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THE ABUNDANCE OF 26AL IN PLANETARY SYSTEMS: DOES IT VARY, AND DOES IT MATTER?. Eric Gaidos1 ,
Nicholas Moskovitz2,3 , Daniel Rogers3 , Jonathan Williams2, 1Department of Geology & Geophysics, 2Institute for Astronomy,
3Department of Physics & Astronomy, University of Hawaii at Manoa, Honolulu HI 96822, USA, (gaidos@hawaii.edu).

Primitive meteorites contain compelling evidence for the
presence of short-lived radionuclides (SLRs) early in Solar
System history. Although both internal and external sources
may have contributed to SLR abundances, one or more nearby
massive stars was likely to be the source of 60Fe (τ1/2 =
1.5 Myr) and at least some of the 26Al (τ1/2 = 0.72 Myr)
[1]. The latter isotope is the principal radiogenic heat source
implicated in the early melting and differentiation of meteorite
parent bodies [2]. The statistics of such an association strongly
points to the origin of the Sun in a dense stellar cluster [3] that
probably dispersed after 1-10 Myr, an inference consistent with
recent infrared surveys that such clusters are the site of ∼90%
of all star formation in the Galaxy [4].

Besides SLRs, the influence of an early cluster environ-
ment on the Solar System (and most other planetary systems)
could include stronger gravitational tides [5], more frequent
perturbations by passing stars [6], and an enhanced UV radi-
ation field [7]. Moreover, the stochastic nature of trajectories
of individual stars within any given cluster (as well as from
cluster to cluster) means that the environments experienced
by individual stars may vary greatly. Mass segregation within
clusters, if it occurs, could also impose trends with stellar mass.

We are investigating variations in the environment of clus-
ter stars using simulations of open stellar clusters with the
NBODY4 dynamical code [8] running on the Cambridge Uni-
versity GRAPE-6a parallel architecture supercomputer card
[9]. NBODY4 uses the Hermite scheme of dynamical in-
tegration; close two-body enounters are handled using the
Kustaanheimo-Stiefel regularization method and multiple sys-
tems are treated by chain regularization. Stellar evolution is
incorporated in the NBODY4 code, including mass loss in
winds and supernova events.

Figure 1 plots the trajectories (radius from the cluster cen-
ter vs. time) for five solar-mass stars selected from a simulation
of a 1000-star cluster. Initial conditions are randomized loca-
tions within a Plummer sphere, and a Salpeter IMF with mean
stellar mass of 0.5M� is assumed. The virial ratio is set to 1.0
to emulate the effect of instantaneous loss of 50% of cluster
mass (as gas) during star formation [10]. Variation in distance
from the cluster center (the likely location for the most mas-
sive members of the cluster and the presumed source of 26Al)
will result in different abundances in the planetary systems
around these stars. We capture this variation by integrating an
exposure quantity

e =

∫

∞

0

r
−2

e
−t/τ

1/2dt, (1)

which includes the effect of isotope decay. This quantity e

is the integrated fluence from a decaying point source at the
cluster center; it is used here for the basis of measuring varia-
tion rather than for direct interpretation. Figure 2 shows that e

varies by as much as 10
3 between stars.

Figure 1: Diverging trajectories (distance from cluster center
vs. time) of five solar-mass stars in a 1000-star cluster simu-
lation.

The importance of 26Al as a heat source in the early Solar
System is now widely accepted and is underscored by evi-
dence for differentiation of some meteorite parent bodies prior
to chondrule formation (i.e., <3 Myr after CAI formation)
[11,12]. Several models describing the thermal and petrologi-
cal evolution of asteroids and meteorite parent bodies include
this heat source [13,14,15]. However, the effect of 26Al heating
and early thermal evolution on planet formation itself has not
been investigated. The rough equality between the time scale
for growth of embryos at 1 AU (∼1 Myr [16]) and the period
of maximum heating by 26Al suggests that any effect might be
particularly pronounced in the terrestrial planet region. Nev-
ertheless, the requirement that Jupiter’s core grow to at least
a few M⊕ before the dissipation of nebular gas in a few Myr
[17] means that a role for heating by 26Al (or the longer-lived
60Fe) in outer planet formation cannot be excluded.

