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Oxygen Isotope Variation in
Stony-Iron Meteorites
R. C. Greenwood,1* I. A. Franchi,1 A. Jambon,2 J. A. Barrat,3 T. H. Burbine4

Asteroidal material, delivered to Earth as meteorites, preserves a record of the earliest stages of
planetary formation. High-precision oxygen isotope analyses for the two major groups of stony-iron
meteorites (main-group pallasites and mesosiderites) demonstrate that each group is from a
distinct asteroidal source. Mesosiderites are isotopically identical to the howardite-eucrite-
diogenite clan and, like them, are probably derived from the asteroid 4 Vesta. Main-group
pallasites represent intermixed core-mantle material from a single disrupted asteroid and have no
known equivalents among the basaltic meteorites. The stony-iron meteorites demonstrate that
intense asteroidal deformation accompanied planetary accretion in the early Solar System.

T
he terrestrial planets formed by the col-

lision and merger of smaller bodies, over

a period lasting up to 100 million years

(My) after Solar System formation (1). The

final stage of this process was marked by giant

impacts that resulted in large-scale planetary

melting (2). As a consequence of their pro-

tracted formation histories, and subsequent

geological reprocessing, the initial stages of

planetary accretion are not recorded by these

larger bodies. In contrast, asteroids preserve a

record of the earliest stages of planetary growth.

Thus, W isotopic analysis of iron meteorites (3)

and Mg isotope studies of basaltic meteorites

(4) indicate that the earliest asteroids accreted

within 1 My of Solar System formation and,

due to the presence of live 26Al, rapidly un-

derwent near-total melting.

However, the usefulness of asteroidal mate-

rial in understanding the earliest stages of

planetary formation is hindered by the frag-

mentary nature of the meteorite record. As a

result, we are unable to say how many asteroids

are represented in our meteorite collections (5).

Oxygen isotope analysis is one method that has

proven useful in understanding the relationships

between the various meteorite sample suites

(6). The melting event that caused the early-

formed asteroids to segregate into a metal-rich

core and silicate-rich mantle and crust also

homogenized their oxygen isotopes (7). The

later evolution of these bodies would be by

mass-dependent fractionation processes, so that

samples derived from the same source asteroid

define a single mass fractionation line (slope ,

0.52) on a three-isotope diagram (6, 8). Meteor-

ite samples from melted asteroids are collect-

ively referred to as differentiated achondrites.

One limitation with this technique results

from the small-scale oxygen isotope variation

displayed by many groups of differentiated achon-

drites (6). Thus, main-group pallasites, meso-

siderites, and the howardite-eucrite-diogenite

suite (HEDs) (9) all plot within the same area

on an oxygen three-isotope diagram (6) and

could, in theory, have come from a single

asteroid. However, mineralogical and textural

evidence indicates that these groups formed in

distinct settings, with the HEDs and mesosider-

ites coming from the outer crust of an asteroid,

whereas the main-group pallasites formed deep

within their parent body (10). Because reflec-

tance spectra indicate that HEDs are from the

relatively intact asteroid 4 Vesta (11), the main-

group pallasites must come from a separate

source (10). To address the problem of such

overlapping oxygen isotope variation, we have

undertaken a detailed study of the main-group

pallasites and mesosiderites by laser-assisted

fluorination (12). The high analytical precision

of this technique enables the offset between

parallel mass fractionation lines to be measured

to within T0.02° (12) and therefore has the

potential to resolve the overlaps seen in the

differentiated achondrites.

The results of oxygen isotope analyses (13)

unambiguously resolve the mesosiderites from

the main-group pallasites; thus, each group de-

fines a distinct linear array on an oxygen iso-

tope variation diagram (Fig. 1). The mean D17O

(8) value is –0.183 T 0.018 (2s) for the main-

group pallasites and –0.245 T 0.020 (2s) for the
mesosiderites (13).

The mean D17O value for the mesosider-

ites is indistinguishable from the previously

determined HED value of –0.238 T 0.014 (7).

Furthermore, if data from laser-assisted fluo-

rination studies of the HEDs are combined

(7, 14), the range in d18O values for the meso-

siderites and HEDs are virtually identical (Fig.

1). It has long been known that the silicate

portion of the mesosiderites and the various

lithologies of the HED suite show strong min-

eralogical and geochemical similarities (10).
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France. 3Université de Bretagne Occidentale–Universitaire
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This evidence, combined with their similar oxy-

gen isotope variation, suggests that both groups

may have a common origin. However, a single

source for these groups is not widely accepted,

objections cited being (i) lack of remote sensing

evidence that mesosiderites are present on Vesta

(15), (ii) lack of metal-rich clasts in howardites

(10, 16), (iii) paucity of olivine in the HEDs (10),

and (iv) silicate clast populations in the two

groups that are not identical, although geo-

chemically similar (10, 16).

