 10 cm length) using 18 ml of 1N
HNO3. The only difference with the procedure from
Jacobsen et al. (2008) is the use of a mixture of 1N
HNO3:0.1N HF during the second step to ensure a com-
plete removing of Ti from the Mg fraction as observed by
Schiller et al. (2010b). While this procedure ensures the
total removal of Ti and Fe and better than 99.9% and
99.7% of Al and Ca respectively, the Mg yield was checked
and was better than 90% over the full procedure. Blank
contribution was negligible.

Mg isotopic ratios of eucrites and diogenites were mea-
sured on the HR-MC-ICP-MS Nu-Plasma at the ULB
using an Aridus 2 desolvating nebulizer. Samples were
introduced in 0.05 N HNO3. Measurements were per-
formed in medium resolution in order to avoid possible iso-
baric interferences (e.g. 12C14N) (Jacobsen et al., 2008). No
other major interference was observed. The instrumental
mass bias was corrected by exponential law (reflected in
the exponent of 0.511 in Eq. (1)) (Wasserburg et al.,
2012) and sample-standard bracketing with the DSM-3
Mg isotope standard (Galy et al., 2003). Each standard
and sample measurement consisted of a cycle of three
blocks of 20 measurements with a concentration of �400
ppb, corresponding to �7.5–8 V on 24Mg. Some Mg iso-
tope data were also collected using the new HR-MC-ICP-
MS Nu-Plasma II at ULB using an Apex desolvating neb-
ulizer. Analyzes were also performed in medium resolution
with the same method for the sample introduction and cor-
rection. The integration time was 10 s. Each analysis of



Table 2
27Al/24Mg and d26Mg* results for the different samples analyzed in this study.

Sample 27Al/24Mg ± 2 se d26Mg* ± 2 se (‰) d26Mg* ± 2 se (‰) d26Mg* ± 2 se (‰) d26Mg* ± 2 se (‰)
ULB (Nu-plasma I) ULB (Nu-plasma II) UCDavis (Neptune) All data combined

Basaltic eucrites

Millbillillie WR 1.407 ± 0.008 0.027 ± 0.031 (3) 0.032 ± 0.010 (8) 0.030 ± 0.010(11)
Camel Donga WR 1.412 ± 0.018 0.020 ± 0.014 (4) 0.030 ± 0.012 (7) 0.026 ± 0.009 (11)

px. 0.995 ± 0.013 0.018 ± 0.031 (5) 0.025 ± 0.014 (8) 0.022 ± 0.014 (13)

px-pl. 1.798 ± 0.028 0.038 ± 0.015 (5) 0.038 ± 0.012 (8) 0.038 ± 0.009 (13)

Y-792510 WR 1.365 ± 0.019 0.029 ± 0.009 (17) 0.042 ± 0.007 (6) 0.032 ± 0.007 (23)

px.1 0.105 ± 0.008 0.036 ± 0.015 (3) 0.038 ± 0.011 (5) 0.037 ± 0.008 (8)

px.2 0.146 ± 0.025 0.068 ± 0.020 (4) 0.038 ± 0.011 (10) 0.046 ± 0.012 (14)

pl.2 42.567 ± 2.220 0.064 ± 0.023 (2) 0.064 ± 0.023 (2)

Y-793591 WR 1.031 ± 0.019 0.023 ± 0.008 (6) 0.014 ± 0.009 (5) 0.019 ± 0.006 (11)

px.1 0.240 ± 0.018 0.013 ± 0.007 (4) 0.016 ± 0.010 (6) 0.015 ± 0.006 (10)

px.2 0.555 ± 0.032 0.019 ± 0.028 (4) 0.019 ± 0.028 (4)

px-pl. 1.924 ± 0.015 0.026 ± 0.006 (3) 0.027 ± 0.003 (5) 0.026 ± 0.003 (8)

Cumulate eucrites

Y-980318 WR 0.586 ± 0.010 0.009 ± 0.008 (1) 0.010 ± 0.004 (7) 0.010 ± 0.003 (8)

px.1 0.027 ± 0.001 �0.004 ± 0.012 (19) �0.004 ± 0.012 (19)

px.2 0.190 ± 0.006 0.001 ± 0.013 (11) 0.001 ± 0.013 (11)

pl.2 92.823 ± 1.690 0.022 ± 0.005 (2) 0.022 ± 0.005 (2)

Y-980433 WR 0.453 ± 0.008 0.026 ± 0.023 (8) 0.012 ± 0.016 (4) 0.021 ± 0.016 (12)

px.1 0.040 ± 0.003 0.020 ± 0.005 (3) 0.020 ± 0.008 (5) 0.020 ± 0.005 (8)

px.2 0.143 ± 0.005 0.016 ± 0.013 (18) 0.011 ± 0.012 (7) 0.015 ± 0.010 (25)

pl.2 95.064 ± 0.981 0.084 ± 0.006(2) 0.084 ± 0.006(2)
A-881819 WR 0.657 ± 0.004 0.030 ± 0.012 (1) 0.017 ± 0.006 (8) 0.018 ± 0.006 (9)

Fr 1 (heavy px.) 0.279 ± 0.004 �0.006 ± 0.046 (3) 0.040 ± 0.036 (5) 0.022 ± 0.031 (8)

Fr.2 (< 0.45 A) 0.709 ± 0.022 0.040 ± 0.018 (4) 0.040 ± 0.018 (4)

Fr.3 (0.45 to 0.65 A) 0.939 ± 0.007 0.024 ± 0.030 (7) 0.049 ± 0.011 (4) 0.033 ± 0.020 (11)

Fr 4 (0.65 to 0.75 A) 1.775 ± 0.024 0.052 ± 0.031 (6) 0.052 ± 0.031 (6)

Fr.5 (0.75 to 1.1 A) 2.884 ± 0.027 0.019 ± 0.018 (3) 0.047 ± 0.022 (5) 0.036 ± 0.018 (8)

Fr.6 (> 1.1 A) 9.495 ± 0.199 0.039 ± 0.013 (7) 0.039 ± 0.013 (7)

Diogenites

Bilanga WR 0.025 ± 0.003 �0.002 ± 0.005 (9) �0.002 ± 0.005 (9)

Fr.1 (HD, < 0.45 A) 0.027 ± 0.006 �0.020 ± 0.007 (4) �0.020 ± 0.007 (4)

Fr.2 (HD, 0.45 to 0.50 A) 0.026 ± 0.002 �0.030 ± 0.017 (13) �0.030 ± 0.017 (13)

Fr.3 (HD, > 0.50 A) 0.036 ± 0.004 0.001 ± 0.021 (13) 0.001 ± 0.021 (13)

Fr.4 (LD, < 0.45 A) 0.020 ± 0.002 �0.013 ± 0.031 (7) �0.013 ± 0.031 (7)

Fr.5 (LD, 0.45 to 0.50 A) 0.022 ± 0.002 0.008 ± 0.006 (5) 0.008 ± 0.006 (5)

Fr.6 (LD, > 0.50 A) 0.058 ± 0.004 0.007 ± 0.014 (6) 0.007 ± 0.014 (6)

Johnstown WR 0.032 ± 0.002 0.019 ± 0.013 (9) 0.019 ± 0.013 (9)

Fr.1 (HD, < 0.40 A) 0.052 ± 0.008 0.019 ± 0.009 (7) 0.019 ± 0.009 (7)

Fr.2 (HD, 0.40 to 0.45 A) 0.035 ± 0.003 0.044 ± 0.013 (2) 0.044 ± 0.013 (2)
Fr.3 (HD, > 0.45 A) 0.039 ± 0.002 0.019 ± 0.031 (5) 0.019 ± 0.031 (5)

Fr.4 (LD, < 0.45 A) 0.063 ± 0.006 0.008 ± 0.034 (6) 0.008 ± 0.034 (6)

Fr.5 (LD, 0.45 to 0.50 A) 0.035 ± 0.002 0.023 ± 0.003 (3) 0.023 ± 0.003 (3)

Fr.6 (LD, > 0.50 A) 0.114 ± 0.010 0.000 ± 0.013 (11) 0.000 ± 0.013 (11)

Tatahouine WR 0.022 ± 0.007 0.012 ± 0.012 (12) 0.012 ± 0.012 (12)

Fr.1 (HD, < 0.30 A) 0.084 ± 0.004 �0.035 ± 0.001 (2) �0.035 ± 0.001 (2)

Fr.2 (HD, 0.30 to 0.40 A) 0.067 ± 0.004 �0.025 ± 0.022 (4) �0.025 ± 0.022 (4)

Fr.3 (HD, 0.40 to 0.45 A) 0.060 ± 0.008 �0.016 ± 0.046 (5) �0.016 ± 0.046 (5)

Fr.4 (HD, > 0.45 A) 0.058 ± 0.033 0.011 ± 0.013 (4) 0.011 ± 0.013 (4)

Fr.5 (LD, < 0.30 A) 0.056 ± 0.021 0.019 ± 0.004 (3) 0.019 ± 0.004 (3)

Fr.6 (LD, 0.30 to 0.40 A) 0.022 ± 0.002 �0.030 ± 0.003 (2) �0.030 ± 0.003 (2)

Fr.7 (LD, 0.40 to 0.45 A) 0.020 ± 0.001 �0.022 ± 0.011 (3) �0.022 ± 0.011 (3)

Fr.8 (LD, > 0.45 A) 0.043 ± 0.003 0.021 ± 0.035 (5) 0.021 ± 0.035 (5)

A-881394 achondrite

A-881394 WR 0.932 ± 0.007 0.076 ± 0.020 (6) 0.076 ± 0.020 (6)

px.1 0.060 ± 0.001 0.074 ± 0.015 (6) 0.074 ± 0.015 (6)

px.2 0.099 ± 0.001 0.070 ± 0.023 (5) 0.070 ± 0.023 (5)

px-pl. 3.866 ± 0.032 0.115 ± 0.025 (6) 0.115 ± 0.025 (6)
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Table 2 (continued)

Sample 27Al/24Mg ± 2 se d26Mg* ± 2 se (‰) d26Mg* ± 2 se (‰) d26Mg* ± 2 se (‰) d26Mg* ± 2 se (‰)
ULB (Nu-plasma I) ULB (Nu-plasma II) UCDavis (Neptune) All data combined

pl. 32.995 ± 0.764 0.871 ± 0.135 (5) 0.871 ± 0.135 (5)

Terrestrial rock

BCR-2 2.661 ± 0.036 0.005 ± 0.009 (51)

The last column is the average of all measurements made on 1 or 2 instruments in this study. The numbers in brackets are the numbers of
measurements N. All the data with their full range of digits are presented in Appendix A.
Diogenite fractions correspond to different mineral fraction separated by heavy liquid (high and low densities (respectively HD and LD)
compared to 3.3 g/ml) and magnetic field. For BCR, the average value is a combination of both Nu-Plasma I and II measurements.

