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Introduction:  The asteroid 4 Vesta is believed to 

be the largest surviving example of a class of differen-
tiated planetesimal bodies that populated the early so-
lar system [1].  Understanding its early evolution can 
therefore yield important clues regarding the origin of 
asteroids, meteorites, and the terrestrial planets. Meas-
urements of the Vesta gravity field by the Dawn space-
craft suggest the presence of a metallic core about one-
half the body's diameter [2]. This is consistent with 
geochemical constraints from meteorites of the how-
ardite-eucrite-diogenite (HED) clan [3], which are be-
lieved to originate from Vesta [4].  The existence of a 
metallic core opens the possibility of a core dynamo-
generated magnetic field  in the past. 

Analysis of the paleomagnetism of Vesta would 
provide important constraints on its evolution.  The 
past presence of such a field would imply that Vesta's 
early core underwent vigorous advection. Because 
large scale melting likely occur only in cases of early 
formation, the past presence of a convecting core in 4 
Vesta provides further evidence that it accreted within 
1.5 Myr after solar system formation  [e.g., 5].  Fur-
thermore, inferring the intensity and duration of a dy-
namo-generated field would place experimental con-
straints on numerical models of asteroidal core dyna-
mos as well as on models of the early thermal evolu-
tion of asteroids [e.g., 5, 6].  

Finally, present-day surface magnetic fields affects 
the style and efficiency of ongoing space weathering 
[7, 8]; therefore, constraining the intensity of present-
day surface fields holds implications for the interpreta-
tion of observable features on the surface of Vesta. 

Due to the absence of a magnetometer onboard the 
Dawn spacecraft, laboratory analysis of HED meteor-
ites is one of the only methods for constraining past 
and present surface magnetic fields on Vesta.  Fur-
thermore, the existence of HED meteorites with di-
verse thermal histories potentially allows direct sam-
pling of surface magnetic fields recorded at different 
times during the history of Vesta.  

Samples:  We have been conducting paleomag-
netic studies on two eucrites, Millbillillie and ALH 
81001, which likely originate from the crust of Vesta.   

Millbilllillie is a polymict eucrite fall formed from 
the impact mixing of fragments from at least two dis-
tinct basaltic sources.  Since its assembly within 150 
million years (Ma) of Vesta formation, Millbillillie has 
been subject to multiple metamorphic and impact epi-
sodes.  Non-uniform heating due to impact events may 

have resulted in the acquisition of heterogeneous ther-
moremanent magnetization [9].  The most recent major 
thermal event, 40Ar-39Ar dated to 3.55 Ga, likely 
heated the meteorite to ~300-700˚C [10].  Therefore, 
any magnetization that exists below 300˚C must have 
been acquired at or after 3.55 Ga.   

In constrast, ALH 81001, is an unbrecciated, ap-
parently unshocked eucrite.  Its very fine-grained tex-
ture suggests rapid cooling in a surface lava flow [11].  
Although no radiometric ages are available for 
ALH81001, unbrecciated eucrites are typically found 
to have early 40Ar-39Ar dates of ~4.48 Ga [12].  Our 
39Ar-40Ar dating of ALH 81001 is in progress. 

Methods:  Fifty-four mutually-oriented samples 
were taken from a large (~100 g) section of Millbil-
lillie.  Of these, 21 samples were subject to thermal 
demagnetization up to between 580˚C and 800˚C while 
the remainder underwent alternating field (AF) de-
magnetization.  Anhysteretic remanent magnetization 
(ARM) and isothermal remanent magnetization (IRM) 
methods were used to obtain paleointensities for eight 
samples.  Twelve mutually-oriented samples were ob-
tained for ALH 81001.  All were subject to AF demag-
netization, with ARM and IRM paleointensities ob-
tained for five samples.  

 
Fig. 1.  Equal area plot showing directions of high coercivity 
and blocking temperature magnetization from samples of 
Millbillillie and ALH81001.  Color coding indicates samples 
taken from adjacent regions of Millbillillie (up to 4 cm 
apart).  Subsample from each meteorite are mutually ori-
ented; however, the two meteorites are not mutually oriented 
to each other. 
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Samples of both meteorites taken near the fusion 
crust show systematic differences in the recorded field 
direction compared to those taken in the interior, sug-
gesting that the samples have escaped significant con-
tamination by hand magnets, weathering, or viscous 
remagnetization since their arrival on Earth.   