Taking a specific heating rate h of 10
7 J Myr−1 kg−1 [13],

a thermal diffusivity of 10
−6 m2sec−1, and a heat capacity of

10
3 J kg−1 K−1, then at times tMyr � 0.72, the interior tem-

peratures of bodies with r ≥ 6
√

tMyr will be approximately
10

4 K tMyr. Thus, bodies only a few km across can reach the
solidus of the Fe-S (1200 K) and silicate (1500 K) systems in
∼ 0.15 Myr. Even if planetesimals were initially smaller than
this, runaway accretion would have produced bodies of this
size within 10

4 yr at 1 AU distances. An input of 10
6 J kg−1

into material with a latent heat of fusion of 3 × 10
5 J kg−1

would produce a substantial melt fraction.
The above assumes heat transport by conduction only. The

onset of convection in a solid body is governed by the Rayleigh
number,

Ra ≈
4αρ2Ghr6

kκν
, (2)
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where α is the thermal expansion coefficient, ρ is the density, k
is the thermal conductivity, and ν is the temperature-dependent
specific viscosity. Because of the expected absence of water
in the terrestrial planet regime, the viscosities will be much
higher than that of Earth’s mantle (1021 poise) and due to
this and the small size, Rayleigh numbers will be well below
the critical value of ∼1100 required for the onset of convec-
tion until temperatures pass the solidus and viscosities fall to
about 10

10 poise. However, the extreme temperature contrast
between the surface and the interior under these conditions
pushes the critical Ra to a higher value and convection will
occur only in a stagnant lid regime, if at all [18]. Small, hot
planetesimals are likely to retain stagnant, partially molten
interiors and cool surfaces.

Close passage of two “hot” planetesimals of mass m with
periapsis q will result in tidal dissipation of an amount of
energy ∆E;

∆E ∼ Gm
r5

q6

k2

Q
, (3)

where k2 is the Love number and Q is the quality factor of
dissipation [19]. For partially molten bodies, both k2 and Q

will be of order unity and captures will take place if

q ≤
(

Gmr5

v2

)1/6

, (4)

where v is the RMS velocity. During the runaway accretion
that precedes oligarchic growth, relative planetesimal veloci-
ties will be low and tidal capture more efficient: Nevertheless,
because of the weak dependence on v, q is unlikely to be
significantly larger than a few times r.

Planetary embyros can suffer viscous disruption during
close encounters if their bulk visocity is less than a critical
value [20]

η <

√
Gρρr2

εc
, (5)

where the disruptive strain εc ∼ 10. This is roughly 10
8 poise

for a 10-km object. Magma viscosities vary considerably with
chemistry and water content, but range from 10

3 poise for
basaltic magmas up to 10

8 poise for rhyolites. We conclude
that partially molten planetesimals are subject to disruption by
close encounters with other planetesimals (note that Eqn. 5 is
independent of planetesimal mass). Fragmentation produces
smaller particles with shorter gas drag damping times that are
more easily accreted by growing embryos. Chambers [16]
showed that fragmentation (albeit by collisions) can dramat-
ically accelerate oligarch growth. (Leinhardt & Richardson
[21] found no effect of fragmentation on accretion rates, but
their simulations were gas-free). Likewise, fragments will also
experience faster inward drift due to force exerted by the non-
Keplerian motion of the gas. In the terrestrial planet region,
drift can enhance embryo mass by a factor of a few [16].

Enhanced tidal capture and fragmentation of planetesimals
could accelerate growth of oligarchs and increase final embryo
masses in 26Al-rich systems. However, the effect on the final
giant impact phase is not clear. In the terrestrial planet region,

the latter is 1-2 orders of magnitude longer than the former
and is thus the rate-limiting step. Stronger perturbations be-
tween fewer, more massive embryos may change the elapsed
time before orbits begin to cross and merging impacts occur.
Whether this alters the ultimate outcome of planetary masses
and orbits remains to be studied.