Fig. 1. d26Mg* whole rock values for eucrites, diogenites and A-
881394 in this study. The grey zone represents the terrestrial
standard value (0.005 ± 0.009, 2 se). Open diamonds are the WR
basaltic eucrite samples, open triangles are WR cumulate eucrite
samples, open circles are WR diogenite samples and open square is
WR A-881394 achondrite. The same legend is used for all
diagrams. Error bars are 2 se.
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standards and samples consisted of a cycle of three blocks
of 20 measurements with a concentration of �200 ppb, cor-
responding to �20 V on 24Mg. The accuracy and repro-
ducibility of Mg measurements on the two different Nu-
Plasma instruments was assessed by repeated measurements
of synthetic standard Cambridge 1 (Galy et al., 2003) and a
terrestrial rock sample standard (BCR-2) during each
session. For the calculation of 26Mg radiogenic excess
(26Mg*), 26Mg/24Mg values are normalized to 25Mg/24-
Mg = 0.12663 (Catanzaro and Murphy, 1966) assumed
for the DSM 3 standard (Galy et al., 2003). All the ratios
are expressed in ‰ (Eq. (2)), where x stands for 25Mg,
26Mg.

d xMg ¼ ð xMg=24MgÞsample
ð xMg=24MgÞDSM3

 !
� 1

" #
� 103 ð2Þ

Isochrons are built as a correlation between d26Mg*

(Eq. (1)) and 27Al/24Mg. All data are presented in Table 2.
The d26Mg* value of the BCR-2 terrestrial standard was
0.005 ± 0.009‰ (n = 51). Following the approach of
Schiller et al. (2011), each d26Mg* value is an average result
of 4–12 individual measurements. All the errors reported in
the manuscript are 2 times the standard error (2 se).

Measurements of some eucrites were replicated using a
Thermo Neptune MC-ICP-MS at University of California
in Davis (UC Davis), using the chemical purification proce-
dure from Jacobsen et al. (2008). In this case, samples were
introduced in 2% HNO3 using an Apex IR nebulizer, and
each analysis consisted of 20 cycles with 8s integration time.
Measurements of sample and standard were made with a
concentration of 300 ppb (�30 Von 24Mg). Data are pre-
sented in Table 2.

27Al/24Mg ratios for each bulk rock and mineral fraction
were measured on an ICP-MS Agilent 7700 at the ULB on
aliquots collected from the main dissolution batch without
any chemical purification. For the duplicates performed at
UC Davis, the 27Al/24Mg ratios were measured directly on
the MC-ICP-MS Neptune. The 27Al/24Mg ratios were cali-
brated using different standard solutions gravimetrically
prepared with different Al/Mg ratios representing the range
measured in the present study (Al:Mg of 0:1; 0.01:1; 0.1:1;
2:1; 3:1 and 100:1). Each 27Al/24Mg ratio is the average
of 5 individual measurements and the quoted errors are
the 2 se of those measurements.
3. RESULTS

All the results for the 27Al/24Mg and d26Mg* of each
samples of eucrites and diogenites analyzed in this study
are presented in Table 2.



Table 3
ages obtained with the 26Al-26Mg isotopic system on the different HED meteorites analyzed in this study.

Samples (26Al/27Al)0 ± 2r d26Mg*0 ± 2r DtCAI ± 2r Ta ± 2r Tb ± 2r Tc ± 2r

Basaltic eucrites

Camel Donga 2.93 ± 2.79 � 10�6 �0.001 ± 0.030 3:04þ3:20
�0:70 4564:31þ0:98

�3:48 4565:50þ0:88
�3:38 4565:23þ0:82

�3:32

Y-792510 8.66 ± 7.54 � 10�8 0.036 ± 0.005 6:75þ2:15
�0:66 4560:60þ0:94

�2:43 4561:79þ0:84
�2:33 4561:52þ0:78

�2:27

Y-793591 1.01 ± 0.53 � 10�6 0.012 ± 0.006 4:17þ0:79
�0:44 4563:18þ0:72

�1:07 4564:37þ0:63
�0:96 4564:10þ0:57

�0:91

Cumulate eucrites

Y-980318 2.07 ± 3.35 � 10�8 0.009 ± 0.012 >7.25 – – –
Y-980433 9.60 ± 1.13 � 10�8 0.019 ± 0.004 6:64þ0:13

�0:11 4560:71þ0:39
�0:41 4561:90þ0:30

�0:31 4561:63þ0:24
�0:25

A-881819 2.89 ± 2.24 � 10�7 0.021 ± 0.006 5:48þ1:56
�0:60 4561:87þ0:88

�1:84 4563:06þ0:78
�1:74 4562:79þ0:72

�1:68

Diogenites

Bilanga �0.14 ± 2.37 � 10�4 0.000 ± 0.047 – – – –
Johnstown �4.19 ± 2.24 � 10�5 0.034 ± 0.007 – – – –
Tatahouine – – – – – –

Whole rock

Basaltic eucrite (n = 4) 4.19 ± 3.07 � 10�6 �0.012 ± 0.028 2:66�1:39
�0:58 4564:69þ0:86

�1:67 4565:88þ0:76
�1:57 4565:60þ0:70

�1:51

Cumulate eucrite (n = 3) 0.06 ± 1.54 � 10�4 �0.012 ± 0.660 – – – –
Eucrite group (n = 7) 3.06 ± 0.95 � 10�6 �0.001 ± 0.006 2:99þ0:39

�0:28 4564:36þ0:56
�0:67 4565:54þ0:46

�0:57 4565:27þ0:40
�0:51

Diogenite (n = 3) – – – – – –
HED group (n = 10) 2.78 ± 1.24 � 10�6 0.001 ± 0.007 3:09þ0:62

�0:39 4564:26þ0:67
�0:90 4565:44þ0:57

�0:80 4565:17þ0:51
�0:74

A-881394 achondrite 2.98 ± 1.54 � 10�6 0.063 ± 0.031 3:02þ0:76
�0:43 4564:33þ0:71

�1:04 4565:52þ0:62
�0:94 4565:24þ0:56

�0:88

Model ages

Basaltic eucrites 3.32 ± 0.47 � 10�6 �0.004 ± 0.001 2:91þ0:16
�0:14 4564:44þ0:42

�0:44 4565:63þ0:32
�0:34 4565:36þ0:26

�0:28

Cumulate eucrites 3.80 ± 3.21 � 10�6 �0.004 ± 0.006 2:77þ1:96
�0:64 4564:58þ0:92

�2:24 4565:77þ0:82
�2:14 4565:50þ0:76

�2:08

Eucrite group 3.42 ± 0.43 � 10�6 �0.004 ± 0.001 2:88þ0:14
�0:12 4564:47þ0:40

�0:42 4565:66þ0:30
�0:32 4565:39þ0:24

�0:26

Diogenites �0.83 ± 5.45 � 10�5 0.004 ± 0.034 – – – –
HED group 3.34 ± 0.87 � 10�6 �0.003 ± 0.003 2:90þ0:31

�0:24 4564:45þ0:52
�0:59 4565:64þ0:42

�0:49 4565:36þ0:36
�0:43

DtCAI and ages Ta are obtained using the Efremovka 22E CAI ((26Al/27Al)0 = 5.25 ± 0.02 � 10�5 for an absolute age of 4567.35 ± 0.28 Ma;
(Larsen et al., 2011; Connelly et al., 2012) as anchor value. Ages Tb are obtained using the angrite D’Orbigny ((26Al/27Al)0 = 3.88
± 0.27 � 10�7 for an absolute age of 4563.37 ± 0.25 Ma; (Schiller et al., 2010a; Brennecka and Wadhwa, 2012) and ages Tc using a CAI of
NWA 2364 CV3 chondrite ((26Al/27Al)0 = 5.03 ± 0.26 � 10�5 for an absolute age of 4568.22 ± 0.17 Ma; (Bouvier and Wadhwa, 2010). The
ages used in the present manuscript are DtCAI and ages Ta. Age in bracket indicates a non-resolvable (26Al/27Al)0. Model ages have been
calculated using the 27Al/24Mg and d26Mg* of the non-CAI-bearing chondrites (0.091 ± 0.002 and �0.0015 ± 0.0013 respectively; (Schiller
et al., 2010b; Baker et al., 2012).
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3.1. 27Al/24Mg and d26Mg* on HED and A-881394

achondrite

Basaltic eucrites: Four basaltic eucrites have been ana-
lyzed in this study (Millbillillie, Camel Donga, Y-792510
and Y-793591). The whole rock (WR) basaltic eucrite have
a supra-chondritic 27Al/24Mg ratio (1.031 ± 0.019 to 1.412
± 0.018), compared to the chondritic value of 0.091 ± 0.002
(Schiller et al., 2010b; Baker et al., 2012). The values of
d26Mg* range between 0.019 ± 0.006 and 0.032 ± 0.007
(Fig. 1). All these meteorites present a fully resolvable
excess in d26Mg* from the terrestrial standard (0.005
± 0.009), except Y-793591. Three basaltic eucrites were
selected for mineral separation (Camel Donga, Y-792510
and Y-793591). All the mineral separates (pyroxene (px),
plagioclase (pl) or mixed fractions (px-pl)) of these three
meteorites present a fully resolvable excess in d26Mg*

(0.026 ± 0.009–0.064 ± 0.023), except the two pyroxene
fractions of Y-793591 and the pyroxene fraction of Camel
Donga with values of 0.015 ± 0.006, 0.019 ± 0.028 and
0.022 ± 0.014 respectively that fall within error in the ter-
restrial range.

