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The agglomeration of planetary embryos and planetesimals was the final stage of terrestrial planet
formation. This process is modeled using N-body accretion simulations, whose outcomes are tested by
comparing to observed physical and chemical Solar System properties. The outcomes of these simulations
are stochastic, leading to a wide range of results, which makes it difficult at times to identify the full
range of possible outcomes for a given dynamic environment. We ran fifty high-resolution simulations
each with Jupiter and Saturn on circular or eccentric orbits, whereas most previous studies ran an
order of magnitude fewer. This allows us to better quantify the probabilities of matching various
observables, including low probability events such as Mars formation, and to search for correlations
between properties. We produce many good Earth analogues, which provide information about the mass
evolution and provenance of the building blocks of the Earth. Most observables are weakly correlated
or uncorrelated, implying that individual evolutionary stages may reflect how the system evolved even
if models do not reproduce all of the Solar System’s properties at the end. Thus individual N-body
simulations may be used to study the chemistry of planetary accretion as particular accretion pathways
may be representative of a given dynamic scenario even if that simulation fails to reproduce many of the
other observed traits of the Solar System.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The canonical view of terrestrial planet formation in our So-
lar System consists of accretion of increasingly larger bodies in
a series of stages. This process began with the collisional and
gravitational accumulation of dust and pebbles into planetesimals,
bodies measuring tens to hundreds of kilometers in radius (e.g.,
Cuzzi et al., 2001; Johansen et al., 2007; Weidenschilling, 2003;
Youdin and Shu, 2002). Gravitational forces and collisions between
these bodies led to the formation of approximately lunar to Mars-
mass planetary embryos by runaway accretion (e.g., Wetherill,
1980). The resulting embryos and remaining planetesimals con-
tinued to accrete stochastically in a series of large and violent
collisions to form the terrestrial planets (e.g., Chambers, 2004;
Morbidelli et al., 2012).

The final properties of the planets that form are determined by
the ensemble of these various stages of growth. The last stage of
planet formation is typically modeled using N-body accretion sim-
ulations, which begin with a swarm of embryos and planetesimals
in orbit around a star, then calculate how their gravitational in-
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teractions and collisions lead to the formation of larger planets.
This allows us to determine the provenance and timing of accre-
tion of the planetary building blocks, as well as the physical and
orbital properties of the resulting planets and how these are set
by the dynamic properties of the early Solar System. These results
can then be compared to the properties of our terrestrial planets
to better understand this process.

Ideally, we could constrain the early dynamical history of the
Solar System (e.g., orbital properties of the giant planets) by de-
termining which initial configuration is best able to reproduce all
of the properties of the planets. The key properties that were
targeted to be reproduced in previous studies included the num-
ber, masses, semimajor axes, eccentricities, inclinations, formation
timescales, and water contents of the terrestrial planets, as well as
the angular momentum deficit (AMD) and radial mass concentra-
tion (RMC) of the bulk planetary system, and the mass stranded in
the asteroid belt (Raymond et al., 2009). Early low-resolution sim-
ulations (e.g., Agnor et al., 1999; Chambers, 2001) with relatively
few initial embryos and planetesimals (<160 bodies) were able to
approximately reproduce the number, masses, and semimajor axes
of the terrestrial planets, despite different initial configurations of
the planetary building blocks and the giant planets, suggesting that
such outcomes did not depend sensitively on the early dynamics of
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the Solar System. However, these systems tended to produce plan-
ets with larger eccentricities and inclinations than the terrestrial
planets in our Solar System. O’Brien et al. (2006) and Raymond et
al. (2006) demonstrated that similar configurations run at higher
resolution (∼50–100 embryos along with >1000 planetesimals)
exhibit greater dynamical friction, which damps the eccentricities
and inclinations of the embryos and planets, leading to formation
timescales and orbital parameters that are more in line with those
of the Solar System. Thus it appears that a mix of massive em-
bryos and low mass planetesimals were responsible for producing
the planets we see today.

Each of these early studies was able to produce planets that
were ‘Earth-like’ to some extent, in that most simulations pro-
duced one planet with nearly the same mass and semimajor
axis as that of the Earth. However, it was found that the ini-
tial orbital architecture for the planetary building blocks and gi-
ant planets used in the simulations had a dramatic effect on
other key properties of the planetary system (O’Brien et al., 2006;
Raymond et al., 2009). In the cases where Jupiter and Saturn were
assumed to exist on their current orbits, the numbers and masses
of the terrestrial planets were more easily reproduced, though
the planets tended to accrete very little water-bearing materials
from the outer edge of the asteroid belt. In those cases where
more circular orbits of the giant planets were assumed, consistent
with the Nice model (Gomes et al., 2005; Morbidelli et al., 2005;
Tsiganis et al., 2005), more water-bearing materials were accreted
by the planets, though the masses and numbers did not match the
current Solar System. Thus the configuration of the giant planets
at the time of terrestrial planet accretion remains uncertain.