On closer scrutiny, these arguments are less

persuasive. Remote sensing does not indicate

the presence of mesosiderites on Vesta, simply

because metallic iron does not have any

spectral features in the visible and near-

infrared. Howardites containing mesosiderite-

like clasts have now been identified (17) and, in

addition, platinum-group element signatures in

both brecciated eucrites and mesosiderites show

strong similarities (18). Paucity of olivine in

HEDs is not a strong argument in favor of

separate parent bodies. Olivine is an accessory

phase in HEDs (10), and olivine-rich dioge-

nites, with up to 45% modal olivine, have now

been identified (19). It is well understood that

the metal-silicate mixing event that formed the

mesosiderites took place at high temperatures,

with the metal fraction being essentially molten

(20). Comparing these altered mesosiderite

clasts with unaltered HED material is not in

itself a compelling argument for separate source

asteroids (10, 16), because local-scale metal-

silicate mixing processes on a single parent

body could equally explain these differences.

Vesta has been proposed as the parent body

of the HEDs, mainly due to its distinctive

reflectance spectrum, which is close in structure

to the laboratory-measured HED spectra (10, 11).

The link between Vesta and the HEDs has been

strengthened by the discovery of smaller as-

teroids known as Vestoids, with Vesta-like spec-

tra and apparently derived from it by impact

processes (11). A number of Vestoids occupy

positions in the asteroid belt between Vesta and

the 3:1 meteorite-supplying resonance (È2.5

astronomical units) and hence solve the prob-

lem of how fragments of Vesta can be placed

into Earth-crossing orbit (11). If mesosiderites

are also derived from Vesta, they are likely to

be exposed at the asteroid_s surface and should

be detectable using the instrument package on

the NASA Dawn discovery mission (21).

Recent isotopic dating is broadly consistent

with a single source for the HEDs and meso-

siderites. Mg isotopes indicate that initial for-

mation of the HEDs and mesosiderites was

contemporaneous, occurring G1 My after Solar

System formation (4). Evidence that Mn/Cr

fractionation in the Vaca Muerta mesosiderite

took place È2 Myr later than in the HEDs (20)

appears to be at odds with evidence that Al/Mg

fractionation occurred slightly later in the

HEDs than in Vaca Muerta (4). These differ-

ences may reflect isotopic disturbance during

metal-silicate mixing (4, 20). There is also

uncertainty concerning the timing of the metal-

silicate mixing event, with Cr isotopes indicat-

ing a younger age (920 My after Solar System

formation) than W isotopes (È5 My after Solar

System formation) (20). This again may result

from isotopic disturbance during metal-silicate

mixing (20).

The origin of mesosiderites remains contro-

versial, with a diverse range of models put for-

ward to explain their genesis (15, 16, 20, 22, 23).

They may have formed when the molten metal

core of a denuded asteroid impact-mixed with

the outer layers of a second differentiated body

(16, 20, 22). Alternatively, the mesosiderites

are viewed as the products formed when an

asteroid with a molten core was disrupted and

subsequently reaccreted (23). If mesosiderites

and HEDs are both derived from the relatively

intact asteroid Vesta, total parent-body disrup-

tion and subsequent reaccretion appears un-

likely (23). Thus, impact of a molten asteroid

core into the surface layers of a second differ-

entiated asteroid is the more plausible model to

explain mesosiderite formation (16, 20, 22).

Evidence indicating that mesosiderites cooled

rapidly at high temperatures (È105-C/My in

the range 850- to 1150-C) (23), but slowly at

lower temperatures (È0.03- to 1-C/My in the

range 400- to 250-C) (23), possibly due to the

formation of an ejecta blanket, appears com-

patible with this model.

Close encounters between asteroids would

have been common events in the early Solar

System and could result in the smaller of the

bodies being left in a deformed state, having

lost much of its crust and mantle (24). Pressure

release associated with such gravitational unload-

ing may have caused remelting of the remaining

core (24). Given the extent of collisional en-

counters in the early Solar System (1, 24),

processes similar to those that formed the

mesosiderites must have been relatively com-

monplace events. The unique aspect of the

mesosiderites is that the evidence for these

processes has been preserved and not obliterated

by later collisions and mergers; this is possibly

because their formationwas a relatively late-stage

event (20).

It is clear from the results of this study that

the main-group pallasites are derived from an

asteroidal source distinct from that of either the

mesosiderites or the HEDs (Fig. 1). The main-

group pallasite mean D17O value of –0.183 T
0.018 (2s) is unique and does not correspond to
any known group of basaltic meteorites. Main-

group pallasites must therefore sample a dis-

rupted differentiated asteroid, in which much of

the outer crustal material was removed.

There is general agreement that main-group

pallasites are samples from the core-mantle

boundary of a differentiated asteroid (25, 26).