Cumulate eucrites: The 3 cumulate eucrites (A-881819,
Y-980318 and Y-980433) have supra-chondritic whole rock
27Al/24Mg ratios (0.453 ± 0.008–0.657 ± 0.004). These
samples have a value of d26Mg* (0.010 ± 0.003–0.021
± 0.016) close to or within the terrestrial range (Fig. 1)
Mineral separation has been performed on all three
cumulate eucrites. Almost all mineral separates have a
supra-chondritic (0.143 ± 0.005–95.064 ± 0.981) value for
the 27Al/24Mg ratios. Only the two px.1 fractions from both
Y-980318 and Y-980433 have a sub-chondritic value
(respectively 0.027 ± 0.001 and 0.040 ± 0.003). The
d26Mg* values for mineral fractions fall within the range
of the terrestrial value, except for fractions 2, 5 and 6 of
A-881819 (0.040 ± 0.018, 0.036 ± 0.018 ± 0.003 and 0.039
± 0.013) and the pl. fractions of Y-980318 (0.022 ± 0.005)
and Y-980433 (0.084 ± 0.006).

Diogenites: The three diogenites analyzed (Bilanga,
Johnstown and Tatahouine) have sub-chondritic 27Al/24Mg



Fig. 2. (a) WR regression (dashed line) of all meteorites of the HED group (n = 10; errorchron in the 95% confidence interval, see (Mahon,
1996) for a comprehensive discussion about MSDW and isochron interpretation); (b) WR regression (dashed line) of the two eucrites group
analyzed in this study (n = 7; isochron in the 95% confidence interval). Calculations made using the Isoplot software (Ludwig, 2012). The solid
lines are the 2r error envelop.
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ratios (0.025 ± 0.003–0.032 ± 0.002) for whole rock. Min-
eral separates was performed on these three diogenites.
The 27Al/24Mg ratios of mineral fractions have also sub-
chondritic values (0.020 ± 0.001–0.084 ± 0.0084), except
fraction 6 of Johnstown (0.114 ± 0.010). The d26Mg* values
of the whole rock and mineral fractions are within the ter-
restrial range, but two Bilanga mineral fractions (fraction 1
and 2 with �0.020 ± 0.007 and �0.030 ± 0.017 respec-
tively) and Tatahouine mineral fractions (fractions 1, 6
and 7 with �0.035 ± 0.001, �0.030 ± 0.003 and �0.022
± 0.011 respectively) show a fully resolvable negative
anomaly (Table 2). Only two mineral fractions (fractions
2 and 5) in Johnstown diogenite show a fully resolvable
positive anomaly in 26Mg corresponding respectively to a
d26Mg* of 0.044 ± 0.013 and 0.023 ± 0.003.

A-881394 achondrite: Almost all fractions and the whole
rock of this achondrite have supra-chondritic 27Al/24Mg
ratios (0.932 ± 0.007–32.995 ± 0.764). Only two fractions
of pyroxene present a sub-chondritic value or in the range
of chondritic value (0.060 ± 0.001 and 0.099 ± 0.001). The
d26Mg* values of the whole rock and mineral fractions pre-
sent large positive anomalies (0.070 ± 0.023–0.871
± 0.135).

3.2. 26Al/26Mg crystallization age

In order to gain absolute age significance, 26Al-26Mg
data must be anchored to an absolute timescale, typically
an object that has both well-defined 26Al-26Mg systematics
and has been dated with high precision using the Pb-Pb sys-
tem. In this study we have investigated three objects as age
anchors. The first is the Efremovka 22E CAI dated by
235U-corrected Pb-Pb systematic at 4567.35 ± 0.28 Ma
(Connelly et al., 2012) and having an (26Al/27Al)0 of 5.25
± 0.02 � 10�5 (Larsen et al., 2011). The second object is
the quenched angrite D’Orbigny with an absolute
235U-corrected Pb-Pb age of 4563.37 ± 0.25 Ma
(Brennecka and Wadhwa, 2012) and an (26Al/27Al)0 of
3.88 ± 0.27 � 10�7 (Schiller et al., 2010a). Finally, the
third object is the type B CAI of NWA 2364 CV3 chondrite
with a Pb-Pb absolute age of 4568.22 ± 0.17 Ma and a
(26Al/27Al)0 of 5.03 ± 0.26 � 10�5 (Bouvier and Wadhwa,
2010). We chose not to use this last anchor because the
Pb-Pb age has not been 235U-corrected. The second anchor,
D’Orbigny, can be younger than some of the samples ana-
lyzed here and we also decided not using this anchor. In the
present study, we have thus expressed both relative and
absolute ages using the Efremovka CAI. The results are
presented in Table 3. All (26Al/27Al)0 ratios have been cal-
culated assuming uncorrelated errors between 27Al/24Mg
and d26Mg* and using the Isoplot software considering
the model 1 fit (Ludwig, 2012).

Whole rock HED: whole rock regressions combining all
groups of HED meteorites analyzed in this study have also
been constructed. The initial value of (26Al/27Al)0 = 2.78
± 1.24 � 10�6 (Fig. 2a) for HED group (errorchron, com-
bining the two types of eucrites and diogenites) and 3.06
± 0.95 � 10�6 (Fig. 2b) for eucrite group (isochron, com-
bining basaltic and cumulate eucrites) are obtained. These
values correspond respectively to the relative ages of

3:09þ0:62
�0:39 Ma and 2:99þ0:39

�0:28 Ma after CAI. Using the Efre-
movka 22E CAI anchor value, it can be translated to an

absolute age of 4564:26þ0:67
�0:90 Ma for HED group and

4564:36þ0:56
�0:67 Ma for eucrite group.

Basaltic eucrites: The three basaltic eucrites Camel
Donga, Y-792510 and Y-793591 have initial (26Al/27Al)0
ratios of 2.93 ± 2.79 � 10�6 (Fig. 3a), 8.66 ± 7.54 � 10�8

(Fig. 3b) and 1.01 ± 0.53 � 10�6 (Fig. 3c), respectively.



Fig. 3. Internal regressions (dashed lines) prepared on mineral separates of 3 basaltic eucrites: (a) Camel Donga (n = 3, isochron in the 95%
confidence interval), (b) Y-792510 (n = 4, isochron in the 95% confidence interval) and (c) (n = 4, isochron in the 95% confidence interval); (d)
WR regression of basaltic eucrites (n = 4, isochron in the 95% confidence interval). Calculations made using Isoplot software (Ludwig, 2012).
Open symbols are WR values and black symbols are mineral fraction values. The solid lines are the 2r error envelop.
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The relative ages of these basaltic eucrites obtained by

internal isochrons correspond to 3:04þ3:20
�0:70 Ma after CAI

for Camel Donga, 6:75þ2:15
�0:66 Ma after CAI for Y-792510,

and 4:17þ0:79
�0:44 Ma after CAI for Y-793591 respectively

(Fig. 3a –c). These relative ages can be translated to an

absolute age of 4564:31þ0:98
�3:48 Ma (Camel Donga),

4560:60þ0:94
�2:43 (Y-792510) and 4563:18þ0:72

�1:07 (Y-793591) using
the Efremovka 22E CAI anchor value. If we regress the 4
basaltic eucrites WR data (Camel Donga, Y-793591, Y-
792510 and Millbillillie) (Fig. 3d), we obtain a resolvable
initial (26Al/27Al)0 ratio of 4.19 ± 3.07 � 10�6 which gives

a relative WR 26Al-26Mg crystallization age of 2:66þ1:39
�0:58

Ma after CAI corresponding to an absolute age of

4564:69þ0:86
�1:67 Ma using the same anchor as before.

Cumulate eucrite: The three cumulate eucrites Y-980318,
Y-980433 and A-881819 have initial (26Al/27Al)0 ratios of
2.07 ± 3.35 � 10�8 (Fig. 4a), 9.60 ± 1.13 � 10�8 (Fig. 4b),
and 2.89 ± 2.24 � 10�7 (Fig. 4c) respectively. Only the
two last cumulate eucrites have a resolvable (26Al/27Al)0
value which gives a relative 26Al-26Mg crystallization age

of 6:64þ0:13
�0:11 Ma after CAI for Y-980433 and 5:48þ1:56

�0:60 Ma
after CAI for A-881819, and only A-881819 gives a statisti-
cally meaningful isochron. These two relative ages can be

translated to an absolute age of 4560:71þ0:39
�0:41 Ma (Fig. 4b)

and 4561:87þ0:88
�1:84 Ma (Fig. 4c). Even if the (26Al/27Al)0 is

not fully resolvable for Y-980318, we can estimate the rela-
tive age for this sample corresponding to >7.25 Ma after
CAI. It should be noted that Y-980318 and Y-980433 are
thought to be paired based on petrological observations,
but their 26Al-26Mg crystallization ages do not overlap
within 2r error.

