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Introduction:  The assembly of a planet is intrin-
sically an open system process, dominated by the 
rapid accretion of mass to a body  in a stellar 
nebular environment.  The subsequent evolution 
of a planet is effectively a closed system process. 
(i.e. the process of whole body differentiation, 
that transforms the accreted mass from an inho-
mogeneous collection of objects into a single dis-
tinct mass with planetary features).   The most 
abundant element in most meteorites and in rocky 
planets is oxygen.  The three isotopes of oxygen 
have long been used to provide evidence of both 
nebular and planetary processes.   The transition 
from a nebular open system to closed planetary 
system is documented in meteorites.   
 The earliest measurements of oxygen iso-
tope ratios in basaltic achondrites of the 
howardite-eucrite-diogenite (HED) suite1-3, place 
most samples near a mass dependent fractionation 
line in oxygen three isotope space (Δ17O~ -
0.2n%o), the signature of a 'planetary', or closed 
system.  This mass-dependent behavior and the 
constancy of Δ17O were attributed to an origin 
from a common source4 , an attribution that re-
mains the base assumption for interpreting these 
data at present. With one exception5, every sam-
ple of HED material, mesosiderites and some 
pallasites, fell within error of that fractionation 
line.   The exception, a single clast (AN5) from 
polymict eucrite ALHA76005 lies close to the 
ordinary chondrite region of the three isotope plot 
and was interpreted to be a mixture of achondrite 
crust and a chondritic projectile, produced by im-
pact melting and mixing on the achondrite parent 
body6. With the advent of high precision tech-
niques of oxygen isotope analysis, the coherence 
of the HED suite to a single mass fractionation 
line has weakened significantly.  Several objects 
are now recognized to lie off the HED line7-9 and 
are variously interpreted to be either relict ter-
ranes on the surface of the parent body, or sam-
ples of different parent bodies.  The number of 
“known” parent bodies increases with each new 
oxygen signature identified! 
 The oxygen isotope signature of a plane-
toid or planet, defined by its Δ17O value, reflects 

the aggregate signature of all the preplanetary 
material that accreted to form the body.  The as-
signment of a unique oxygen signature to that 
body requires the assumption that the last signifi-
cant stage of planetary accretion ended with 
whole body differentiation – that homogenized 
and effectively closed the system to oxygen. 
However, the process of planetary accretion can-
not be readily separated from the very early onset 
of  differentiation, and the inferred late heavy 
bombardment on many Solar System bodies re-
quires that planetary bodies, were, in fact, open 
systems even as they differentiated.  The charac-
teristic oxygen isotope signature (Δ17O) of a 
planet such as the Earth or Moon can be consid-
ered  to reflect either (a) the extended differentia-
tion history of the body, or (b) the establishment 
of a value, early in the history of the body, that 
was unmodified by mass accretion after whole-
body differentiation.  One path to achieve the 
early homogenization is the planetary magma 
ocean model.  If, however, the constant oxygen 
signature reflects (a) the extended differentiation 
of the body, then samples from small bodies that 
have brief differentiation histories are likely to 
have a significant range of Δ17O.  The HED suite 
of meteorites, provides a potential test of this 
choice. 
 The HED suite is our most complete 
sampling of any extraterrestrial planet(oid) except 
perhaps the Moon. If that body is planetoid 4 
Vesta, then the HED suite also samples a low 
mass end of the range of differentiated bodies or 
planets and hence is among the bodies least likely 
to have experienced extended differentiation. 
Variable Δ17O values in HED samples may reflect 
incomplete homogenization during its brief epi-
sode of planetary differentiation.   The range of 
oxygen signatures in most HED samples is de-
fined by bulk meteorite measurements, despite the 
very well known petrologic heterogeneity of 
many of these meteorites.  In a few cases, mineral 
fractions have been measured but none have been 
made to assess whether the system was open or 
closed10. Few measurements exist of of oxygen 
isotopes in lithic or mineral clasts from the very 
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common polymict breccias for comparison with 
the bulk meteorite value or with the large HED 
suite.  Such clasts are, intrinsically, from the same 
parent body as their host and provide an immedi-
ate and simple test of the oxygen heterogeneity on 
the surface of the parent body.   The measurement 
of clasts from ALHA7600511 suggests that het-
erogeneity exists on this very local scale. Such 
clasts may be the result of either impact mixing, 
or of regional heterogeneity on the parent body.  
Unfortunately results for ALHA 76005 have 
never been replicated and no other clast meas-
urements exist that can confirm (or negate) the 
observed heterogeneity within a single sample of 
the HED regolith.  Such measurements represent 
the critical test of parent body heterogeneity 
  Inclusions in chondritic meteorites, have diverse 
oxygen isotopes ratios15  that, once recognized, 
provide the framework for models of the evolu-
tion of the solar nebula and the planets in it. 
These components document processes that range 
from stellar nuclear phenomena, through photo-
chemical processes to mineralogical diffusion and 
exchange processes. On large planetary bodies, 
such as the Earth, the homogenization of oxygen 
isotopes (apart from mass dependent effects) sug-
gests thorough oxygen isotopes exchange at all 
length scales.    The oxygen isotopes of the ini-
tially accreted components and their relative 
abundances produce the characteristic three iso-
tope signature for that planet 4, 12-14   

Accretionary Stratigraphy. Both the ureilite and 
the HED suites of meteorites have oxygen whose 
three isotope composition varies with respect to 
Δ17O. The variation of these Δ17O signatures 
among closely related achondrites cannot be ex-
plained by conventional models of global isotope 
homogenization that assume 'planetary' mass frac-
tionation mechanisms. Rather these differences 
show that the samples were produced from pre-
cursors with different proportions of nebular oxy-
gen reservoirs that were not homogenized by 
global processes.  The standard mechanisms of 
planetary differentiation normally invoked (most 
notably the magma ocean hypothesis) imply and 
may require homogenization of oxygen isotopes. 
The linear array of oxygen isotope data along a 
slope ~½ fractionation line in the three isotope 
diagram representing “Clayton-Mayeda space” is 
the consequence of all planetary process.   

The timing of whole-body differentiation in 
the HED body(or bodies) is now very tightly con-
strained by two independent lines of evidence.  
The W-Hf systematics of  the HED suite and the 
recognition of extant 26Al in several HED samples 
requires that whole-body  differentiation was oc-
curring immediately after the onset of nebular 
accretion mechanisms.   

An ineluctable consequence of these very 
early formation ages is that the parent body was 
experiencing active and significant accretion of 
nebular material even as global differentiation 
occurred.  The accreting material probably had 
variable oxygen isotope signatures and, if it was 
sufficiently abundant, the oxygen isotope compo-
sition of the differentiating body would evolve 
with time.  The accreted material need not shared 
the oxygen signature of the target body and hence 
causes time dependent evolution. There is no re-
quirement, moreover for complete homogeniza-
tion. On a small body (10-100 km diameter) the 
establishment of a global magma system requires 
fairly extreme heating that may not be sufficient 
to overcome the heat losses inferred by the sur-
face area to volume ratio for such small masses.  
The existence of localized thermal regimes iso-
lated from one another to varying extents seems 
inevitable. Isotopic signatures that reflect variable 
nebular component mixing ratios may be pre-
served on planetoid surfaces and can be recovered 
from lithic clasts in breccias. The test of this ar-
gument lies in the oxygen isotopes of individual 
clasts from the regolith of the HED body – the 
howardite suite. 
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