Because metal sinks to form the core of a mol-

ten asteroid and olivine would be the major

constituent of the lower mantle, this model ap-

pears reasonable (10). However, two outstand-

ing problems remain: (i) main-group pallasites

seem overabundant relative to the small volume

of the core-mantle interface and (ii) because of

their large difference in density, olivine and

liquid metal should unmix rapidly (10).

The primary angular olivine texture of

main-group pallasites (25, 26) is generally re-

garded as the product of a major impact event,

in which olivine-rich lower mantle material was

catastrophically driven into the underlying par-

tially molten core (10, 25, 26). This was fol-

lowed by rapid solidification of the metal melt,

thus preventing any subsequent unmixing (25, 26).

In consequence, pallasites should no longer be

regarded as mere samples of an asteroid_s core-
mantle boundary but rather as an impact-

generated lithology composed of intermixed core

and mantle material. This explains the apparent

overabundance of main-group pallasites (10),

because an impact-generated mixing zone

would have a much greater volume than a

gravity-produced core-mantle boundary layer,

Fig. 1. Oxygen isotope
variation inmesosiderites
and main-group pallas-
ites. Analytical data for
individual samples is
given in table S1. Solid
lines showthemeanD17O
value for both the meso-
siderites and main-group
pallasites. For clarity, error
bars for individual anal-
ysis have been omitted.
However, the gray-shaded
boxes depict the 2s error
on the mesosiderite and
main-group pallasite pop-
ulation D17O and d18O
mean values. Open squares,
mesosiderite analyses;
open circles, pallasite analyses; TFL, terrestrial fractionation line. Line 1 is the eucrite fractionation
line of (7); line 2 shows the range of HED values obtained by (14).
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which is essentially just a two-dimensional

interface. The lack of basaltic meteorites with

a D17O value equivalent to the main-group

pallasites suggests that the outer crustal layers

were removed from the parent asteroid. This

may have taken place during the pallasite-

forming impact event itself. If loss of surface

material took place as the result of a collisional

encounter (24), the extent of silicate loss

appears to have been much less in the pallasites

than mesosiderites, because the former show no

evidence for remelting of the metal core.

Metal in main-group pallasites is composi-

tionally similar to that in the IIIAB irons, such

that both groups are probably derived from the

same asteroid (26). W isotope dating of IIIAB

irons indicates that the metal-silicate segrega-

tion event that formed them occurred extremely

early (G1 My after Solar System formation) (3).

Mn-Cr dating is consistent with an early forma-

tion age for main-group pallasites (10), although

the isotope systematics show evidence of

disturbance, probably in part as a consequence

of impact-related processes (27). The cooling

rates recorded by main-group pallasites also re-

flect impact-related processes. Thus, cooling at

high temperatures (È1100-C) took place 106

times faster than at lower temperatures (È1-C/My

at 800- to 400-C) (27). The higher rates may

have resulted from impact-driven mixing of

partially molten metal and solid silicate mantle

material, whereas slower cooling may reflect

postimpact burial (25).

The results presented here demonstrate that

pallasites and mesosiderites are derived from

distinct asteroidal sources. Like the HEDs,

mesosiderites are probably samples from the

asteroid 4 Vesta, a conclusion that can be

tested by the NASA Dawn Mission (21). It is

also clear from these results that extensive

asteroidal deformation was an important pro-

cess during the early stages of planetary for-

mation. Recent observations suggest that such

collisional reprocessing of planetesimals may

also be a significant feature of extrasolar plan-

etary systems, such as the solar-type star

BDþ20 307 (28).
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Self-Healing Pulse-Like Shear
Ruptures in the Laboratory
George Lykotrafitis, Ares J. Rosakis,* Guruswami Ravichandran

Models predict that dynamic shear ruptures during earthquake faulting occur as either sliding cracks,
where a large section of the interface slides behind a fast-moving rupture front, or self-healing slip
pulses, where the fault relocks shortly behind the rupture front. We report experimental visualizations of
crack-like, pulse-like, and mixed rupture modes propagating along frictionally held, ‘‘incoherent’’
interfaces separating identical solids, and we describe the conditions under which those modes develop.
A combination of simultaneously performed measurements via dynamic photoelasticity and laser
interferometry reveals the rupture mode type, the exact point of rupture initiation, the sliding velocity
history, and the rupture propagation speed.

A
central issue in the modeling of earth-

quake rupture is the duration of slip at a

point on the fault as compared to the

duration of the rupture of the entire fault (1). In

the classical crack-like mode of shear rupture

(2), the slip duration at a point (rise time) is a

considerable fraction of the overall rupture

propagation time. In other words, the duration

of the ground shaking, witnessed locally by an

observer, is comparable to the overall duration

of the earthquake. This mode has been generated

in several numerical simulations of spontaneous

rupture, when a rate-independent friction law

was implemented (3–7). However, inversions of

seismic data for slip histories from well-recorded

events indicate that the duration of slip at a point on

the fault is often one order of magnitude shorter
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