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Introduction: Asteroid 4 Vesta, which was discov-

ered 200 years ago this month, takes its name from the 

Greek Goddess of Fire – a propitious choice of title for 

the probable source of the best-known group of igne-

ous meteorites, the howardite-eucrite-diogenite (HED) 

group.  The last major reviews of the igneous history of 

the HED parent body were published ten years ago [1] 

when arguments based on geochemistry and experi-

mental petrology favoured a parent body that became 

substantially (>50%) molten. Convective stirring of the 

cooling magma ocean then maintained equilibrium 

until the residual melt segregated and rose to the sur-

face as basalt [2].  This view was recently given sup-

port by the discovery of almost zero variation in ∆
17
O 

among HED meteorites [3].  

However, while the igneous story seems robust, the 

alkali problem has never been resolved.  This relates to 

the extreme depletion of Na and K, along with other 

moderately volatile elements in the HED parent body.  

Also, the chronology remains a puzzle. Ten years ago it 

was stated that all non-cumulate eucrites have crystalli-

zation ages of 8-20 Myr [2].  Since then a wealth of 

high quality isotopic data on HED meteorites (and on 

other basaltic meteorites) has been generated. Ages are 

now known to stretch back almost to the start of the 

solar system 4567.1 Myr ago when CAIs formed [4], 

with a Pb-Pb age of 4566.5 ± 0.3 Myr for the eucrite, 

Asuka 881394 [4]. Eucrite whole rock isochrons based 

on Mn-Cr, Al-Mg, and Hf-W systems [5-7] are a little 

younger, and lie within error of 4564 Myr (i.e. 3-4 Myr 

after CAIs ), and internal (mineral) isochrons give a 

range of younger ages (4 to 15 Myr or more after CAIs.  

How all these data relate to the igneous evolution of 

the parent body is not clear.  

In Vesta’s bicentenial year, we attempt to interpret 

the eucrites’ puzzling isotopic ages and igneous history 

(a) in the context of the modelled thermal histories of 

parent bodies, and (b) in light of new evidence for high 

energy collisions in the very young solar system. 

Thermal model: 
26
Al was almost certainly uni-

formly distributed in the inner solar system [8], and at a 

level that endowed primitive dust with several times 

more radioactive energy than is needed to cause total 

meltdown of the insulated interior of a planetesimal 

[9].  Parent bodies >30 km in radius that formed within 

1.5 to 2 Myr of CAIs had no choice but to melt inter-

nally.  In support of this prediction of very early melt-

ing, the accretion and melting of iron meteorite parent 

bodies within ~1 Myr after CAIs has recently been 

inferred from 
182

W/
184

W ratios in the metal [10].  We 

extrapolate the thermal model of [9] to estimate when 

magma ocean cooling and crystal lock-up might plau-

sibly have led to the segregation of basaltic magma.  

For example, the internal temperature of a parent body 

100 km across that accreted from cold dust at 1 Myr 

after CAI is predicted to have risen uniformly to 1725 

K by about 1.5 Myr. By then the body will have be-

come a molten globe undergoing turbulent convection 

beneath a thin outer insulating crust, losing heat as fast 

as it was made.  Beyond about 2-2.5 Myr, with 
26
Al 

largely gone, convection will have become progres-

sively more sluggish beneath a thickening crust, as the 

melt fraction decreased.  With crystal lock-up, the in-

terstitial melt will have been basaltic, and its lower 

density will have driven it to the surface. Cooling 

mechanisms (whether by extreme heat loss where the 

crust founders, or by conduction through a rigid crustal 

cap) are not well constrained, but assuming that heat 

loss was controlled by conduction through a thin rigid 

outer shell, basalt segregation might be expected be-

tween about 2.5 and 5 Myr after CAIs. The timing of 

cooling and magma segregation will be independent of 

when the parent body accreted; an early formed magma 

ocean would simply have undergone convection for 

longer, while the 
26
Al remained potent.  

Early energetic impacts: The existence of parent 

bodies from the time of CAI formation is not just in-

ferred from W isotopes in iron meteorites, but is pre-

dicted by the theory of accretion in the nebular disk 

[11, 12].  Energetic impacts between these early bodies 

would have been inevitable once protoplanets started to 

excite one another and nearby planetesimals. Hit-and-

run style impacts [13] analogous to the one believed to 

have formed the Moon, may have been common.  

