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Abstract 
Giant impacts heavily influenced the final configura-
tion and geochemistry of the terrestrial planets. In this 
study we use machine learning to explore a rich da-
taset of giant impact simulations in a supervised fash-
ion. This new methodology produces mappings of gi-
ant impact outcomes in an N-Dimensional (N-D) pa-
rameter space, e.g., mass of target, target-projectile 
mass ratio, impact velocity and impact angle. We dis-
cuss the physical insights emerging from this initial 
analysis and future work. 

1. Introduction 
Bombardment by large projectiles played a key role in 
the formation of the inner planets through accumula-
tion of rocky planetesimals. Our group uses 
Smoothed-Particle Hydrodynamics (SPH) to model 
giant impacts on planetary bodies such as the Moon, 
Mercury and Mars (e.g. [3,5,6]). As of today, our da-
taset is composed of over 1,500 simulations spanning 
a wide range of parameters (composition, size, mass 
ratio, impact angle, impact velocity). Each SPH out-
come is a complex N-D state (consolidated planets, 
clumps, unconsolidated ejecta, and their characteris-
tics including thermodynamic states, etc.) that requires 
detailed analysis.  

In this regard, state-of-the-art machine learning tech-
niques allow for several advantages: 1) they can 
streamline the generation of data sets to most effi-
ciently explore regions of interest in a large parameter 
space; and 2) they can perform accurate mappings of 
initial conditions and end-states, with associated prob-
abilities, taking into account a high-dimensional pa-
rameter space. This is in contrast to human operators 
that are often limited to a mostly 2-D understanding of 
the data. Modern machine learning schemes take ad-
vantage of this big data problem to spot new and some-
times unexpected correlations.  

In this pilot study, we trained, tested and validated an 
algorithm able to map strictly the pre-impact condi-
tions to the accretion efficiency (defined as the frac-
tion of the projectile mass Mp. acquired by the target 
Mt). The adopted scheme is supervised: the machine 
learns the correlation between input and output using 
labelled data: {xi; yi}, where xi is an array of four input 
parameters (predictors): Mt (mass of the target), Mp.  

(mass of the impactor), q (impact angle) and the ratio 
between the impact velocity and the escape velocity; 
and yi is the corresponding response. Efficiency, accu-
racy, and predictive power will be discussed. 

2. Classification model  
In SPH, the continuous fluid is represented as a La-
grangian set of particles that move with the flow; this 
allows easy visualization and supports analytical de-
ductions ([4] and references therein). We designed a 
naive Bayesian classifier [7] based on a visual classi-
fication of simulation outcomes. Fig. 1 shows an ex-
ample of a posteriori classification probability for 4 
distinct impact outcomes defined and discussed in 
[1,4,8]: Hit & Run, Graze & Merge, Merge, Disrup-
tion. Each of these collisional regimes can be thought 
of as a ‘phase’ in which collisional behaviour is simi-
lar, that is, a scaling law can be expected to apply. The 
topology reveals relatively narrow transition regions 
between the different collisional regimes, in which the 
collisional outcome associated with a combination of 
parameters is probabilistic. The classifier can be 
adopted as a guideline to distinguish “interesting” re-
gions of phase-space to be followed up with further 
simulations. 

3. Surrogate model  
While a classifier is able to handle discrete, qualitative 
responses, a surrogate model is an algorithm able to 
mimic the SPH physics and to predict continuous 
(floating point) outputs given the input parameters 
(predictors). Running the surrogate model drastically 
reduces the computational time with respect to full 
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SPH simulations (from hours to seconds). The surro-
gate model forecasts accretion efficiency at several 
times the gravitational timescale, after pressure gradi-
ent forces are no longer acting. The accretion effi-
ciency map, Fig. 2, is richer in terms of collisional out-
comes with respect to the Bayesian classifier. We note 
that a significant fraction of the projectile mass Mp can 
be acquired by the target Mt  in ‘Hit & Run’ collisions 
too, without a complete merging of the projectile with 
the target. Conversely, ‘Graze & Merge’ collisions at 
low velocity and high impact angle can somewhat be 
inefficient, implying that a significant fraction of mass 
ends up forming unbounded remnants. 

4. Conclusions and future work 
This study shows the potentialities of machine learn-
ing in: 1) processing large planetary formation da-
tasets without a heavy involvement/bias from the user; 
2) identifying “strange” or interesting regions in the 
parameter space requiring further study; 3) providing 
a statistical description to phase boundaries as op-
posed to the hardline boundaries of traditional scaling 
laws. One long-term scientific goal is to obtain sys-
tematic guidance to solutions of complex problems 
such as Earth-Moon system formation and Mercury 
formation [6, 3] that may exist on phase boundaries in 
outcomes of giant impacts.  