Figure 2: Time-integrated “exposure” (see text for definition)
of stars vs. mass.
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REDOX CONTROL ON SULFUR ABUNDANCE AMONG TERRESTRIAL PLANETS  
 F. Gaillard, B. Scaillet (Institut des Sciences de la Terre d'Orléans (ISTO) UMR6113 CNRS/Université Orléans 1A, rue de la 
Férollerie 45071 Orléans Cedex 2, France). 

 
 
Introduction:  Sulfur constitutes several wt% of chon-

drite meteorites, the accretion material of terrestrial planets. 
It is thought that the high temperature reached during accre-
tion on terrestrial bodies is responsible for substantial vola-
tilization and estimations of sulfur abundance on Earth  place 
a maximum at 0.6wt% [1]. Although classified as a volatile 
element, sulfur has a significant solubility at high tempera-
ture in both molten Fe-metal and silicates [2,3], which domi-
nantly depends on the prevailing redox conditions. Redox 
conditions of planetary bodies during accretion seem ex-
tremely heterogeneous as revealed by variable proportions of 
iron in the metal (Fe) and oxidized (FeO) forms preserved in 
meteorites and terrestrial planets. Meteorites collections 
display completely metallic to completely oxidized samples, 
which probably make of the redox potential, expressed here-
after as oxygen fugacity, the most variable chemical parame-
ter in the primitive solar system (6 log units of variation in 
fO2).  

Computation and Results: We have calculated the sul-
fur distribution between molten silicate and metal as a func-
tion of oxygen fugacity based on available thermodynamic 
models [3,4]. We fixed the initial composition of the system 
in terms of major elements including constant Fe and S con-
tents. We simply allow changes in the ratio of metal over 
silicate, by simulating variable fO2 conditions. Increasing 
fO2 decreases sulfur solubility in molten silicate because 
sulfur and oxygen anions compete for a single anionic site in 
the melt structure. However, at metal-Fe saturation, increas-
ing fO2 increases FeO content in the silicate, which in-
creases the sulfur solubility in the silicate. This results in 
rather complex and non-monotonic trends in sulfur partition-
ing between metal and silicate as fO2 changes (Figure 1). At 
very reducing fO2, typically prevailing in Enstatite chon-
drite/achondrite and probably during Mercury’s accretion, 
nearly all sulfur partitions into the silicate portion. Sulfur 
content in the range 0.1-1 wt% dissolves in the silicate 
magma ocean consistent with recent measurments on 
Aubrites basalt [5]. Under relatively oxidized conditions of 
accretion, probably prevailing in carbonaceous chondrites 
and on Vesta and Mars, sulfur also strongly partitions in the 
silicate with concentration in the range 0.08-0.1wt%. In con-
trast, at intermediate fO2 conditions of accretion such as on 
Earth, sulfur content in the silicate portion shows a minimum 
vs. a maximum in S content in the metal. Therefore, accre-
tion of materials homogeneous in S content but differing in 
their redox state reproduce the high sulfur content in Mars 
mantle, which exceed the S content in Earth mantle by a 
factor of 3-4. The volcanic gases therefore emitted on Mars 

were much more sulfur-rich than on Earth, which must have 
played a critical role on the development of life on Mars. 

Conclusion: Redox variations during accretion on terres-
trial planets controlled the metal proportion and rules ele-
ments partitioning between metal and silicate. Important 
differences in measured abundances of sulfur in silicate por-
tion from various terrestrial materials seem to be essentially 
controlled by redox conditions.  

 

 
Figure 1: As a function of FeO in the silicate in equilib-

rium with Fe-metal are shown: A: changes in fO2 and and 
proportion of metal; B: changes in sulfur content in the sili-
cate; C: changes in sulfur content in the metal. Calculation 
are performed at 1600°C, 1 atm for a bulk S content at 
0.6wt%. 
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Fig. 1. Ternary diagram showing evaporative transformation 
of silicates composition during light-gas-gun experiments 
with copper projectile at ~6 km/s. The transformation from 
starting samples (filled symbols) to condensed material (open 
symbols) is marked by arrows. Dunite, serpentinite, and harz-
burgite were used for ultramafic, basalt for mafic, and granite 
and obsidian for acidic targets. Dashed areas indicate typical 
composition of terrestrial ultramafic, mafic (basalts), acidic 
(granites), and alkali (netheline syenites) rocks. From [4].
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Fig. 2. Ternary diagram showing differentiation trend for 
melt found on walls of the formed crater and for dispersed 
melted spherules from starting augite towards Al, Ca, and Ti 
rich compositions in simulation laser pulse experiment.

