
DYNAMICS AND CHEMICAL EVOLUTION OF THE TERRESTRIAL PLANETS FROM A LARGE 
NUMBER OF N-BODY SIMULATIONS.  R. A. Fischer1 and F. Ciesla1, 1University of Chicago, Department of 
the Geophysical Sciences, 5734 S Ellis Ave, Chicago, IL 60637. rfischer@uchicago.edu 

 
 
Introduction:  The terrestrial planets are thought to 

have formed through accretion of Moon- to Mars-sized 
planetary embryos and smaller planetesimals [1]. 
Models of this process are constructed using N-body 
codes, where initial positions of the embryos and plan-
etesimals are set, then gravitational and collisional 
interactions are calculated over a period of ~100 Myr 
to understand the growth of the planets and their final 
orbital architectures. Most studies have used this ap-
proach to constrain the conditions necessary to recreate 
the dynamic observables of the terrestrial planets, such 
as their number, sizes, distribution, orbits, formation 
timescales, and sometimes water contents [e.g. 2-6]. 

A few recent studies combined N-body simulations 
with chemical models to compute the bulk composi-
tions of the planets produced as a test of the simula-
tions [7-8], or applied more detailed chemical models 
to an artificial growth scenario to study the final com-
position of the Earth [9]. However, it is critital to un-
derstand the evolution of planetary chemistry over 
time. Experimental partitioning coefficients suggest 
that oxygen fugacity (fO2) increased during Earth’s 
core formation by ~1.5-2 log units [9-10]. Internal pro-
cesses or the accretion of more oxidized material over 
time could account for this oxidation. Thus, under-
standing this early evolution requires knowledge of 
how the geochemical and geophysical conditions of the 
early Earth were determined by what it accreted and 
when. 

The results of planetary accretion models are highly 
stochastic, with the final outcomes being strongly de-
pendent on the initial locations of the planetary embry-
os and planetesimals [e.g. 11]. As a result, multiple 
realizations (typically 3-5) for a dynamical environ-
ment are typically considered in order to identify the 
range of possible outcomes for a given scenario. 

Here we provide a more robust evaluation of terres-
trial planet accretion models by running fifty simula-
tions for a given dynamical environment. This allows 
us to develop a more statistically significant database 
for analyzing the dynamical outcomes; in particular, it 
increases our chances for observing low-probability 
events. We have combined these simulations with a 
chemical model to look at both final chemistry and 
chemical evolution, in particular fO2 evolution, of our 
simulated planets. This permits more detailed model-
ing of core formation on Earth-like planets and puts 
better constraints on core compositions. 

Methods:  N-body accretion simulations were per-
formed using the Mercury code [12]. The possible 
range of initial conditions is large; we have adopted the 

same values as other state-of-the-art accretion simula-
tions [e.g. 5-6]. These include starting with ~80 plane-
tary embryos and ~2000 smaller planetesimals (equal 
total mass in each population) between 0.5 and 4 AU, 
plus Jupiter and Saturn. We have performed fifty simu-
lations with Jupiter and Saturn on eccentric orbits (Ec-
centric Jupiter and Saturn, or EJS) and fifty simula-
tions with them on more circular orbits (Circular Jupi-
ter and Saturn, or CJS), following [5] in setting the 
initial orbital parameters for the giant planets.  

For each simulation, we applied a chemical model 
similar to that of [9], which includes tracking the oxi-
dation state and bulk chemistry of a planet as it ac-
cretes. The model accounts for elemental partitioning 
between metal and silicate (core and mantle) as a func-
tion of pressure and temperature in the growing planet. 
At the end of accretion, we can determine the signa-
tures of trace elements Co, W, Nb, V, Ta, and Cr in the 
mantle to compare to the Earth, as well as the silicon 
and oxygen contents of the core. 

Assuming ideality, the fO2 of a body in log units 
relative to the iron-wüstite (IW) buffer may be calcu-
lated as ΔIW = 2log(XFeO / XFe), where XFeO is the mole 
fraction of FeO in the silicate and XFe is the mole frac-
tion of iron in the metal. We assign each embryo and 
planetesimal starting values for XFeO and XFe based on 
its initial distance from the Sun and calculate its fO2. 