While early studies of planet formation largely focused on
matching the physical and orbital properties of the planets in our
Solar System, the chemical consequences of planetary accretion
have also been studied with these same N-body simulations. Two
recent studies (Bond et al., 2010; Elser et al., 2012) calculated the
compositions of simulated planets to further explore the chemical
consequences of planetary accretion, focusing on properties such
as their bulk elemental compositions and oxidation states, volatile
loss, water delivery, and geochemical ratios. These studies found
that the bulk elemental abundances and water contents of the ter-
restrial planets could be broadly matched in their dynamical stud-
ies, though they used only two simulations each, leaving it unclear
whether such properties would always be reproduced. When com-
paring a larger number of simulations or comparing the detailed
compositions of the cores and mantles of the simulated planets,
even greater variation is expected from simulation to simulation,
as a result of the timing of when materials with different compo-
sitions were accreted (Rubie et al., 2011). The scatter in accretion
histories is thus important to understand in detail as the results
of planetary accretion models are highly stochastic, with the fi-
nal outcomes being strongly dependent on the initial locations of
the planetary embryos and planetesimals even in cases where the
same general dynamical setting is assumed (e.g., Lissauer, 2007).

Because of the stochastic nature of accretion, it is difficult
to evaluate how representative any single run is of the possi-
ble accretion histories, and thus final chemical properties, for
a resulting planet in a given dynamic scenario. Previous stud-
ies performed a small number of N-body simulations, typically
four or fewer for each set of initial conditions (Chambers, 2001;
Chambers and Wetherill, 1998; Morishima et al., 2010; O’Brien et
al., 2006; Raymond et al., 2004, 2006, 2009) and no more than
twelve (Raymond et al., 2009). Such a small number of runs is
understandable as much earlier studies were limited by computa-
tional power, while more recent studies concentrated on exploring
parameter space instead of running a large number of simulations
per set of conditions (Morishima et al., 2010). Given the range of
outcomes that are seen in such simulations, it is not always clear
from a limited sample whether a particular constraint is consis-
tently reproduced within a given dynamical environment or if it
was a low probability event.

Fully understanding how the early dynamic environment of the
Solar System controls the properties of a planetary system or the
chemical evolution of a single planet requires that we quantita-
tively evaluate the range of accretional outcomes and most likely
results expected for a particular orbital architecture. This can only
be done by performing a statistical analysis of these various start-
ing conditions: rather than focusing on reproducing all observables
simultaneously, it is important to know which of the constraints
are easily reproduced as well as which constraints are correlated
with others for a given dynamical environment. This necessitates
performing a large number of simulations in order to determine
the probability distribution functions (PDFs) of any given outcome
for a given dynamic environment. Only then can we begin to un-
derstand the initial configuration of the planetary building blocks
in our Solar System.

As our goal is ultimately to utilize N-body simulations to inves-
tigate the physical and chemical evolution of the Earth during its
formation and early evolution, we want to understand the plausi-
ble range of accretion histories of the terrestrial planets in different
dynamic settings. Here we carry out a large number of simulations
(fifty) for a given set of initial conditions, to quantify the prob-
abilities of reproducing various aspects of the early evolution of
the Solar System and especially of the Earth. These simulations
provide greater robustness in our evaluation of terrestrial planet
accretion models, allowing us to develop a more statistically signif-
icant database for analyzing the dynamical outcomes; in particular,
it increases our chances for observing low-probability events. Fur-
ther, our goal is not to reproduce all attributes of the Solar System
with these simulations, but instead to determine the correlative
relationships between various Solar System properties for differ-
ent dynamic environments. This allows us to evaluate in detail
what this means in terms of using N-body simulations as tools
for examining the chemical evolution of the planets in the Solar
System. While we focus on just a subset of plausible dynamic en-
vironments in the early Solar System, the methodology used here
is readily adopted in any other study of planetary accretion.

2. Methods

We performed 100 N-body simulations using the MERCURY
code (Chambers, 1999) for two different dynamical environments
for the early Solar System (fifty simulations each). The two most
commonly tested orbital configurations for the gas giant plan-
ets in previous studies are the Eccentric Jupiter and Saturn (EJS)
case, where the giant planets are given the orbits that they
have today, and the Circular Jupiter and Saturn (CJS) case, where
the giant planets are put on non-eccentric orbits as is expected
as the starting point in the Nice Model (Gomes et al., 2005;
Morbidelli et al., 2005; Tsiganis et al., 2005). These two situations
were previously studied by O’Brien et al. (2006) and Raymond et
al. (2009), and we follow their approach in setting up the ini-
tial conditions for each model, though we increase the resolution
slightly by assuming a lower mass for, and thus greater number of,
planetesimals. More recent studies have suggested different initial
orbital configurations for reproducing the properties of the Solar
System (Hansen, 2009; Walsh et al., 2011), which can be explored
in future studies. We focus on the EJS and CJS cases to compare
and contrast our results with previous studies, which mostly use
these configurations. The methodology used here can readily be
applied to any other dynamical environment of interest.

Each simulation began with ∼80 embryos, following a solid
disk surface density profile of Σ(r) = Σ0(r/1 AU)−3/2 (Weiden-
schilling, 1977), with Σ0 = 10 g/cm2. There were also ∼2000 plan-
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Fig. 1. Orbital evolution of simulated bodies in simulation CJS33. Time series are shown at 0, 0.1, 1, 10, 50, and 200 Ma after the start of the simulation. Red bodies originated
inside of 2 AU, green bodies between 2 and 2.5 AU, and blue bodies outside of 2.5 AU, illustrating the initial water distribution in our model. Intermediate colors at later
times indicate intermediate water contents. Larger circles are planetary embryos, while smaller circles are planetesimals. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
etesimals, with the total mass of the system divided equally be-
tween the two populations. Planetesimals had masses of ∼0.001
M⊕ , while the masses of planetary embryos were determined by
Σ0 and their spacing, with masses increasing with increasing dis-
tance from the Sun (e.g., Chambers and Wetherill, 1998; Raymond
et al., 2009). In our simulations, we initially distributed plane-
tary embryos with a spacing of seven mutual Hill radii, leading to
masses in the range 0.01–0.06 M⊕ . All embryos and planetesimals
were given densities of 3 g/cm3. These initial conditions are similar
to those used in other recent studies (e.g., Morishima et al., 2010;
Raymond et al., 2009).