ON THE POSSIBLITY OF IMPACT-INDUCED CHEMICAL DIFFERENTIATION OF TERRESTRIAL 
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Introduction: The concept of the origin of the 

Earth and of other earth group planets and satellites by 
accumulation of large (up to asteroid size) solid bodies 
implies that nearly every particle of the planet have 
passed processing in an impact. Most of planetary ma-
terial has passed multiple processing by successive 
impacts. The global result of such processing is not yet 
well understood.  

Chemical differentiation during a hypervelocity 
impact occurs as a planetary local effect, which is lim-
ited to only central portion of highly heated collided 
material. High-temperature processing results in pro-
duction of chemically different compositions from 
admittedly initially homogeneous colliding materials. 
The global planetary effect of multiple impacts during 
an accretion is a matter of discussion. Generally, one 
can expect the absence of any globally significant dif-
ferentiation, but mixing of locally differentiated mate-
rials, which restores average composition of 
planetesimals. Formation of primordial atmosphere 
and possibly hydrosphere by impact-induced de-
gassing [1,2] is an example of global planetary differ-
entiation for elements with high volatility. The mecha-
nism here is the phase separation of solids and newly 
formed gases with accumulation of the last in the at-
mosphere. The question arises whether the volatility of 
elements can be a reason of their redistribution in the 
solid material along the radius of a forming planet.  

In the present paper we discuss the possible conse-
quences of impact accumulation scenario based on 
experimental investigation of impact vaporization 
chemistry. 

Differentiation of silicates during an impact: 
The main mechanism of chemical differentiation of 
silicates during an impact is the separation of elements 
between melt and vapor phases. The reason of chemi-
cal differentiation here is the selective character of 
volatility of rock-forming elements, which can result 
in sufficiently different compositions of impact prod-
ucts (melted residua and vaporized/condensed materi-
als). Behavior of siliceous systems at temperatures 
3000 to 5000 K have some peculiarities [3], among 
which the most pronounced are the volatilization of 
elements as complex molecular clusters and sufficient 
temperature driven reduction of iron and of other 
siderophile elements. 

Major elements behavior. Experiments on hyperve-
locity gas-gum and laser pulse techniques show that 

the main path of evolution of condensed materials by 
impact simulated vaporization is: ultramafic rocks → 
mafic rocks → granites → alkali rocks [4] (see Fig. 1).  

Formation of the vapor phase proceeds due to re-
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Fig. 3. The ratio of some trace elements concentration in the 
formed condensate to that in starting basalt after laser pulse 
simulation experiment. INAA analysis. From [6].  

lease of volatiles during the boil off of high-
temperature impact melt. Depending on the rate of 
high-temperature processing impact melts have a trend 
to gain refractory composition [5]. Melts in the begin-
ning of a mass loss process are loosing Si, Fe, alkalis, 
and their composition enriches in Mg, Ca, Al, and Ti. 
With a developed mass loss melts loose Mg while Si 
and even Na are still present in the system. Greater 
mass loss results in the enrichment of Ca, Al, and Ti in 
the system (Fig. 2). The end members of the mass loss 
process depend on the temperature of volatilization. 
Volatilization under 3000 K results in Al-rich melts 
and volatilization at temperatures over 3000 K results 
in Ca-rich melts.  

Behavior of trace elements. Experiments also indi-
cate volatile behavior of some typically refractory ele-
ments such as U, Th, REE, Zr, and other during impact 
related heating [6]. Fig. 3 shows the enrichment of 
formed condensates by REE, Hf, and Zr in laser simu-
lation experiment with basalt. The mechanism of such 
behavior is not clear. Some experiments (e.g. experi-
ment with anorthosite [7]) show controversial result. 

Reduction of iron. An important effect of high-
temperature processing is the reduction of iron. Two 
main mechanisms are responsible for the reduction: 
thermal and chemical. Thermal mechanism produces 
metallic iron nano-nucleus through the body of high-
temperature siliceous melts due to direct dissociation 
of iron oxide 

FeO → Fe + O 
while chemical mechanism involve reducing compo-
nents (C, H, etc.) in exchange reactions (e.g.) 