We have performed two models of oxygen fugacity 
evolution. In the first, we fix XFe throughout the solar 
system with a value of 0.8 and assume a step function 
for XFeO variations corresponding to a snow line at 2.5 
AU. Inside the snow line, XFeO is fixed at 0.0075, on 
the order of reduced components in enstatite chon-
drites, and XFeO = 0.5 outside of the snow line, corre-
sponding to the fayalite number of matrix olivine in 
many CV chondrites [13]. With each collision, XFeO is 
computed using a mass balance and the oxygen fugaci-
ty of the resulting planet relative to the IW buffer is 
recalculated. In the second model, we assume the ini-
tial values of XFeO and XFe used by [9], again with a 
step function in oxidation state corresponding to a 
snow line. In this model, with each collision, the pres-
sure and temperature of equilibration in the resulting 
body is recalculated, and elemental partitioning is 
modeled to occur under those conditions using previ-
ously determined partition coefficients [14] and a 
model of oxygen partitioning [15]. In the first model 
we assume no reequilibration upon impact, serving as 
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an extreme endmember [16]; this assumption is relaxed 
in the second model. 

Results: Our results on modeling dynamical ob-
servables of the solar system demonstrate the need for 
running a large number of simulations. We can deter-
mine the probability of certain events for a given dy-
namical environment, and we can observe low proba-
bility events that were not seen in previous studies with 
similar starting conditions. For example, in the EJS 
runs, 42% of Earth analogues form within 50-150 Myr, 
the value reported by [17], while 68% of the “Earths” 
in the CJS simulations do (Figure 1). 26% of EJS runs 
finish with little to no mass in the asteroid belt, while 
16% of CJS runs do. 10% of EJS and 8% of CJS simu-
lations form low mass planets, sometimes stranded 
planetary embryos, near Mars’s current orbit. Addi-
tionally, 12% of EJS runs (and none of the CJS runs) 
produce low mass planets inside of 0.5 AU, providing 
potential Mercury analogues. These low probability 
events would not necessarily be observed if only 4-5 
cases were considered. Earth analogues were defined 
for each simulation, and their masses and semi-major 
axes scatter around the true values for the Earth in both 
EJS and CJS runs (Figure 1). However, there is varia-
bility in the masses of these simulated planets, demon-
strating the need to run many simulations to capture 
the full picture of the outcome. 
 

 
Figure 1: Formation time and mass of the Earth ana-
logues produced in each EJS and CJS simulation. For-
mation time is defined as the time of last embryo ac-
cretion. Solar System values are indicated by the grey 
shaded regions [17]. 
 

The results from our chemical modeling show an 
average increase in oxidation state of ~1-2 log units 
during accretion for the Earth analogue (Figure 2); 
however, the degree of oxidation ranges from near zero 
to over 2.5 log units. A higher degree of oxidation is 
more consistent with geochemical predictions [10] and 
implies that internal mechanisms for oxidation in the 
Earth may play a smaller role than heterogeneous ac-

cretion. A higher degree of oxidation is seen in the CJS 
runs, compared to the EJS runs (Figure 2). In our simu-
lations, the Earth analogue accretes only a small 
amount of material from outside the snow line: an av-
erage of 3% of the Earth analogue’s mass comes from 
outside 2.5 AU in the EJS runs, and 10% in the CJS 
runs, producing a bulk composition very close to the 
reduced endmember. The lower level of mixing in the 
EJS runs compared to the CJS runs is consistent with 
results from [5]. This result contrasts with the model 
used by [9], who assumed that 30-40% of the Earth’s 
mass was oxidized material. This highlights the need 
for detailed chemical models to be coupled to realistic 
accretion simulations to reveal details about the chem-
istry of accreting planets.  

 
Figure 2: Increase in oxidation state of the Earth ana-
logue over the course of the simulation, for both EJS 
and CJS runs.  
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