Diogenite: A regression can be obtained only for two
diogenites (Bilanga and Johnstown). The data obtained



Fig. 5. Internal regressions (dashed lines) prepared on mineral separates of 2 diogenites (a) Bilanga (n = 7; errorchron and non-resolvable
(26Al/27Al)0) and (b) Johnstown (n = 7, meaningful regression but negative initial (26Al/27Al)0). Open symbols are WR values and black
symbols are mineral fraction values. Calculations made using the Isoplot software (Ludwig, 2012). The solid lines are the 2r error envelop.

Fig. 4. Internal regressions (dashed lines) prepared on mineral separates of the 3 cumulate eucrites: (a) Y-980318 (n = 4, errorchron and non-
resolvable (26Al/27Al)0), (b) Y-980433 (n = 4, isochron in the 95% confidence interval) and (c) A-881819 (n = 7, isochron in the 95% confidence
interval); (d)WR regression of all cumulate eucrites (n = 3, errorchron and non-resolvable (26Al/27Al)0). Open symbols areWR values and black
symbols are mineral fraction values. Calculations made using the Isoplot software (Ludwig, 2012). The solid lines are the 2r error envelop.
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Fig. 6. Internal regression (dashed lines) prepared on mineral
separates of the A-881394 achondrite analyzed in this study (n = 5,
errorchron in the 95% confidence interval). Open symbols are WR
values and black symbols are mineral fraction values. Calculations
made using the Isoplot software (Ludwig, 2012). The solid lines are
the 2r error envelop.
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for the Tatahouine diogenite does not define any correla-
tion and cannot be drawn. Initial (26Al/27Al)0 ratios of
Bilanga and Johnstown correspond respectively to
�0.14 ± 2.37 � 10�4 and �4.19 ± 2.24 � 10�5 and do
not define isochrons (Fig. 5a and b). The Johnstown
regression is negatively resolvable from 0, but this result
cannot be considered as it is not geologically acceptable.
The WR 26Al-26Mg data does not define any isochron
either.

A-881394 achondrite: an internal errorchron for A-
881394 yields an initial (26Al/27Al)0 value of 2.98
± 1.54 � 10�6 (Fig. 6). Relative age of this sample is

3:02þ0:76
�0:43 Ma after CAI and the corresponding absolute

age is 4564:33þ0:71
�1:04 Ma using the Efremovka 22E CAI.
4. DISCUSSION

4.1. Whole rock HED isochron: A planetary isochron?

A traditional investigation, when working with samples
thought to come from a single planetary body, is to plot all
the samples together on a single ‘planetary’ isochron. If an
asteroid has a simple geological history, all the samples
should provide evidence for the same differentiation and
crystallization event. However, while statistical and mathe-
matical tools can easily identify a robust linear correlation,
it is still important to interpret the geological meaning of
this relationship. This can be done with external parameters
related to the geological context of the samples. For exam-
ple, a 142Nd-143Nd linear relationship between the martian
meteorite group of shergottites has been variously inter-
preted as a simple mixing line between planetary reservoirs
without chronological meaning (Debaille et al., 2007) or as
a planetary isochron indicating the global differentiation of
Mars (Caro et al., 2008). This kind of uncertainty is prob-
ably related to one of two explanations. The first is that the
analytical uncertainty could cause some details to be hid-
den. The samples providing the greatest dispersion on the
isochron will actually control the whole regression, while
its associated error will also be controlled by individual
errors. As such, samples could randomly plot on an iso-
chron even though they are not co-genetic or contempora-
neous. The supplementary error added by considering those
samples will simply be included within the error of the
regression, and only the geological context can help distin-
guishing the two data sets. The second explanation is
related to the mixing between two ancient reservoirs within
the planetary body, as the mixing line between those two
reservoirs will evolve with time. Over a period of time rela-
tively long compared to the half-life of the parent element,
the mixing line between these ancient reservoirs will evolve
to give an age that is potentially close to the average differ-
entiation age of the body (e.g. Nebel et al., 2014). In this
case, even though the two ages could be very close, they
reflect different geological processes in terms of planetary
differentiation. Planetary isochrons should thus be inter-
preted with caution, and additional information is certainly
needed in order to accurately interpret their meaning.

Despite basaltic and cumulate eucrites differing in terms
of certain chemical and mineralogical features (Barrat et al.,
2000; Barrat, 2004), they have previously been considered
to have formed at the same time (Bizzarro et al., 2005;
Schiller et al., 2010a; Day et al., 2012). Previous studies
using 53Mn-53Cr systematics also suggested that diogenites
have the same age as eucrites (Trinquier et al., 2008; Day
et al., 2012). Based on this assumption, a 26Al-26Mg HED
WR regression could be constructed to evaluate their time
of formation that gives an errorchron with a relative age

of 3:09þ0:62
�0:39 Ma after CAI (Fig. 2a). This age is consistent

with previous relative ages of 2.3 ± 1.3 Ma after CAI
(Trinquier et al., 2008), 3.20 ± 0.65 Ma after CAI obtained
for all HED samples (Wimpenny et al., 2011) and the range
of 2–3 Ma after CAI evaluated by Day et al. (2012). The
first simple explanation would be that Vesta underwent a
major differentiation event and very rapidly crystallized to
generate eucrites and diogenites. On the other hand, plot-
ting only eucrites together (Fig. 2b) gives a similar relative

age of 2:99þ0:39
�0:28 Ma after CAI, but now with an isochron

associated to better statistics (MSWD of 1.7 instead of
2.7 for all HED). Finally, plotting only basaltic eucrites

gives an isochron with a relative age of 2:66�1:39
�0:58 Ma after

CAI with a slightly larger error but a better MSWD of
0.8 (Fig. 3d). This last age is also identical to the two pre-
vious ages, but slightly more robust in terms of statistics.
Observing 3 times the same age when working with basaltic
eucrites could imply that the HED isochron is actually con-
trolled by basaltic eucrites. In this case, plotting cumulate
eucrites and diogenites on this isochron does not improve
the quality of the isochron itself. It is thus important now
to evaluate in detail if cumulate eucrites and diogenites
actually belong to the basaltic eucrite isochron by looking
at the internal isochrons.
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4.2. Detailed chronology of ED

4.2.1. 26Al-26Mg age of eucrites

As previously said basaltic and cumulate eucrites share
mineralogical characteristics but are slightly distinct in
their chemical composition. While both cumulate and

basaltic eucrites seem to define an isochron at 2:99þ0:39
�0:28

Ma after CAI (Fig. 2b), the WR basaltic eucrites define

by themselves an isochron at 2:66þ1:39
�0:58 Ma after CAI

(Fig. 3d) (i.e. similar within error). In contrast, the regres-
sion of WR cumulate eucrites does not define an isochron
(Fig. 4d).

When looking in more detail at mineral-separate iso-
chrons, two of the three basaltic eucrites (Camel Donga
and Y-793591) have similar crystallization relative ages of

3:04þ3:20
�0:70 and 4:17þ0:79

�0:44 Ma after CAI,. There is thus a good
agreement between the external isochron obtained using the
4 basaltic eucrites (including Millbillillie WR) and those
two internal isochrons, reinforcing the interpretation that
basaltic eucrites likely crystallized from a single short event
that can be constrained. As such, only the basaltic eucrite

WR age of 2:66þ1:39
�0:58 Ma after CAI will be considered for

basaltic eucrites in the following discussion. The Y-

792510 internal isochron show a younger age of 6:75þ2:15
�0:66

Ma after CAI. The case of this basaltic eucrite will be
discussed in the next section, because there is strong evi-
dence to suggest that its internal age was reset. In any case,
this younger internal age does not prevent Y-792510 to plot

well on the 2:66�1:39
�0:58 Ma after CAI basaltic eucrite isochron.

The ages obtained for cumulate eucrites by internal iso-

chrons span from 5:48þ1:56
�0:60 Ma to >7.25 Ma after CAI, thus

resolvably younger than the WR basaltic eucrite age, even
though the individual crystallization ages of basaltic
eucrites overlap within error with the cumulate eucrite
internal age. These results show that for the samples consid-
ered here, cumulate eucrites are actually younger than
basaltic eucrites, implying that plotting both cumulate
and basaltic eucrites together on the same isochron may
be mathematically acceptable, but cannot be justified from
a geological point of view. The age difference between
basaltic and cumulate eucrites agrees with thermal model-
ing (Neumann et al., 2014) that suggested that basaltic
eucrites formed prior to cumulate eucrites and diogenites.