FeO + C → Fe + CO 
Due to immiscibility metallic particles are easily re-
moved from melted silicates. Siderophile elements 
have a noticeable trend of disproportionation into 
forming metallic particles and are removed with metal-
lic iron particles into expanding vapor. 

Interaction with volatiles. Material of the vapor 
plume is counteracting with released gases during ex-
pansion of the plume. Chemical reactions in hot and 
dense plume result in formation of volatile rich phases 

in condensing silicates. Water was trapped by forma-
tion of various hydroxides [8]. Carbon was trapped by 
formation of carbonates, carbides, and organics. Sur-
faces of forming condensed nanoparticles provide 
conditions for polymerization of complex hydrocar-
bons from simple hydrogen- and carbon-containing 
gases (H2, H2O, CO, CO2, CH4, etc.) inside an expand-
ing vapor. Experimentally produced hydrocarbons had 
degree of polymerization up to C20 [9]. It is probable 
that some organics are present in the form of a kero-
gen-like material. Condensed material is sufficiently 
richer in volatiles including highly volatile elements 
compared to depleted impact melt. 

Cumulative effect of multiple impacts: Forming 
condensed material has increased acidity, more rich in 
volatiles, REE, U, Th, and acquire some other peculi-
arities, which are typical for crust material. Cumulative 
amount of vaporized/condensed material was esti-
mated to be ~10% of the total Earth’s mass [2] what is 
more than an order exceeds the mass of present crust. 
The fate of this condensate is not much understood, 
whether it was carefully mixed with other materials or 
could be concentrated in the upper planetary layer to 
form protocrust. The last possibility can be a result of 
different properties of impactites. Condensates being 
more volatile are converted into the vapor plume by 
secondary impacts more easily and from larger target 
volume than refractory portion of the mixture. Precipi-
tation of condensates occurs in a thin layer on the 
planetary surface. This effect may provide preferential 
transport of condensed materials with growing radius 
of a planet and their accumulation at surface layer.  

The hypothetical impact-induced evaporative dif-
ferentiation had a competitive effect of early magmatic 
differentiation resulted from impact-induced heating of 
planetary interiors. Involvement of volatile rich mate-
rials in magmatic processing also provides their pref-
erential melting and floatation to form protocrust. Me-
tallic phases formed in impacts could coagulate and 
sank in magma to form siderophile rich planetary core. 
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Introduction:  Modeling by Asphaug et al. [1] 

suggested that colliding Moon-to-Mars sized proto-
planets do not simply merge as commonly assumed— 
in a grazing impact, the smaller planet may escape as a 
greatly modified body or chain of diverse objects. We 
present evidence from IVA and other iron meteorites 
that many irons may come from impactors that experi-
enced such collisions as they had lost most or all of 
their silicate mantles when they cooled below 1000 K.  
If the iron meteorites come from bodies that accreted 
within 1 Myr of CAIs [2] at 1-2 AU as Bottke et al. 
suggest [3], we infer that protoplanets in the terrestrial 
planet region were melted by 26Al heating, like the 
parent bodies of the irons, and that the geological his-
tory and chemical composition of the protoplanets may 
have been modified as a result of hit-and-run collisions 
that they or precursor bodies experienced when they 
were partly or largely molten. 

Effects of hit-and-run collisions on planetary 
differentiation and bulk composition: Hit-and-run 
collisions between protoplanets might drastically dis-
rupt the course of crystallization of their magma 
oceans (or other substantially melt-rich system). Con-
sider, for example, the Martian magma ocean. Elkins-
Tanton et al. [4] constructed geochemically and geo-
physically reasonable models of the crystallization of 
the Martian magma ocean, including its overturn 
caused by an unstable density gradient resulting from 
initial crystallization. A hit-and-run collision during 
magma ocean crystallization would scramble any cu-
mulate pile formed up to that time, perhaps resulting in 
a temporarily stable configuration of the cumulates. 
Continued crystallization would produce a density 
gradient atop that rearranged pile. Subsequent overturn 
would be substantially more complicated than the sim-
pler models predict, perhaps leading to a mantle even 
more heterogeneous than predicted and a petrologi-
cally complex primary crust. In addition, pressure-
release melting of either the cumulate pile or originally 
unmelted regions in the proto-Mars or in the projectile 
might cause formation of partial melt that can be added 
to the partially differentiated (and disturbed) magma 
ocean. 