Planetary embryos interacted with each other and with plan-
etesimals, but planetesimal–planetesimal interactions were not in-
cluded. All bodies were initially located between 0.5 and 4 AU.
Initial eccentricities were chosen randomly between values of zero
and 0.01, and inclinations were set to different random values be-
tween zero and 0.01 degrees. Other orbital parameters (argument
of pericenter, longitude of ascending node, and mean anomaly)
were assigned randomly. For each of the fifty cases considered
for the EJS and CJS environments, the semimajor axes of the em-
bryos and planetesimals were held constant, while the rest of their
orbital arguments varied randomly from case to case. The initial
distribution of embryos and planetesimals from one of our simula-
tions is shown in the first panel of Fig. 1.

Each simulation is integrated for 200 Ma with a timestep of
six days. Collisions are treated as inelastic mergers, occurring
when two bodies pass within a distance that is less than the
sum of their radii. Collisions are assumed to result in perfect
merger, with the resulting body’s mass and momentum taken to
be the sum of those of the two bodies at the time of impact.
This is an approximation, since many collisions were likely hit-
and-run or erosive impacts instead of perfect accretion events
(e.g., Asphaug, 2010). Nonetheless, recent studies (Chambers, 2013;
Leinhardt et al., 2009) demonstrated that fragmentation does not
have a large effect on the final physical properties of the planetary
system, with the most important difference being a slight increase
in the duration of accretion. The chemical consequences of frag-
mentation, however, will be investigated in future studies.

3. Results and discussion

Fig. 1 shows a time series of the orbital evolution of the bodies
formed in one of our CJS simulations. Bodies are color-coded ac-
cording to their initial locations (red inside 2 AU, green between 2
and 2.5 AU, and blue outside 2.5 AU). Such differences in starting
location could represent differences in composition, though de-
tails of spatial gradients in the composition of planetary building
blocks are very uncertain. For example, this could correspond to a
change in water content, as has been used in previous studies of
water delivery to terrestrial planets (e.g., Morbidelli et al., 2000;
O’Brien et al., 2006; Raymond et al., 2004, 2006, 2009). As early
as 0.1 Ma into the simulation, resonances from Jupiter and Saturn
are visible in the form of spikes in eccentricity at ∼2.6 AU and
∼3.3 AU. Eccentricities further increase at later times, with plan-
etesimals having larger eccentricities than planetary embryos due
to dynamical friction (O’Brien et al., 2006). By 10 Ma, there are
fewer bodies and they continue to grow, exhibiting variations in
size and composition. Some features of this simulation are nearly
universal across all of our runs, such as the increased eccentricities
at certain resonance locations and lower eccentricities for larger
bodies, though the final outcomes of the simulations (such as the
number of bodies produced and their masses) vary (Supplemental
Fig. 1).

Our ultimate goal is to understand the physical and chemical
evolution of the simulated planets. Here we investigate the dis-
tributions of accretion histories and outcomes in our dynamical
simulations, with a particular focus on quantitatively exploring the
details of the Earth’s accretion and correlations between observ-
ables in these environments.
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3.1. Comparisons to the Solar System

To begin, we focus on the properties of the final planetary
system, following Raymond et al. (2009) in quantifying a set of
parameters that are typically used to compare N-body simulations
and evaluate their ability to reproduce the Solar System. We use
definitions of Solar System planetary analogues from Raymond et
al. (2009), for the purpose of evaluating the success of our simula-
tions at reproducing the terrestrial planets. The Earth analogue is
taken to be the largest planet between 0.75 and 1.25 AU. If there
is no planet within this range, the Earth analogue is the closest
planet to 1 AU. The Mars analogue is the smallest planet in the
range 1.25–2 AU outside of the Earth analogue’s orbit. We define a
planet as a body containing at least one embryo after 200 Ma of
evolution.

Supplemental Tables S1 and S2 display the results of each of
our EJS and CJS simulations, respectively, and compare key quan-
tities in these simulations to Solar System values. In addition to
outcomes for each simulation, these tables include statistical data
(average value, standard deviation, and range) for each property,
the Solar System value, the definition we use for a match to the
Solar System value, and the percentage of simulations that meet
that definition. Table 1 summarizes these results.