Results:  Interior samples of Millbillillie reveal 
three distinct components of magnetization in both AF 
and thermal demagnetization.  We refer to these com-
ponents as M-L, M-M, and M-H for low, medium, and 
high coercivity or blocking temperature.  The low 
blocking temperature of the M-L and M-M compo-
nents (75˚C and 135˚C, respectively, corresponding to 
25 and 70 mT in AF demagnetization) and their uni-
form orientation throughout the meteorite suggest that 
they represent viscous remanent magnetization (VRM) 
acquired on Earth.   

The M-H component is directionally stable be-
tween 135˚C and at least 540˚C (70 and 160 mT in 
AF). The magnetization decays to near zero during AF 
demagnetization at a rate most similar to that of an 
artificial ARM (and distinct from an IRM, VRM, and 
pressure remanent magnetization, PRM), suggesting 
that the M-H was acquired during cooling in the pres-
ence of a magnetic field. It is unidirectional on scales 
of up to 4 cm, which may suggest a heterogeneous 
impact heating origin. We infer a paleointensity be-
tween 5 and 10 µT for the magnetizing field. 

Interior samples of ALH 81001 also carry three 
components of magnetization upon AF demagnetiza-
tion blocked from 0 to 14 mT, 14 to 66 mT, and 66 to 
290mT, respectively.  We refer to these as the A-L, A-
M, and A-H components.  The magnetic softness of the 
A-L components suggest that it represents a weak hand 
magnet overprint.  Meanwhile, the A-M component 
may represent a VRM, although further experiments 
are required to confirm this interpretation. 

The A-H component decays to near zero during AF 
demagnetization and is one of the most stable magneti-
zations observed in any HED.  It is unidirectional 
across all mutually oriented samples (~1 cm scale).  Its 
demagnetization spectrum is more similar to that of a 
laboratory ARM compared to an IRM.  Therefore, the 
A-H component was most likely acquired during cool-
ing in a stable magnetic field.  Inferred paleofield in-
tensities are between 10 and 37 µT.  

Discussion:  The high coercivity components of 
magnetization in both Millbillillie and ALH 81001 
were most likely acquired during cooling in the pres-
ence of a magnetic field on the surface of Vesta.   

The late heating of Millbillillie implies that Vesta 
had a surface magnetic field at or after 3.55 Ga.  No 
core dynamo is expected to have existed at such a late 
age [e.g., 5].  Instead, remanent crustal magnetization 

is the most likely source of the recorded field.  The 
intensity of the surface field inferred from Millbillillie 
(5-10 µT) is a factor of 2-10 higher than the maximum 
inferred surface field strengths found near lunar mag-
netic anomalies of purported impact origin [7].  In con-
trast, crustal remanence on Mars due to past dynamo 
activity can generate surface fields up to 50 µT in 
strength [13].  The paleofields recorded in Millbillillie 
are therefore most consistent with crustal remanent 
fields caused by a core dynamo in the distant past. 

Because of the their crustal remanent origin, mag-
netic fields of the intensity as inferred from Millbil-
lillie may still be present on Vesta today and may be 
strong enough to affect space weathering patterns on 
the surface of Vesta [8].  

The high coercivity component of magnetization in 
ALH 81001 yields significantly higher paleointensities 
than Millbillillie.  If, like most unbrecciated eucrites, 
ALH 81001 has an  40Ar-39Ar age of ~4.48 Ga, it may 
have formed sufficiently early to have recorded di-
rectly a core dynamo-generated magnetic field.  In-
deed, the inferred paleointensities are consistent with 
those expected for a Vesta-sized body [6].  Alterna-
tively, the magnetizing field may be due to remanent 
crustal fields.  In that case, as with Millbillillie, the 
inferred strength of the the crustal fields is most con-
sistent with the presence of a past core dynamo.  

Conclusions:  Both Millbillillie and ALH 81001 
carry magnetization likely acquired on the surface of 
Vesta.  The late age and moderate paleointensities of 
Millbillillie magnetization suggest that remanent 
crustal fields with intensities between 5 and 10 µT 
were present on the surface of Vesta at or after 3.55 
Ga.  Such fields are most consistent with magnetiza-
tion of the Vesta crust by a early core dynamo.  The 
stronger (10-37 µT) paleointensities from ALH 81001 
are consistent with a direct recording of an early dy-
namo field or of crustal remanent fields due to an ear-
lier core dynamo.  
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