Observations and results from the Dawn mission have
shown that the outer part of Vesta crust is mostly composed
of basaltic lava flows (McSween et al., 2013) confirming the
hypothesis of Takeda (1997) and Nyquist et al. (1997). Our
data for basaltic eucrites indicate that extrusive magmatic

activity on Vesta has occurred at 2:66þ1:39
�0:58 after CAI, in

agreement with some previous 26Al-26Mg and 53Mn-53Cr
dating (Lugmair and Shukolyukov, 1998; Srinivasan
et al., 1999; Nyquist et al., 2003; Bizzarro et al., 2005;
Trinquier et al., 2008). The younger age of cumulate
eucrites can be explained by slow cooling deeper in the crust
of Vesta (Barrat et al., 2010) until the complete extinction
of 26Al. Thermal models suggest that 26Al and possibly
60Fe decay are the heat source for asteroidal magmatism
and differentiation (Ghosh and McSween, 1998; Bizzarro
et al., 2005; Sahijpal et al., 2007) within 3–4 Ma after
CAI. Ages obtained for the basaltic eucrites (Srinivasan
et al., 1999; Nyquist et al., 2003; Bizzarro et al., 2005;
Schiller et al., 2010a; this study) are consistent with this
hypothesis, implying that crystallization occurred while
26Al was still present. In addition, core-mantle segregation
and accumulation of 26Al into the mantle could have kept
the interior of an asteroid such as Vesta warm for a longer
time period, up to 7–8 Ma after CAI (Sahijpal et al., 2007).
Our results for cumulate eucrites suggest that they crystal-
lized close to and/or just after the complete extinction of
26Al (>7.25 Ma after CAI for Y-980318). These data are
also in agreement with thermal modeling (Neumann
et al., 2014). Such a protracted period is at odds with the
study of Schiller et al. (2011) where they estimated by math-
ematical modeling crystallization ages of 2–3 Ma after CAI
for both cumulate and basaltic eucrites. They thus sug-
gested that eucrites did not originate from Vesta, as an
asteroid the size of Vesta should have experienced a rela-
tively longer magmatic history. However, Schiller et al.
(2011) did their modeling on only one basaltic eucrite (Juvi-
nas) and one cumulate eucrite (Dho007), the former being
considered as anomalous (Yamaguchi et al., 2006). Their
modeled age agrees well with the age obtained here for
basaltic eucrites. On the other hand, the crystallization ages
obtained for cumulate eucrites in the present study effec-
tively extend the duration of the magmatic activity on
Vesta, and thus do not prevent a vestan origin, following
the argument of Schiller et al. (2011).

Recent studies have proposed that Vesta could have had
an even more prolonged magmatic history than evidence
from the present study suggests. Based on zircon U-Pb
and Pb-Pb dating in basaltic eucrites (see compilation in
Table 1), Zhou et al. (2013) suggested that Vesta underwent
a peak of basaltic magmatism at 4552 ± 7 Ma that lasted
up to 50 Ma after CAI as residual melts could have been
retained in the mantle of Vesta. Younger ages for basaltic
eucrites have also been obtained using the bulk rock
182Hf-182W isotopic system, with a crystallization age for
Camel Donga of 22–23 Ma after CAI (Kleine et al., 2005;
Touboul et al., 2015), as well as for zircon 182Hf-182W rang-

ing from 2.3 ± 1.5 to 35þ11
�6 Ma after CAI (Roszjar et al.,

2016). The reason of this discrepancy is not clear, and only
one sample (Camel Donga) has been replicated in each of
those studies and the present one. Camel Donga is known
for showing important shock features (Zhou et al., 2013).
Srinivasan et al. (2007) also obtained older 182Hf-182W ages
for what they interpreted as being magmatic zircons, <6.8
Ma after the core segregation on Vesta. Except the study
of Srinivasan et al. (2007), it should be noted that both
182Hf-182W whole rock and zircon ages are systematically
younger than 26Al-26Mg and 53Mn-53Cr ages for the HED
groups (see compilation in Zhou et al., 2013 and references
therein), even though zircon ages are difficult to reset and
are interpreted as true magmatic ages (Srinivasan et al.,
2007; Zhou et al., 2013; Roszjar et al., 2016). However,
Iizuka et al. (2015) interpreted their U-Pb ages on zircons
from the Agoult basaltic eucrite at 4554.5 ± 2.0 Ma (i.e.
�13 Ma after CAI based on the absolute Pb-Pb age of
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the Efremovka 22E CAI (Connelly et al., 2012) used as
anchor in this study) as representing a large metamorphic
event on Vesta. One possible explanation could be the
higher sensitivity to thermal metamorphic resetting and/or
to terrestrial contamination of the 182Hf-182W systematic
compared to the 26Al-26Mg systematic (Kleine et al.,
2005, 2009; Touboul et al., 2015), but the reason for
younger zircon ages is not clear.

4.2.2. Metamorphism in basaltic eucrites

The third basaltic eucrite (Y-792510) has an internal
26Al-26Mg isochron relative age of 6:75þ2:15

�0:66, i.e. 2 Ma
younger than the WR isochron obtained on all basaltic

eucrites (2:66þ1:39
�0:58 Ma after CAI, Y-792510 included), and

also a higher d26Mg*0 value than the 2 other basaltic
eucrites (0.036 ± 0.005, compared to �0.001 ± 0.030 and
0.012 ± 0.006). The younger age obtained on Y-792510
could actually reflect resetting of 26Al-26Mg systematics
by secondary processes such as a metamorphic event. Previ-
ous studies have shown that basaltic eucrites (Takeda and
Graham, 1991; Yamaguchi et al., 1996, 1997, 2009) and
more recently diogenites (Yamaguchi et al., 2011) are often
metamorphosed. While almost all eucrites have been meta-
morphosed to some degree, the extent of metamorphism
varies. Takeda and Graham (1991) developed a classifica-
tion based on the pyroxene mineralogy and texture that
defines six different types of metamorphosed eucrite, with
the type 1–6 representing progressive degree of higher meta-
morphism. Later, a type 7 was also defined by Yamaguchi
et al. (1996), that shares some characteristics of type 4 (Ca-
zoning in pyroxenes) and of type 6 (pyroxenes partly
inverted pigeonite). Yamato-792510 is known as a highly
metamorphosed eucrite of type 6 (Takeda and Graham,
1991), with younger 87Rb-87Sr and 147Sm-143Nd ages
(Nyquist et al., 1997). The younger 26Al-26Mg internal
age compared to the two other basaltic eucrites in this study
is thus consistent with metamorphic resetting that occurred
after its initial crystallization but still during the lifetime of
26Al, as this sample can still be dated. Internal isochrons of
mineral separates indicate the age of crystallization or later
resetting, e.g. by metamorphism, while WR (external) iso-
chrons provide only the crystallization age if samples are
co-genetic. From our data the WR age for basaltic eucrites

(2:66þ1:39
�0:58 Ma after CAI) corresponds within error to the

average crystallization age obtained for Camel Donga and
Y-793591 (Fig. 3a and b), while the internal age of Y-
792510 is significantly younger (Table 3; Fig. 3c). In addi-
tion, the fact that the d26Mg*0 is higher for Y-792510
(0.036 ± 0.005) compared to the 2 other basaltic eucrites
(�0.001 ± 0.030 and 0.012 ± 0.006) also indicates that the
isochron was shifted. This supports our hypothesis that
the mineral separate ages obtained for Camel Donga and
Y-793591 reveal their crystallization age, while the younger
age obtained for Y-792510 reflects resetting when 26Al was
still extant, probably due to an impact metamorphic event
which is supported by petrographic evidence. The case of
Y-792510 shows that WR and mineral separate isochrons
are clearly complementary by providing different
information.
The younger ages observed here for the three cumulate
eucrites could similarly be interpreted as resetting ages
induced by impact metamorphism. However, impact meta-
morphism is not obvious in the samples measured here,
and the texture and composition of cumulate eucrites are
more consistent with formation by slow cooling within
the eucrite crust (Yamaguchi et al., 1996, 1997). In addi-
tion, their initial d26Mg*0 is also similar to the one of
basaltic eucrites within error. Based on these observations,
we thus suggest that the internal isochrons obtained for
cumulate eucrites truly represented their crystallization
ages of these samples.

4.2.3. Young 26Al-26Mg ages of diogenites

Diogenites studied here, despite having a non-chondritic
27Al-24Mg ratio, have no anomaly in d26Mg* that would
normally be expected if these objects were formed while
26Al was extant. This result is consistent with data from
Bizzarro et al. (2005) and Schiller et al. (2010a), even though
Schiller et al. (2011) suggested some diogenites could have a
small d26Mg* anomaly. On the other hand, diogenites seem
to plot on the HEDWR isochron (Fig. 2a), as also observed
for WR 53Mn-53Cr HED isochron (Trinquier et al., 2008;
Day et al., 2012). The first feature can only be explained if
these meteorites were formed after the complete extinction
of 26Al while the second implies the presence of 26Al when
diogenite crystallized. When looking to diogenite external
or internal isochrons, no meaningful age can be obtained
(Fig. 4). A simple explanation would be that, as for the
basaltic eucrite Y-792510, diogenites have suffered impact
metamorphism and have thus been reset, but after the com-
plete extinction of 26Al in this case. However, such an event
would be consistent with younger (or no) internal isochrons,
but not with younger WR age as deduced from the lack of
d26Mg* anomaly. On the other hand, with diogenites being
almost monomineralic (orthopyroxene), one could argue
that the small spread observed between diogenites prevents
obtaining meaningful isochrons within analytical uncer-
tainty. When looking at the spread between the different
fractions, diogenites indeed show systematically a small
spread in 27Al/24Mg, between 0.026 and 0.031, i.e. a ratio
of �0.8 for WR, and a ratio of �3 for the two internal iso-
chrons. Such a small ratio is also observed for theWR basal-
tic eucrite isochron (�1.6) and Camel Donga internal
isochron (�2.0) that both give resolvable ages. Taking the
full range displayed by diogenites, and assuming they all
crystallized at the same time without any resetting, no mean-
ingful isochron is obtained (not shown). Finally, it is even
more difficult to erase a bulk rock 26Mg* anomaly by an
impact resetting as this would imply open system metamor-
phism by fluid circulation. It was suggested that some
impacts may have brought fluids on Vesta (Warren et al.,
2014) but such an aqueous alteration is not seen in diogen-
ites. Instead, the combination of no 26Mg* anomaly despite
non-chondritic 27Al/24Mg and the absence of both external
and internal isochron better suggests that diogenites were
formed after the complete extinction of 26Al. This implies
that diogenites are younger than 7.25 Ma after CAI, corre-
sponding to the youngest resolvable relative age obtained on



G. Hublet et al. /Geochimica et Cosmochimica Acta 218 (2017) 73–97 87
cumulate eucrite in this study. This also implies that the
presence of diogenites close from the basaltic eucrite iso-
chron is fortuitous. It is consistent with the observation of
an errorchron with all HED but an isochron with eucrites.