3.1.1. Orbital architecture of the final planetary system
The properties of the final planetary systems that we quantify

include the angular momentum deficit (AMD), or the portion of
the Solar System’s angular momentum resulting from non-circular
and non-planar orbits (Laskar, 1997); the radial mass concentration
(RMC), which measures the extent to which mass is concentrated
in one region of the Solar System, such as in the range of semi-
major axes near Earth and Venus (Chambers, 2001); and the mass
of bodies remaining in the asteroid belt. The angular momentum
deficit is defined as:

AMD =
∑

j m j
√

a j(1 − cos(i j)
√

1 − e2
j )∑

j m j
√

a j
(1)

where m j , a j , i j , and e j are the mass, semimajor axis, inclination,
and eccentricity, respectively, of planet j (Laskar, 1997). The ra-
dial mass concentration (RMC, Raymond et al., 2009, sometimes
referred to as SC) is defined as:

RMC = max

( ∑
j m j∑

j m j[log10(a/a j)]2

)
(2)

AMD and RMC values for our simulations are summarized in Ta-
ble 1. The average value we find for AMD is closer to that of
the Solar System than was found by Raymond et al. (2009) and
Morishima et al. (2010), though still high and with a similarly large
standard deviation, and farther from the Solar System value than
that reported by O’Brien et al. (2006). RMC values of the EJS simu-
lations provide a better match to the Solar System value, consistent
with the results of Raymond et al. (2009). The Solar System RMC
value lies ∼3 standard deviations from the mean in our EJS simu-
lations, whereas it is ∼5 standard deviations from the mean in the
CJS simulations. Thus, this particular outcome is difficult to rec-
oncile in models with giant planets on circular orbits and is more
easily produced with those planets on eccentric orbits. This finding
is also consistent with the results of Morishima et al. (2010).

In addition to the orbits of the planets, the structure of
the asteroid belt provides some constraints on the early dy-
namical evolution of the Solar System. The lack of gaps be-
sides those caused by specific mean motion or secular reso-
nances implies that less than a few lunar masses of material
were stranded in the asteroid belt after planetary formation
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(Raymond et al., 2009), a criteria that is difficult to meet in many
accretion simulations, as most have left greater mass of material
than this. Therefore, the mass left in the asteroid belt at the end
of a simulation may serve as a test of the simulated planetary sys-
tem’s similarity to the Solar System. The criteria used in this study
(<0.05 M⊕ remaining in the asteroid belt after 200 Ma) is taken
from Raymond et al. (2009) and is possibly higher than the actual
mass that existed there after terrestrial planet formation, given
the magnitudes of the depletions caused by the Late Heavy Bom-
bardment and chaotic diffusion (e.g., Fassett and Minton, 2013;
Gomes et al., 2005; Minton and Malhotra, 2009, 2011). More than
three-quarters of our simulations ended with too much mass in
this region (Table 1). An EJS configuration is slightly more success-
ful than a CJS configuration at clearing the asteroid belt, matching
Solar System constraints in 26% of the cases as opposed to 16%.
However, the differences in these outcomes in our model are not
as strong as the contrast between the EJS and CJS results as re-
ported by Morishima et al. (2010), who found that eccentric giant
planets were much more efficient at depleting the mass of the as-
teroid belt.

3.1.2. Formation of Mars
A long-standing issue in planetary accretion simulations has

been the formation of Mars, as most simulations produce plan-
ets near Mars’s orbit that are much more massive than the actual
planet. As a result, efforts have focused on defining dynamical en-
vironments that consistently produce a low mass planet around
1.5 AU. Among the ideas now discussed is that the terrestrial plan-
ets formed from a narrow annulus of planetesimals which orbited
in the range 0.7–1.0 AU, allowing Mars to form from a region
which was limited in its available mass of solid bodies (Hansen,
2009). This annulus of planetesimals may have resulted from the
inward then outward migration of Jupiter (Walsh et al., 2011).

While our models also typically produce planets at Mars’s lo-
cation that are much larger than the planet, we do find that the
probability of producing a small planet in this region is not zero
(Table 1). This can be seen in Fig. 2, which shows the relation-
ship between mass and semimajor axis of all planets produced in
all of our simulations. Here, 14% of our EJS simulations, and 4% of
our CJS simulations, produce a planet that is less than 0.2 M⊕ in
the 1.25–2 AU region, our definition of Mars analogues. If only four
simulations were performed, as typically done in previous studies,
there would be a 55% and 85% likelihood of not seeing such Mars
analogues using EJS and CJS configurations, respectively. These re-
sults are in agreement with Raymond et al. (2009), who also found
that Mars analogues are more common in EJS runs.

These low mass planets represent embryos that have escaped
embryo–embryo accretion events. Constraints on Mars’s accretion
history have come from analyses of Martian meteorites, where it
has been inferred that Mars accreted to 80% of its final mass in the
first 2 Ma of Solar System history, assuming that any iron added
to the planet fully equilibrated with the mantle before being in-
corporated into the embryo’s core (Dauphas and Pourmand, 2011).
Incomplete equilibration would allow longer accretion timescales,
though it is unlikely Mars formed after 10 Ma (Nimmo and Kleine,
2007).

Adopting these constraints and defining a planet’s formation
timescale to be the time of the last planetary embryo accretion,
we find that 10% of our EJS simulations and 2% of our CJS sim-
ulations (only one simulation) form a planet that approximately
matches Mars in terms of its mass, formation timescale, and semi-
major axis simultaneously (Table 1). Thus the formation of Mars,
as we currently understand it, is not excluded in these dynamic
scenarios, but it is a very low probability event that would likely
not be seen if only 4–5 simulations were performed.
Fig. 2. Mass versus semi-major axis of all planets produced in all fifty A: EJS simula-
tions and B: CJS simulations. Open circles are simulated planets; black filled squares
are Solar System terrestrial planets.