This process could also affect the bulk composition 
of a protoplanet. There might be loss of the outer por-
tion of a magma ocean or of the initial crust. These 

areas would consist of differentiated materials, leaving 
behind a planet depleted and fractionated in incom-
patible elements, lower in FeO and Fe/Mg, and possi-
bly fractionated in Mg/Si and Al/Si, depending on 
depth of magma ocean and initial composition. An 
energetic collision might also deplete a protoplanet in 
volatile elements. This might not be as severe as for 
the case of formation of the Moon during a giant ac-
cretionary impact, but it could affect the total volatile 
inventory of the asteroids and terrestrial planets, and 
perhaps explain the difference in K/Th in the bulk sili-
cate Earth and Mars. H2O added during accretion 
could be lost and, thus, need to be added after or dur-
ing the late stages of accretion. 

Evidence for hit-and-run collisions from IVA 
and other iron meteorites: Most iron meteorites are 
thought to come from the cores of over 50 asteroids 5-
100 km in size, which cooled slowly inside insulating 
silicate mantles and were then fragmented by impacts 
[5]. However, this origin is incompatible with the met-
allographic cooling rates of many irons that vary by 
factors of 5-100 in each group, as irons from a single 
well-insulated core should have indistinguishable cool-
ing rates [6, 7]. To help solve this problem, we studied 
the composition and structure of taenite in group IVA 
irons, as this group has the largest range of cooling 
rates [5]. We find that cooling rates for IVA irons at 
1000-700 K range from 100 to 6000 K/Myr and in-
crease with decreasing bulk Ni (Fig. 1a). In addition, 
cooling rates at 600-500 K inferred from the dimen-
sions of the cloudy taenite intergrowths [8] in seven 
IVA irons vary by a factor of ~10 and are also in-
versely correlated with bulk Ni (Fig. 1b). These con-
straints require that the IVA irons crystallized inwards 
in a 300 km diameter core and were subsequently 
cooled below 1000 K without any insulating silicate 
mantle (Fig. 2).  

If the core was largely molten at the time of the 
catastrophic impact, as was inferred to explain the sili-
cates in five IVA irons [9, 10], collisional loss of vola-
tiles may have occurred, as proposed for the Moon and 
Vesta [11] to account for the extremely low levels of 
moderately volatile siderophiles in the IVA irons. 
Ge/Ni values are 0.01-0.001 times chondritic values.  

Metallographic cooling rates inferred for groups 
IIAB, IIIAB, and IVB show ranges of factors of 6-12 
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(refs. 5-8) suggesting that early partial loss of mantle 
prior to slow cooling was widespread.  

Because catastrophic impacts between asteroid-
sized bodies are very inefficient at removing mantle 
material from cores [13], separation of mantle and core 
material probably resulted from grazing impacts be-
tween Moon-to-Mars sized protoplanets or from tidal 
stripping of a Vesta-sized or larger body [1].  

 
 

 
 

Fig. 1. Estimated cooling rate at 1000-700 K inferred 
from kamacite growth modelling (a) and the dimen-
sions of the cloudy taenite intergrowth of low-shock 
irons (b) as a function of bulk Ni concentration for 
IVA iron meteorites. These data show that the cooling 
rate of IVA irons decreased with increasing bulk Ni 
concentration by a factor of ~50 at 1000-700 K, and 
~10 at 600-500 K, the temperature range in which 
cloudy taenite formed. 
 

Fig. 2. Cooling rates at different radial locations as a 
function of temperature for a spherical metallic body 
exposed to space with a radius R=150 km and an ini-
tial temperature of 1500 K. Twp indicates the nuclea-
tion temperature for the the Widmanstatten pattern and 
Tcz indicates the start temperature for the cloudy zone 
microstructure. 
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