By using model isochrons, Schiller et al. (2011) proposed
that variation of d26Mg* could suggest the formation of
diogenites during the first 2.5 Ma after CAI formation,
hence being older than eucrites. They interpreted this as
diogenites and eucrites being respectively the early and late
magmas from a single crystallizing magma ocean, thus
being co-magmatic as proposed by other studies (e.g.
Fowler et al., 1995; Schiller et al., 2017). Interpreting age
data for diogenites is clearly not a simple task but it should
be noted that two samples replicated in the present study
(Bilanga and Tatahouine) are consistent with values from
Bizzarro et al. (2005) and Schiller et al. (2010a), but not
with the Schiller et al. (2011) study. In addition, the hypoth-
esis of diogenites being early products of a vestan magma
ocean cannot be reconciled with their refractory incompat-
ible lithophile element content (Mittlefehldt, 2015). Finally,
as explained in the present study, we do not reach the same
conclusion that eucrites and diogenites share a common
source. If indeed diogenites are younger than eucrites, this
means that great caution should be taken when construct-
ing and interpreting planetary isochrons calculated using
both diogenites and eucrites.

To be consistent with our study, formation of diogenites
thus requires either protracted magmatic activity, or a sec-
ond period of magmatic activity on Vesta (Barrat et al.,
2010; Yamaguchi et al., 2011). Barrat et al. (2008) and
Barrat (2004) argued that one mechanism to explain this
diogenitic magmatism is through the re-melting of magma
ocean cumulates. The heat source for a re-melting event is
unclear as, at that time, 26Al was completely extinct as sug-
gested here. One possibility is that a mantle overturn could
induce re-melting. Normally, a mantle overturn would hap-
pen only when a body is entirely crystallized with denser
Fe-rich cumulate at the top of the mantle (Elkins-Tanton
et al., 2003), but because of the smaller gravity of Vesta
and a higher heat flux, it is possible that a mantle overturn
occurred within Vesta with a partially solid mantle overlaid
by a mush portion (Elkins-Tanton et al., 2008). Because
Vesta is a much smaller body compared to previous studies
on Mars (Elkins-Tanton et al., 2003), in this case, a higher
density of the upper cumulates could be reached by colder
temperature and higher proportion of minerals at the top of
the magma ocean (Elkins-Tanton et al., 2008). Another
possibility to explain this delayed diogenite magmatism
could be related to trapped melt remaining for several tens
of millions of year in the vestan mantle (Zhou et al., 2013).
However, in this case, it is still unclear what could trigger
the emplacement of diogenites. It should be noted that
some diogenites may have intruded the eucritic crust and
subsequently crystallized earlier compared to what is pro-
posed here, as some diogenites show a negative d26Mg*

(Schiller et al., 2011). On the contrary, the positive anoma-
lies found by Schiller et al. (2011) in some other diogenites
cannot be reconciled with their subchondritic 27Al/24Mg
and our preferred interpretation would be that they have
been contaminated by the eucritic crust, as evidenced by
their bulk composition (e.g. Mittlefehldt, 2015). As such,
the chemical trend observed by Schiller et al. (2011) could
represent a mixing trend.

4.3. Differentiation of Vesta

Evidence that Vesta is the parent body of HED is
generally well accepted, especially since the Dawn mission
that clearly identified Vesta as the parent body of HED
meteorites (McSween et al., 2013). Previous studies based
on182Hf-182W systematic (Quitté et al., 2000; Kleine et al.,
2005, 2009; Touboul et al., 2015) have shown that Vesta
underwent global melting and core-mantle segregation. It
is usually considered that the heat provided by 26Al and
possibly 60Fe decay was enough to entirely melt planets
and large asteroids to form a magma ocean (Elkins-
Tanton et al., 2003). This hypothesis is corroborated by
the O-isotope homogeneity in the HED, that could only
be induced by the existence of magma ocean on Vesta
(Greenwood et al., 2014). Even though Wasson (2013)
argued that neither 26Al decay or giant impact would have
delivered sufficient energy to produce a magma ocean on
Vesta, some thermal models (Ghosh and McSween, 1998;
Sahijpal et al., 2007; Neumann et al., 2014) do suggest that
the decay of 26Al and 60Fe could have provided the heat
source to form a shallow or global magma ocean on Vesta.
Recently, analyzes of siderophile abundances in eucrites
and diogenites have indicated that Vesta could have been
completely molten during its core formation (Steenstra
et al., 2016).

Even though basaltic eucrites, cumulate eucrites and
diogenites did not crystallize at the same time, they could
still share a common source (e.g. Mandler and Elkins-
Tanton, 2013; Schiller et al., 2017). This can be tested by
modeling when eucrites and diogenites diverged from a
chondritic evolution, and this model age could then be
interpreted as the differentiation age of Vesta, likely related
to a magma ocean stage. Calculating these model ages
require us to make some assumptions about the evolution
of Vesta, namely, that Vesta started from a chondritic pre-
cursor, followed by differentiation of the source and forma-
tion of magma at the surface of the asteroid. A model age is
then obtained by combining the chondritic average value
and the whole rock measurements of our samples
(Bizzarro et al., 2005; Baker et al., 2012). The chondritic
average value used here corresponds to non-CAI-bearing
chondrites with a d26Mg* present-day value of �0.0015
± 0.0013 (Schiller et al., 2010b; Baker et al., 2012). The
model HED isochron gives an initial (26Al/27Al)0 ratio of
3.34 ± 0.87 � 10�6 that can be translated to a single model

relative age of 2:90þ0:31
�0:24 Ma after CAI (Fig. 7a) for all the

HED samples. Considering the previous discussions about
the implication of building planetary isochrons, model iso-
chrons have also been prepared for each group of HED.
These model WR isochrons give an initial (26Al/27Al)0
ratios of 3.32 ± 0.47 � 10�6 for basaltic eucrites (Fig. 7b)
and 3.80 ± 3.21 � 10�6 for cumulate eucrites (Fig. 7c). By
using the same anchor value previously used in this study,



Fig. 7. Whole rock model regressions for (a) HED group (n = 11, errorchron in the 95% confidence interval); (b) basaltic eucrites (n = 5,
isochron in the 95% confidence interval) and (c) cumulate eucrites (n = 4, isochron in the 95% confidence interval); (d) all eucrites (n = 8,
isochron in the 95% confidence interval); (e) diogenites (n = 4, errochron and non-resolvable (26Al/27Al)0). The star symbol represents the
chondritic value (Schiller et al., 2010b). Calculations made using the Isoplot software (Ludwig, 2012). The solid lines are the 2r error envelop.

88 G. Hublet et al. /Geochimica et Cosmochimica Acta 218 (2017) 73–97



Fig. 8. Summary of the different relative ages obtained for the eucrite and diogenite samples analyzed in this study, calculated with the
(26Al/27Al)0 ratios of Efremovka CAI 22E (Larsen et al., 2011) anchor value. Diamonds are for basaltic eucrites, triangles for cumulate
eucrites and square for A-881394 achondrite. The black symbols correspond to ages obtained with internal isochrons constructed on mineral
fractions and the filled grey triangle is the non-resolvable age for Y-980318. The white symbols are the WR age obtained with WR isochron.
The grey symbols correspond to the model ages obtained with WR model isochrons. Error bars are 2r.
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the (26Al/27Al)0 ratio can be translated to a model relative

age of 2:91þ0:16
�0:14 Ma after CAI for basaltic eucrites

(Fig. 7b) and 2:77þ1:96
�0:64 Ma after CAI for cumulate eucrites

(Fig. 7c). For diogenites, a model age cannot be obtained
as they contain no correlated excess or deficit in 26Mg with
27Al/24Mg ratio (Fig. 7e). As already observed for external
isochrons, the robustness of the model isochron expressed
by the MSWD value is much better when diogenites are
not considered with basaltic eucrites model isochron (error-
chron with MSWD of 3.0 for all HED compared to iso-
chron with MSDW of 0.7 for basaltic eucrites only). All
these model ages obtained are presented in Table 3.