3.1.3. Formation of Earth
While the vast majority of our simulations form a planet that

meets our criteria of an Earth analogue in terms of its mass and
semimajor axis (Section 3.1.1), we can also evaluate the success of
our simulations more closely in terms of these parameters, as well
as the formation timescale, water content, and late veneer mass of
the Earth analogue. We can then use these simulations to explore
possible accretional histories of the Earth, the fraction of Earth’s
mass from embryos versus planetesimals, and the origins of the
building blocks of the Earth (Section 3.3).

We find that 84% of EJS simulations and 92% of CJS simula-
tions produce an Earth analogue that simultaneously matches the
Earth’s mass within a factor of two and semimajor axis within
the range 0.75–1.25 AU. The moon-forming impact on the Earth,
which is thought to be the last major impact that the Earth expe-
rienced, likely occurred 50–150 Ma after Solar System formation
(Touboul et al., 2007). In our simulations, the final accretion event
involving an embryo striking the Earth analogue ranges from 5.6
to 184.9 Ma. CJS conditions lead to slightly later formation times
for Earth on average (Table 1), and meet this constraint in 68% of
cases as opposed to 42% for the EJS runs.

Though the water content of the Earth is not precisely known,
it is at least as large as the mass of the surface oceans. A variety of
mechanisms have been proposed to account for the Earth’s water
budget, with many studies favoring the delivery of water from as-
teroidal material (e.g., Albarede et al., 2013; Alexander et al., 2012;
Morbidelli et al., 2000; Raymond et al., 2009), which we con-
sider here. We assign the water contents of planetary embryos and



R.A. Fischer, F.J. Ciesla / Earth and Planetary Science Letters 392 (2014) 28–38 33
Table 2
Correlation matrix of various Solar System observables from our fifty EJS simulations. Each cell contains the Pearson correlation coefficient r (see text for definition) for the
properties defining the row and column that intersect at its location. A value of −1 indicates a perfect negative linear correlation, zero represents no correlation, and +1
is a perfect positive correlation. Formation of Mars in each simulation was assigned a value of 0 or 1, depending on whether or not an analogue formed that matched all
required properties (see Table 1).

AMD RMC WMF TF Earth Asteroid belt mass Late veneer mass Formation of Mars

AMD 1 0.06 0.56 0.28 0.00 −0.28 0.00
RMC 0.06 1 −0.09 0.03 0.27 −0.28 0.22
WMF 0.56 −0.09 1 0.2 0.15 −0.3 0.00
TF Earth 0.28 0.03 0.2 1 0.11 −0.74 0.04
Asteroid belt mass 0.00 0.27 0.15 0.11 1 −0.11 −0.04
Late veneer mass −0.28 −0.28 −0.3 −0.74 −0.11 1 −0.14
Formation of Mars 0.00 0.22 0.00 0.04 −0.04 −0.14 1

Table 3
Correlation matrix for CJS simulations (analogous to Table 2).

AMD RMC WMF TF Earth Asteroid belt mass Late veneer mass Formation of Mars

AMD 1 0.05 0.03 0.3 −0.12 −0.16 0.01
RMC 0.05 1 0.23 0.43 0.77 −0.32 0.06
WMF 0.03 0.23 1 0.2 0.13 −0.31 0.33
TF Earth 0.3 0.43 0.2 1 0.19 −0.73 −0.05
Asteroid belt mass −0.12 0.77 0.13 0.19 1 −0.19 −0.02
Late veneer mass −0.16 −0.32 −0.31 −0.73 −0.19 1 −0.02
Formation of Mars 0.01 0.06 0.33 −0.05 −0.02 −0.02 1
planetesimals based on their initial positions following the model
of Raymond et al. (2009), with a water mass fraction (WMF) of
10−5 inside 2 AU, 10−3 between 2 and 2.5 AU, and 5% outside
2.5 AU. The WMF of a growing planet was calculated with each
accretion event using a mass balance equation, assuming no water
loss during impact. Under these assumptions, many of our planets
formed with substantial quantities of water (Table 1). CJS simula-
tions produced significantly more water-rich Earth analogues than
EJS runs, containing an average of 0.0052 ± 0.0036 M⊕ of water
versus 0.0015 ± 0.0020 M⊕ . This is likely due to the efficient re-
moval of water-rich bodies by gravitational scattering from Jupiter
and Saturn in EJS simulations, consistent with previous studies
(O’Brien et al., 2006; Raymond et al., 2004, 2009). However, an
important caveat with these simulations is that there are large un-
certainties associated with the initial water contents of planetary
building blocks, the amount of water loss in collisions, and the wa-
ter content of the Earth for comparison, as considerable water may
be stored in the mantle (e.g., Karato, 2011). Nonetheless, CJS runs
appear to deliver larger amounts of mass from the outer regions
of the terrestrial planet zone to the Earth analogue than do EJS
simulations (Section 3.3).