Highly energetic impacts may have caused the loss of 

moderately volatile elements in irons (e.g. [14]) and in 

the HED body [15].  Volatile-depleted fall-out from a 

major impact at about 4.5 Myr after CAIs has been 

recognised in the CB meteorites [16]. If the colliding 

bodies were already molten, due to 
26
Al decay, as is 

likely, then less kinetic energy from impact would have 

been needed to generate high temperature vapour 

plumes than if the bodies were cold. 

Interpretation of eucrite ages: Al-Mg model 2-

point whole rock isochrons for eucrites (and, inciden-

tally, for other basaltic meteorites) give remarkably 

consistent ages of between 3 and 4 Myr after CAIs [6]. 

We interpret these ages as dating the time when basalt 
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finally segregated from the locked-up magma ocean 

and rose directly or indirectly to the surface. At this 

time the residual melt would have been isotopically 

homogeneous, and would have contained extant radio-

active 
53
Mn and 

182
Hf as well as 

26
Al. This would ex-

plain the preservation of whole-rock isochrons for Mn-

Cr and Hf-W as well as Al-Mg.  If all three systems 

record the same magma segregation event, as we pro-

pose, then the isochrons will provide an anchor linking 

the three short-lived chronometers.  

Internal (mineral) isochrons from eucrites range 

from 1 to 15 Myr or more younger than the whole-rock 

ages. These younger ages are not easy to interpret.  If 

taken as igneous crystallization ages, they imply that 

magma had remained stored for >1 Myr before erup-

tion, but it is not clear that a near-surface magma 

chamber would have remained molten for this duration 

on a small parent body.  The mineral isochrons may 

simply reflect isotopic disturbance or resetting after 

crystallization, caused by slow cooling or late reheat-

ing. 

 The very old Pb-Pb age of Asuka 881394 [4] poses 

a problem. Being just 0.6 ± 0.5 Myr younger than CAIs 

[4], it does not overlap, even within error, the age of 

basalt magma segregation inferred above, i.e. 3-4 Myr 

after CAIs.  A possible solution to the riddle is that the 

eucrite parent body was not a simple, first-generation 

chondritic body, but accreted largely or entirely from 

material that had been cycled through one or more 

early high energy impacts.  As a result the newly ac-

creted body would have been highly depleted in mod-

erately volatile elements, which include Pb, but not 

depleted in U which is refractory. The parent body 

would have melted due to 
26
Al decay (it may have al-

ready been largely molten if re-accretion followed rap-

idly on the heels of impact), and then slowly cooled 

and crystallized. Virtually the entire inventory of Pb 

and U in the parent body would have become concen-

trated in the final basaltic melt, because Pb and U are 

both highly incompatible. Thus the Pb isotope ratios of 

the basalt would be identical to those of the bulk parent 

body and would record the time of the original Pb-loss 

event associated with the giant impact, and not the time 

of basalt segregation or crystallization. 

Discussion: It goes without saying that the above 

secenario, with early impact-induced volatile loss prior 

to parent body accretion, explains the so-called alkali 

problem and the very low levels of other moderately 

volatile elements in the HED parent body. 

Like the eucrites, the angrites (a separate group of 

basaltic meteorites) appear to have segregated 3-4 Myr 

after CAIs [17], on a parent body that accreted from 

volatile-depleted material. The 4566.2 ± 0.1 Myr Pb-

Pb age of the angrite, Sahara 99555 was taken by [17] 

to date basalt crystallization, implying that CAIs had 

formed >4569.5 Myr ago.  This proposed increase of 

the age of the solar system is surely no longer tenable.  

We note that Al-Mg whole rock ages of 3 - 4 Myr 

have been reported for basaltic fragments in a 

mesosiderite and for the basaltic meteorite, Ibitira, [6] 

which is not from the HED body. Thus basalt segrega-

tion happened synchronously in several different parent 

bodies. This suggests that the bodies all cooled and 

crystallized in tandem, possibly at a time that was 

linked to the decay of 
26
Al.  

In this context we ask why basaltic meteorites do 

not appear to have crystallised before 3 Myr. Perhaps 

basalts did form earlier, but were destroyed by parent 

body meltdown while 
26
Al was still a potent heat 

source, in the manner proposed for the removal of 

chondrules in the first 1.5 Myr [9]. But if this were the 

case, then fragments of basalt formed between 1.5 and 

3 Myr would be expected in chondrites. Basalt frag-

ments exist, but are very rare [18]. It seems, perhaps, 

that basalt magma could not segregate until the parent 

body had evolved thermally to the point where the 

cooling  magma ocean had locked up,  and in most 

cases this stage was not reached until 3 to 4 Myr after 

CAIs. 
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