Previous studies support the hypothesis of a common
eucrite source (Mittlefehldt, 1994; Treiman, 1997; Barrat
et al., 2000, 2010; Mittlefehldt, 2015), also confirmed
recently by e182W and 182Hf/180Hf (Touboul et al., 2015).
If we assume that basaltic and cumulate eucrites are co-
magmatic from a source that differentiated in a single event
then we can calculate a single model age for all eucrites. By

combining all eucrites, a model age of 2:88þ0:14
�0:12 Ma after

CAI is obtained for a eucrite source. If we combine our
data with previous WR d26Mg* analyses from Bizzarro
et al. (2005) and Schiller et al. (2010a), we also obtain a sim-
ilar result corresponding to an initial model (26Al/27Al)0
ratio of 2.58 ± 0.43 � 10�6 and a relative age of 3:17þ0:16

�0:19

Ma after CAI.
The absence of model WR regression for diogenites is
actually consistent with the suggestion that even if the
source of diogenites differentiated from a chondritic reser-
voir, their actual chemical signature do not reflect a simple
two-stage evolution. It has indeed been proposed that their
composition has been altered due to contamination by var-
ious amount of trapped melt in magma chambers
(Mittlefehldt, 1994; Fowler et al., 1995; Barrat et al.,
2010). As such, it is impossible to know if they were co-
genetic with basaltic eucrites or not. The fact that diogen-
ites plot on the HED model isochron seems again fortu-
itous, as deduced for the WR HED isochron (see point
2.3). Another explanation to the absence of model WR iso-
chron could be that diogenites record a multi-stage differen-
tiation of Vesta, but the contamination of diogenites by the
already formed eucrite crust is strongly supported by the
incompatible trace element composition (Barrat et al.,
2010). This scenario requires that diogenites are younger
than eucrites, in agreement with the present discussion
(Section 4.2.3).

The model age obtained with all eucrites indicate that

the differentiation of Vesta occurred 2:88þ0:14
�0:12 Ma after the

formation of CAI’s, i.e. at the same time within error com-
pared to the establishment of the eucritic crust. At this time,
following the results obtained in the present study, Vesta
probably experienced global melting with the formation



Fig. 9. summary of the geological history of Vesta, where (a) represents the differentiation of Vesta and the formation of a differentiated
reservoir being the source of all eucrites from a chondritic precursor; (b) represents the eucrite crust formation with a short magmatic activity
(�2 Ma) that formed the basaltic eucrites, followed by the slow cooling of cumulate eucrites deeper in the crust; (c) eucrites evidence impact
metamorphism at the surface of Vesta during the lifetime of 26Al suggested by the young internal age of the Y-792510 basaltic eucrite (d)
represents the formation of diogenites in intrusions or extrusions during a second magmatic activity.
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of a magma ocean and the differentiation of the eucrite
source from a chondritic reservoir. Core formation age
deduced by the 182Hf-182W isotopic system suggesting for-
mation at 4 ± 2.2 Ma (Kleine et al., 2004) and by the
60Fe-60Ni isotopic system at 3:7þ2:5

�1:7 Ma after CAI formation
(Tang and Dauphas, 2012). Core formation is supposed to
occur contemporaneously with the establishment of the
magma ocean and those results are thus coherent with
our proposed age for the setting of a magma ocean on
Vesta. On the other hand, Touboul et al. (2015) recently
suggested that core formation likely occurred within �1
Ma after CAI formation. Such an early timing would imply
that Vesta remained completely molten for �2 Ma to be
consistent with the differentiation age obtained here. As
summarized in Fig. 8, the eucrite model age is similar within
error with the crystallization age of basaltic eucrites. This
implies that the eucritic magmatism was directly related
to the formation and crystallization of a magma ocean on
Vesta, with concomitant extrusion of lava flows at the sur-
face of the asteroid. Despite cumulate eucrites may share
the same source as basaltic eucrites, there is a resolvable
gap between the global differentiation of Vesta and their
crystallization, reinforcing their position deep in the crust
of Vesta.



Table 4
Different ages obtained for A-881394 anomalous achondrite with different short-lived and long-lived isotopic systems.

Isotopic system DtCAI±2r (Ma) Ta ± 2r (Ma) Ref.

26Al-26Mg 3:02þ0:76
�0:43 4564:33þ0:71

�1:04 This study
3:39þ0:18

�0:22 4563:96þ0:46
�0:50 Srinivasan (2002)

3:99þ0:25
�0:33 4563:36þ0:53

�0:61 Nyquist et al. (2003)
3:91þ0:05

�0:06 4563:44þ0:33
�0:34 Wadhwa et al. (2009)

3:75þ0:08
�0:09 4563:60þ0:36

�0:09 Wimpenny et al. (2013)

53 Mn-53Cr 4565.24 ± 0.46 Nyquist et al. (2003)
4564.29 ± 0.28 Wadhwa et al. (2009)

Pb-Pb 4566.5 ± 0.2 Wadhwa et al. (2009)
4565.57 ± 0.55 Koefoed et al. (2015)

All DtCAI and absolute ages have been recalculated from literature (26Al/27Al)0 using the Efremovka 22E CAI (Larsen et al., 2011; Connelly
et al., 2012) as anchor value.
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4.4. Formation of the crust of Vesta

Our new 26Al-26Mg data for diogenites, basaltic and
cumulate eucrites can help constraining the differentiation
of Vesta and the formation of its complex crust. Consider-
ing a chondritic precursor for Vesta, we can interpret the
magmatic evolution of Vesta into several steps. The first
step is the formation of the Solar System represented by
the age of CAI condensation and the accretion of the parent
body that cannot be dated in the present study. The second
step corresponds to the establishment of a magma ocean on
Vesta from a chondritic precursor and is represented by the

model WR isochron age of eucrites 2:88þ0:14
�0:12 Ma after CAI

formation (Fig. 9a). This step also corresponds to the for-
mation of the core. The third step involves the formation
of the crust of Vesta. While the magma ocean was estab-
lished and started to crystallize, a first episode of magmatic
activity occurred contemporaneously that produced the
upper part of Vesta crust, composed mainly of basaltic
eucrites. The crystallization ages represented by 26Al-26Mg
WR basaltic eucrite isochron suggest that this magmatic

activity took place at 2:66þ1:39
�0:58 Ma after CAI, in agreement

with Quitté and Birck (2004) who suggested that the forma-
tion of basaltic liquid followed the differentiation of Vesta
by 0.6 Ma (Fig. 9b). Deeper in the crust, cumulate eucrites
could have been formed either by a later pulse of intrusive
magmatic activity or by slow cooling in depth from a single
magmatic event, but in any case from a common source to
all eucrites. The crystallization age obtained with the
26Al-26Mg isotopic system suggests a closure time between

5:48þ1:56
�0:60 to >7.25 Ma after CAI (Fig. 9b) for the three

cumulate eucrites analyzed in this study. The crystallization
of cumulate eucrites ranged over a longer time period com-
pared to basaltic eucrites, in agreement with their location
deeper in the crust of Vesta. The younger age obtained
for the basaltic eucrite Y-792510 suggests that large impacts
could have occurred very early in the Solar System history
when 26Al was still extant (Fig. 9c). Impact metamorphism
seems a very important process in the history of Vesta crust
and could easily explain the large range of age obtained for
basaltic and cumulate eucrites using different isotope sys-
tems. Finally, the formation of diogenites seems younger
and more complex compared to eucrites, and could be
related to a late intrusive magmatic activity peak after the
complete extinction of the 26Al and possible contamination
by the eucrite crust (Barrat et al., 2008, 2010) (Fig. 9c).
Yamaguchi et al. (2011) suggested that the diogenites melt
were produced by the re-melting of magma ocean cumulate
and intruded the eucrite crust. The cause of this re-melting
is not constrained until now, but could be related to a man-
tle overturn.

4.5. The case of A-881394 achondrite

The internal isochron constructed on mineral separates
obtained for A-881394 unique achondrite gives a relative

crystallization age of 3:02þ0:76
�0:43 Ma after CAI. For compar-

ing this age with literature data, we recalculated the differ-
ent existing 26Al-26Mg ages from the initial (26Al/27Al)0
ratios found in the literature with the same anchor values
used in this study. Some differences can be observed when
recalculating ages from literature (Table 4). Our A-881394
age is systematically older compared to other 26Al-26Mg
studies. However, it compares well within error with the
53Mn-53Cr ages while it is slightly younger than Pb-Pb ages.
The age discrepancy for 26Al-26Mg could potentially be
related to localized disturbance and resetting following
impact metamorphism. Even though both Al and Mg are
considered as relatively robust to diffusion (LaTourrette
and Wasserburg, 1998), plagioclase is a phase that can be
prone to diffusive Mg loss (Van Orman et al., 2014). The
good concordance of the 26Al-26Mg age obtained here with
another short-lived system, and the fact that this age is one
of the older among Al-Mg published age for A-881394 both
suggest that the subsample used has been relatively well-
preserved from impact resetting.

Even though A-881394 was considered at first as a
cumulate eucrite, the age discrepancy between this sample
and the cumulate eucrites for their crystallization ages is
difficult to reconcile. On the other hand, the crystallization
age of A-881394 is very similar to the one obtained for
basaltic eucrites in the present study. However, the absence
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of meaningful correlation with WR basaltic eucrites indi-
cates that A-881394 is not co-genetic with basaltic eucrites.
Accordingly, differences in O, Ti and Cr isotope ratios
clearly suggest that A-881394 achondrite is derived from
another parent body (Scott et al., 2009; Greenwood et al.,
2014; Sanborn and Yin, 2014; Williams et al., 2015). When
constructing a model age isochron with all eucrites and A-
881394, we obtain a resolvable correlation implying that we
cannot rule out the fact that A-881394 is related to a parent
body that was chondritic and differentiated at the same time
than Vesta. It should also be noted that a regression with all
WR HED (both types of eucrites and diogenites) and WR
A-881394 yields a correlation with a meaningful (26Al/27-
Al)0 ratio of 3.48 ± 1.19 � 10�6 but a poor MSWD of 5.9
(not shown). This mathematically correct but geologically
absurd result stresses one more time that the interpretation
of planetary isochrons should be done with caution. On the
other hand, similar model isochrons between basaltic
eucrites and A-881394 indicates that the melting and differ-
entiation of chondritic silicate bodies very early at the
beginning of the Solar System was certainly a widespread
phenomenon.