The late veneer refers to the hypothesized late delivery of ma-
terial to the Earth, to explain the highly siderophile element abun-
dances, and their chondritic relative abundances, in the Earth’s
mantle (Morgan, 1986). The late veneer was likely delivered in
small bodies to avoid loss of material to the Earth’s core. The
mass of the late veneer has been estimated to be in the range
0.0009–0.005 M⊕ (Dauphas and Marty, 2002; Mann et al., 2012;
Walker, 2009), or possibly as large as 0.01 M⊕ (Schlichting et al.,
2012). We define the late veneer mass to be the mass of planetes-
imals accreted by the Earth analogue after the accretion of the last
planetary embryo (at times later than the formation timescale). In
nearly half of our simulations, Earth accretes a late veneer whose
mass is within the range 0.0005–0.02 M⊕ . This finding is broadly
consistent with the results of Raymond et al. (2013). The average
late veneer masses for EJS and CJS runs are very similar (Table 1).
This indicates that the late veneer mass is somewhat independent
of the orbits of Jupiter and Saturn, at least when comparing EJS
and CJS cases. However, the provenance of the late veneer is sen-
sitive to the giant planet configuration (Section 3.3).
3.2. Correlations between Solar System observables

While we have quantified the fraction of simulations that repro-
duce particular Solar System constraints on planetary accretion, it
is important to consider whether pairs of observations reproduced
in simulations are correlated with one another when evaluating a
possible dynamic environment and its effects on planetary forma-
tion and chemistry. If matching one variable makes it impossible
to match another, then the starting conditions may not accurately
represent those of the Solar System. If there is no correlation be-
tween the accretion outcomes, then one cannot dismiss the evolu-
tionary pathway of the Earth analogue in a given model run simply
because another feature of the Solar System (e.g., Mars mass, RMC,
asteroid belt mass) was not reproduced.

Tables 2 and 3 show the correlation matrices for our EJS and CJS
simulations, respectively. Each entry represents the correlation be-
tween the observables corresponding to the row and column that
intersect at its location. The matrices contain Pearson correlation
coefficients r, which are calculated as:

r =
∑50

i=1(Xi − X̄)(Yi − Ȳ )√∑50
i=1(Xi − X̄)2

√∑50
i=1(Yi − Ȳ )2

(3)

where X and Y represent the two observables being tested, Xi
and Yi are individual data points, X̄ and Ȳ are the mean values of
those observables, and all sums are performed over our fifty simu-
lations for each dynamic environment. Values of r range from −1
(perfect negative correlation) to +1 (perfect positive correlation),
with a value of zero representing no correlation. By definition
these matrices (Tables 2 and 3) are symmetric with values of 1
on the diagonals. Pearson coefficients test for linear relationships
between the two variables; however, inspection of plots of all it-
erations of variables reveals that there are no additional types of
correlations that were undetected by the Pearson coefficients. Defi-
nitions of “strong” versus “weak” coefficients vary; in the following
discussion, we consider an r value of >0.6 (absolute value) to indi-
cate a strong correlation, 0.35–0.6 a moderate correlation, 0.2–0.35
a weak correlation, and <0.2 no or negligible correlation.

In our EJS simulations (Table 2), the strongest correlation is be-
tween the mass of the late veneer and the formation timescale of
the Earth (Fig. 3C). This negative correlation (r = −0.74) is to be
expected: if the final giant impact on the Earth occurs late, there
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Fig. 3. Correlations between observables from EJS (circular symbols, parts A, C, E, and G) and CJS (triangular symbols, parts B, D, F, and H) simulations. A and B: Angular
momentum deficit versus the water mass fraction of the Earth analogue, illustrating a positive correlation that is somewhat skewed by one data point in the EJS simulations
and no correlation in the CJS simulations. C and D: Late veneer mass versus formation timescale of Earth, showing a strong negative correlation (see text for discussion).
E and F: Radial mass concentration versus Earth formation timescale, which exhibit no correlation (EJS simulations) or a positive correlation (CJS simulations). G and H:
Angular momentum deficit versus the formation timescale of the Earth, showing a weak positive correlation. Shaded regions indicate our definition of a match (Table 1).
are fewer planetesimals remaining for the Earth to accrete as part
of its late veneer, whereas there are more planetesimals available
to be accreted at earlier times. A moderate correlation in our EJS
simulations is seen between the angular momentum deficit and
the water mass fraction of the Earth, with r = 0.56 (Fig. 3A). How-
ever, this is somewhat skewed by the presence of one data point
at high AMD and high WMF; removing this point lowers r to 0.30.
No other combinations of observables produce r values with ab-
solute values greater than 0.3 in our EJS simulations, indicating
weak or no correlations between any other properties. For exam-
ple, the radial mass concentration and the formation timescale of
the Earth have an r value of 0.03 (Fig. 3E), indicating that any Earth
formation timescale may be allowed for a given radial mass con-
centration value.

Our CJS simulations (Table 3) similarly show a strong nega-
tive correlation between late veneer mass and Earth formation
timescale (Fig. 3D), with r = −0.73, for the same reasons as in the
EJS runs. AMD and WMF show no correlation (r = 0.03; Fig. 3B),
somewhat consistent with the low correlation of the EJS simula-
tions if the one outlying data point were removed. In contrast to
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the results of the EJS runs, the CJS simulations show a moderate
correlation (r = 0.43) between RMC and the formation timescale
of the Earth (Fig. 3F). We also find a correlation between RMC and
asteroid belt mass (r = 0.77), which are only weakly correlated in
our EJS results (r = 0.27). No other pairs of observables in CJS runs
produce r values greater than ±0.35, indicating weak or no corre-
lations between any other properties.

Morishima et al. (2010) observed a strong correlation between
RMC/a2

m (where am is the mass-weighted mean semimajor axis)
and the formation timescale of Earth, combining simulation results
using various initial conditions (different configurations of Jupiter
and Saturn and different values of the gas decay rate, surface den-
sity of planetesimals, and initial mass of planetesimals). We see
no correlation between RMC and Earth formation time in EJS runs,
but a moderate correlation in CJS runs that may be the source of
the correlation that Morishima et al. (2010) reports (Fig. 3E and F).
These observations could be explained by less efficient scattering
and removal of bodies in the CJS runs compared to EJS runs. More
mass in the outer terrestrial planet region allows for more pro-
longed accretion timescales and the formation of larger planets
far from the Sun in CJS runs. This same effect could explain the
stronger correlation between RMC and asteroid belt mass seen in
CJS runs as bodies would remain in the outer terrestrial planet re-
gion either as members of the asteroid belt or by being accreted
into a planet. The more efficient scattering and removal of bodies
in the EJS runs would prevent these correlations from developing.

We observe a weak correlation between formation timescale of
the Earth and angular momentum deficit: r = 0.28 for EJS simu-
lations and 0.30 for CJS simulations (Fig. 3G and H, respectively).
Morishima et al. (2010) found a strong trade-off between these
parameters, concluding that the final giant impact on Earth needs
to occur early to avoid producing a very high angular momentum
deficit. Our values for AMD are generally higher than the Solar Sys-
tem value, with mean values in the EJS and CJS cases being 2 and
2.5 times that of the observed value (Table 1), and we do find a
positive correlation between AMD and Earth formation timescale.
However, the weak correlation found in our statistical analysis re-
veals that this correlation is not strong enough to deem these
simulations to be unfit to represent Solar System formation; that
is, a late formation time of the Earth does not preclude a low value
of the AMD.

3.3. Applications of N-body simulations

One of our main goals is to evaluate the applicability of these
N-body simulations to understanding physical and chemical pro-
cesses during the early evolution of the Earth. To do this, we need
to determine whether our simulations may provide representative
descriptions of how the Earth accreted.

Table 1 lists the probabilities of matching various Solar System
observables for the EJS and CJS simulations we ran. Given the num-
ber of parameters tested and the modest probabilities of a match,
a very large number of simulations would need to be run to match
every observable simultaneously. For an EJS environment, the prob-
ability of matching all observables listed in Table 1 is 5.7 × 10−5,
meaning that an average of nearly 18,000 simulations would need
to be run to find one that produces outcomes matching all of the
listed constraints from our Solar System. Similarly, for a CJS con-
figuration, the probability of matching all of these properties is
5.0 × 10−6, corresponding to an average of nearly 200,000 runs
needed to produce one that matches the Solar System. Given these
extremely low probabilities, and the unrealistically large number of
simulations that would need to be run to simultaneously match all
Solar System observables that we tested (Table 1), it is not practical
to run simulations until all observables are matched to determine
how the Earth accreted its mass.
However, the lack of correlations between the various Solar Sys-
tem outcomes considered here (Tables 2 and 3) implies that if we
are interested in understanding the distribution of results for one
particular observable, we do not have to run simulations until all
Solar System properties are reproduced. That is, if a given simula-
tion fails to produce a Mars analogue with sufficiently low mass,
it does not preclude the Earth analogue of that simulation from
accreting the proper water fraction, because these variables are un-
correlated. Thus, any of the Earth accretion histories produced in
these simulations should be considered viable representations of
Earth’s formation for these particular dynamic environments that
can be used to understand the physics and chemistry of its accre-
tion.

Studies are beginning to use N-body simulations as a means of
predicting the bulk chemistry of planets (e.g., Bond et al., 2010;
Elser et al., 2012). Other studies using more complex chemical
models to consider the partitioning of elements between a planet’s
core and mantle (Rubie et al., 2011) could be made more realistic
by coupling their chemical models to N-body accretion simula-
tions. Such simulations offer distinct advantages over the use of an
artificial growth scenario because they provide information about
realistic mass evolution pathways of planets; whether mass origi-
nated as planetesimals or embryos, and thus the degree of reequili-
bration expected upon impact; and the provenance of the accreted
material, which determines its initial chemistry.

By running a large number of simulations, we can better ob-
serve the range and distribution of possible mass evolution path-
ways of the Earth in the dynamic environments considered here.
Fig. 4 illustrates the wide range seen in our fifty EJS simulations.
Most pathways exhibit periods of very slow growth as the Earth
accreted planetesimals, punctuated by large jumps in mass fraction
(sometimes exhibiting increases of almost 50% of the final mass)
due to the accretion of planetary embryos, many of which have
rich accretion histories of their own.

We can also get a statistical sense of the nature and origins of
the building blocks of the Earth. For example, 57% ± 6% (one stan-
dard deviation) of the Earth analogue’s mass comes from bodies
that began as planetary embryos in the EJS simulations, with the
remainder from planetesimals. In the CJS runs, 53% ± 6% of Earth’s
mass originated in embryos. These values are the same within un-
certainty, and these distributions are illustrated in Fig. 5. The total
percentage of the Earth analogue that originated as planetary em-
bryos ranges from 41% to 79%.