5. CONCLUSION

The study of 26Al-26Mg systematic on HED meteorites
showed that internal isochrons are required to evaluate
the geological meaning of planetary isochrons. Even
though all HED seem to plot on a unique isochron,
the crystallization ages obtained for cumulate eucrites
and diogenites are resolvably younger compared to basal-
tic eucrites. As such, the 26Al-26Mg ages obtained both
on whole-rock and mineral separates for eucrite and dio-
genite samples allow us to refine the geological history of
Vesta:

1. Internal 26Al-26Mg data indicate that there is a gap

between the crystallization ages of basaltic (2:66þ1:39
�0:58

Ma after CAI) and cumulate (5:48þ1:56
�0:60 to >7.25 Ma after

CAI) eucrites. This implies that the eucrite crust was
formed in two steps. The first step corresponds to the
formation of the upper part of the crust by basaltic
eucrites during a short (�2 Ma) extrusive magmatic
activity. The second step consists of the crystallization
of the cumulate eucrite by slow cooling deeper in the
crust.

2. While basaltic and cumulate eucrites crystallized at dis-
tinctly different times, model ages constructed on all
eucrites seem to indicate that they could share a common
source that differentiated from a chondritic precursor at
2:88þ0:14
�0:12 Ma after CAI. This time range overlaps with the

crystallization ages of basaltic eucrite.
3. Since no anomaly in d26Mg* has been found in dio-

genites despite them showing a subchondritic Al/Mg
ratio, and because no external or internal isochrons
could have been obtained, we suggest that diogenites
are younger than eucrites and formed after the com-
plete extinction of 26Al. Consequently, they cannot
precisely be dated by 26Al-26Mg isotopic system. The
impossibility of also obtaining model age indicates a
history more complex than simple differentiation from
a chondritic precursor. This complexity could be
explained if these meteorites formed by intrusions in
the eucrite crust during a second magmatic activity
that took place after the complete extinction of 26Al,
and with possible crustal contamination. Mantle over-
turn could be a mechanism to explain the protracted
magmatic activity on Vesta.

4. A younger crystallization age obtained for the
Y-792510 basaltic eucrite suggests that the basaltic
crust had experienced impact metamorphism of suffi-
cient magnitude to reset the 26Al-26Mg isotopic system
very early in the Solar System history, while 26Al was
still extant.

5. Finally, internal 26Al-26Mg isochron obtained for
A-881394 achondrite indicates that this sample is related
to a parent body that was initially very similar to Vesta
(i.e. chondritic) and differentiated contemporaneously.
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Table A1
Compilations of all Al-Mg data obtained in the present study.

Sample 27Al/24Mg 2 se d26Mg* 2 se n d26Mg* 2 se n d26Mg* 2 se n d26Mg* 2 se n

ULB (Nu-plasma I) ULB (Nu-plasma II) UCDavis (Neptune) All data combined

Basaltic eucrites

Millbillillie WR 1.407 0.008 0.027 0.031 3 0.032 0.010 8 0.030 0.010 11
Camel Donga WR 1.412 0.018 0.020 0.014 4 0.030 0.012 7 0.026 0.009 11

px. 0.995 0.013 0.018 0.031 5 0.025 0.014 8 0.022 0.014 13
px-pl. 1.798 0.028 0.038 0.015 5 0.038 0.012 8 0.038 0.009 13

Y-792510 WR 1.365 0.019 0.029 0.009 17 0.042 0.007 6 0.032 0.007 23
px. 1 0.105 0.008 0.036 0.015 3 0.038 0.011 5 0.037 0.008 8
px. 2 0.146 0.025 0.068 0.020 4 0.038 0.011 10 0.046 0.012 14
pl. 42.567 2.220 0.064 0.023 2 0.064 0.023 2

Y-793591 WR 1.031 0.019 0.023 0.008 6 0.014 0.009 5 0.019 0.006 11
px. 1 0.240 0.018 0.013 0.007 4 0.016 0.010 6 0.015 0.006 10
px. 2 0.555 0.032 0.019 0.028 4 0.019 0.028 4
px-pl. 1.924 0.015 0.026 0.006 3 0.027 0.003 5 0.026 0.003 8

Cumulate eucrites

Y-980318 WR 0.586 0.010 0.009 0.008 1 0.010 0.004 7 0.010 0.003 8
px. 1 0.027 0.001 �0.004 0.012 19 �0.004 0.012 19
px. 2 0.190 0.006 0.001 0.013 11 0.001 0.013 11
pl. 92.823 1.690 0.022 0.005 3 0.022 0.005 3

Y-980433 WR 0.453 0.008 0.026 0.023 8 0.012 0.016 4 0.021 0.016 12
px. 1 0.040 0.003 0.020 0.005 3 0.020 0.008 5 0.020 0.005 8
px. 2 0.143 0.005 0.016 0.013 18 0.011 0.012 7 0.015 0.010 25
pl. 95.064 0.981 0.084 0.006 3 0.084 0.006 3

A-881819 WR 0.657 0.004 0.030 0.012 1 0.017 0.005 8 0.018 0.006 9
Fr 1 (heavy px.) 0.279 0.004 �0.006 0.046 3 0.040 0.036 5 0.022 0.031 8
Fr 2 (< 0.45 A) 0.709 0.022 0.040 0.018 4 0.040 0.018 4
Fr 3 (0.45 to 0.65 A) 0.939 0.007 0.024 0.030 7 0.049 0.011 4 0.033 0.020 11
Fr 4 (0.65 to 0.75 A) 1.775 0.024 0.052 0.031 3 0.052 0.031 3
Fr 5 (0.75 to 1.1 A) 2.884 0.027 0.019 0.018 3 0.047 0.028 5 0.036 0.018 8
Fr 6 (> 1.1 A) 9.495 0.199 0.039 0.013 7 0.039 0.013 7

Diogenites

Bilanga WR 0.025 0.003 �0.002 0.005 9 �0.002 0.005 9
Fr 1 (HD,<0.45 A) 0.027 0.005 0.006 0.007 4 �0.020 0.007 4
Fr 2 (HD, 0.45 to 0.50 A) 0.026 0.003 0.002 0.017 13 �0.030 0.017 13
Fr 3 (HD, > 0.50 A) 0.036 0.004 0.004 0.021 13 0.001 0.021 13
Fr 4 (LD, < 0.45 A) 0.020 0.002 �0.013 0.031 7 �0.013 0.031 7
Fr 5 (LD, 0.45 to 0.50 A) 0.022 0.002 0.008 0.006 5 0.008 0.006 5
Fr 6 (LD, > 0.50 A) 0.058 0.004 0.007 0.014 6 0.007 0.014 6

(continued on next page)
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Table A1 (continued)

Sample 27Al/24Mg 2 se d26Mg* 2 se n d26Mg* 2 se n d26Mg* 2 se n d26Mg* 2 se n

ULB (Nu-plasma I) ULB (Nu-plasma II) UCDavis (Neptune) All data combined

Johnstown WR 0.032 0.002 0.019 0.013 10 0.019 0.013 10
Fr 1 (HD, < 0.40 A) 0.052 0.008 0.019 0.009 7 0.019 0.009 7
Fr 2 (HD, 0.40 to 0.45 A) 0.035 0.003 0.044 0.013 2 0.044 0.013 2
Fr 3 (HD, > 0.45 A) 0.039 0.002 0.019 0.031 5 0.019 0.031 5
Fr 4 (LD, < 0.45 A) 0.063 0.006 0.008 0.034 6 0.008 0.034 6
Fr 5 (LD, 0.45 to 0.50 A) 0.035 0.002 0.023 0.003 3 0.023 0.003 3
Fr 6 (LD, > 0.50 A) 0.114 0.010 0.000 0.013 11 0.000 0.013 11

Tatahouine WR 0.022 0.007 0.012 0.012 9 0.012 0.012 9
Fr 1 (HD, < 0.30 A) 0.084 0.004 �0.035 0.001 2 �0.035 0.001 2
Fr 2 (HD, 0.30 to 0.40 A) 0.067 0.004 �0.025 0.022 4 �0.025 0.022 4
Fr 3 (HD, 0.40 to 0.45 A) 0.060 0.008 �0.016 0.046 5 �0.016 0.046 5
Fr 4 (HD, > 0.45 A) 0.058 0.033 0.011 0.013 4 0.011 0.013 4
Fr 5 (LD, < 0.30 A) 0.056 0.021 0.019 0.004 3 0.019 0.004 3
Fr 6 (LD, 0.30 to 0.40 A) 0.022 0.002 �0.030 0.003 2 �0.030 0.003 2
Fr 7 (LD, 0.40 to 0.45 A) 0.020 0.001 �0.022 0.011 3 �0.022 0.011 3
Fr 8 (LD, > 0.45 A) 0.043 0.003 0.021 0.035 5 0.021 0.035 5

A-881394 achondrite

A-881394 WR 0.932 0.007 0.076 0.020 6 0.076 0.020 6
px. 1 0.060 0.000 0.074 0.015 6 0.074 0.015 6
px. 2 0.099 0.000 0.070 0.023 5 0.070 0.023 5
px-pl. 3.866 0.032 0.115 0.025 6 0.115 0.025 6
pl 32.995 0.764 0.871 0.135 5 0.871 0.135 5

Terrestrial rock

BCR-2 2.661 0.036 0.005 0.009 51
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