Fig. 6 shows the mass fraction of the Earth analogue accreted
from various initial semimajor axes in our EJS and CJS simula-
tions. The average distribution shows a nearly monotonic decrease
in mass fraction of accreted material as a function of distance
from the Sun, but plots of individual simulations show that this
is frequently not the case for any given run. Thus the Earth may
have irregularly sampled different regions of the inner Solar Sys-
tem, an issue that would be important if strong compositional
gradients existed among planetary building blocks. An average of
only 3% ± 4% (one standard deviation) of the Earths’ mass in EJS
simulations originated outside of 2.5 AU, while 10% ± 7% of the
Earth analogues’ mass in CJS simulations did (Fig. 6). This likely
causes the higher water contents of the Earth analogues seen in
CJS simulations as compared to EJS simulations (Section 3.1.3). The
average timing of the delivery of hydrated material (originating
from outside of 2.5 AU) is 13.1 ± 11.2 Ma for EJS simulations and
15.8 ± 8.8 Ma for CJS simulations. An average of 29% and 49% of
hydrated material accreted by the Earth originated as embryos in
EJS and CJS simulations, respectively, with the remainder as plan-
etesimals.

We can also quantify the provenance of the late veneer ac-
creted by the Earth analogue in our simulations. The distribution
of source regions of the late veneer varies from simulation to
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Fig. 4. Mass evolution of the Earth analogues produced in our fifty EJS simulations.
Fig. 5. Mass fraction of Earth analogues from planetary embryos in EJS (orange) and
CJS (blue) simulations. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

simulation, but differences in the dynamic environments are ev-
idenced by differences between the average distributions for EJS
versus CJS simulations (Supplemental Fig. 2). On average, nearly
half of the late veneer mass in EJS simulations originated in the
range 1–1.5 AU from the Sun, with much less material originat-
ing inside 1 AU and a monotonic decrease with increasing distance
beyond 1.5 AU. In contrast, CJS simulations show a mostly flat dis-
tribution of source regions on average, with approximately half of
the late veneer mass originating inside of 2 AU and half originat-
ing outside of 2 AU. EJS simulations also show a lower degree of
variation in late veneer source distributions between runs than CJS
simulations do. In general, this suggests that circular orbits of the
giant planets are likely to lead to a more volatile-rich late veneer
than the eccentric orbits.

By running a large number of simulations, we are able to il-
lustrate the importance of quantifying the probabilities of rare
events. Due to the highly stochastic nature of planetary accre-
tion, it is unknown if various aspects of the Solar System represent
the most likely outcomes of its initial conditions. Our results sug-
gest that there is no simple definition of a most likely outcome,
but rather that the range of possible outcomes is huge. There-
fore, when studying terrestrial planetary accretion, perhaps the
goal should not be to find a dynamical environment that consis-
tently reproduces all Solar System observables simultaneously, but
Fig. 6. Distribution of source regions of material accreted by Earth analogues in A:
EJS simulations and B: CJS simulations. Thick black line: average over fifty runs.
Thin colored lines: examples of a few individual simulations to illustrate the range
of outcomes.

rather environments that can match various observables with some
probabilities and that do not exhibit strong correlations that would
prevent the combination of parameters that describe the Solar Sys-
tem today. If a given environment can be defined that reproduces
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all Solar System properties (e.g., Table 1), this would certainly be
a strong candidate for representing the conditions present in the
early Solar System. However, given the stochastic nature of ac-
cretion, when evaluating a given dynamical environment for our
Solar System, we must recognize that reproducing all features of
the Solar System is unlikely particularly if some outcomes may be
low probability events. Only by examining a large number of cases
will it be determined what the full range of outcomes for a given
dynamical environment is, and consequently whether such an en-
vironment is a candidate for the early Solar System. It should also
be noted that even if one simulation were to reproduce all Solar
System observables simultaneously, this does not necessarily imply
that the initial conditions used in that simulation exactly match
those of our Solar System.

4. Conclusions

Fifty high-resolution N-body simulations have been run for
each of two possible Solar System orbital configurations, with
Jupiter and Saturn on either circular or eccentric orbits, to quantify
the range of outcomes that are possible in each. These simula-
tions allow quantification of the probabilities of matching dynamic
observables of the Solar System, including the likelihood of low
probability events, and the correlations that exist between various
outcomes. The most strongly correlated Solar System observables
are the mass of the late veneer and the formation timescale of
the Earth, which can be explained on physical grounds. Most other
variables are weakly correlated or uncorrelated, indicating that our
simulations may be sampling the full probability distribution func-
tions for the outcomes of individual Solar System observables even
if not all of the observed properties are reproduced in any given
run. Simulations run with an EJS configuration are approximately
ten times more likely to match all Solar System observables tested
than those with CJS configurations, though probabilities are still
very low for each. However, as stated above, because of the weak
to non-existent correlations that were found between the differ-
ent outcomes described here, failure to reproduce one or multiple
observables does not mean other features of the Solar System can-
not be produced in the same simulation. Thus, as each of the
observables considered here can be reproduced in these dynamic
environments, each of the dynamic environments must be consid-
ered as plausible for the early Solar System. As such, each of the
accretion histories predicted for the Earth analogue should be con-
sidered as a possible description of the Earth’s true growth history.

N-body simulations provide a wealth of information about
planetary growth, such as mass evolution pathways of planets and
original sizes and locations of accreted bodies, which has the po-
tential to greatly inform our understanding of the chemistry of
the terrestrial planets, and this utility is not limited to simulations
whose outcomes closely match the properties of the Solar System.
Instead, all of the N-body simulations performed here for the early
evolution of our Solar System should be considered as providing
possible accretion pathways for the formation and evolution of the
Earth that may be realized for a given dynamic scenario. As we
advance N-body simulations as tools for studying the chemistry of
planetary formation, we must thus consider the full range of accre-
tional histories each dynamic environment might produce in order
to ensure a proper comparison of model predictions to geochemi-
cal data.
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