In future work we will create a complete surrogate 
SPH model that can enable additional  
outputs such as masses, velocities and spin states of 
the largest remnants. We will also apply this approach 

to the transition from gravity- to friction-dominated 
collisions. The surrogate model could be subsequently 
used as input in N-body simulations for post-colli-
sional dynamical studies. Being an invertible function, 
we can apply the surrogate model to gain a better un-
derstanding of the relative likelihoods of any specific 
giant impact scenario. 
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Figure 2. Example of prediction for accretion 
efficiency using the designed surrogate model           

(Mt = 0.1MEarth and  γ = Mp/Mt = 0.7).  

Figure 2. Example of a posteriori probability 
distribution for the 4 outcome categories                  

(Mt = 0.1MEarth and  γ = Mp/Mt = 0.7). 
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Abstract
Collisions between similar sized bodies often result in
multiple remnants. We study two most common path-
ways of growth during ‘late stage’ accretion, which
are graze and merge, and hit and run return where a
hit and run is followed by a slower accretionary en-
counter, accounting for the presence of the Sun or a
central planet. With initial N-body study we find that
in case of an hit and run return the impact velocity is
mostly determined for the prior impact while impact
angle and direction are not. This has implications for
the formation of our Moon if resulted from a hit and
run collision, as the disk would be offset relative to the
equator of the Earth.

1. Introduction
Collisions at near-escaping velocities between similar-
sized planetary bodies (i.e. giant impacts) are seldom
efficient when it comes to accretion. More often than
not, a significant part of the smaller, the impactor,
‘misses’ the target, leading to the collision resulting
in multiple remnants [1]. This part of the impactor be-
comes either a ‘runner’ stripped of its exterior materi-
als, or fragments into a suite of genetically-correlated
smaller planets. The relative velocity is decreased fol-
lowing the collision; when the bodies remain gravita-
tionally bound, the result is successive collisions sep-
arated a day or so in the case of graze and merge col-
lisions (GMC) [6]. When not, the result is hit and run
collision (HRC) where the runner eventually returns
in a time scale of thousands to millions of years [4],
leading to a hit and run return collision (HRR).

2. Methods
Collisions are modelled with the SPH technique us-
ing a code suited for large scale collisions and that in-
cludes a strength model for solid friction [7, 3]. We
model both kinds of accretions, and study the thermo-
dynamic (P, T) evolution and spatial mixing of parti-
cles to ascertain the effectiveness of successive giant

impacts, especially on isotopic equilibration and for-
mation of large satellites. GMC can be studied using
uninterrupted hydrocode simulations, provided the dy-
namics of the runner is advanced accurately enough
to predict the angle and velocity of the return col-
lision, upon which the final outcome depends sensi-
tively. When graze and merge happens in orbit around
a planet or close to a star, however, GMC can becomes
HRC if the bodies range beyond the Hill sphere. In
the case of HRC the escaping runner must be tracked
for many orbits until its next encounter with the target;
this can be a close encounter leading to escape of the
runner, or a follow-on collision that we model by map-
ping the outcome of one hydrodynamical simulation
into another. We map the target and runner emerg-
ing from one collision (ignoring lost collision prod-
ucts) into an N-body code, assuming a range of possi-
ble pre-impact orbits following [5]. This provides tim-
ing, velocity and geometry constraints for the return
collision.

3. Results
In our initial N-body studies we find that the impact
velocity of the return collision is mostly determined
from the end conditions of the prior collision, with a
greater dispersion in impact velocity as the time be-
tween collisions increases (Fig. 1). The presence of
other planets in the system causes a further increase in
the dispersion of impact velocities, but barely affects
the delay between the collisions. On the other hand,
the impact direction and angle are essentially uncon-
strained.

4. Discussion and outlook
Hit and run return and graze and merge are the most
common mechanisms of late stage accretion; in either
case the second impact must be modeled with some
precision to understand the actual outcome. This re-
sults in sensitivity of the outcome to parameters such
as impact velocity, impact angle and rotation state and
composition, and also orbital dynamics of the collid-
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Figure 1: Correlation between the impact velocity
versus delay between the successive collision for an
hit and run return case. The characteristics of the
prior collision are mtar = 1 M⊕, mimp/mtar = 0.1,
vimp/vesc = 1.2 and θ = 50◦. It results in two rem-
nants with a mass ratio mslr/mlr = 0.078 and a rela-
tive velocity such that the return collision would have
vimp/vesc = 1.099 if the value was conserved.

ing bodies around the Sun, or around a central planet.
Runners emerge at a reduced relative velocity, and
are smaller than the projectiles that made them. The
follow-on giant impact in HRR is therefore expected
to strongly favor merger compared to the first giant
impact. This means that a first return is more com-
mon than a subsequent return and so on. However, a
simple merger is rare, that is not a graze and merge
[2]. Lastly, since the specific geometry (though not
the velocity) of the second encounter is random, we
consider how HRR might establish an offset between
the spin axis of the merged body and the disk material
that is launched in the original collision. If Theia and
proto-Earth accreted by HRR, then the protolunar disk
spawned by the first collision would be offset relative
to the equator of the Earth. We use this dynamical
constraint to begin to identify scenarios for Moon for-
mation as a sequential merger.
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Abstract 

We show that the measured present day atmospheric 

Ar, Ne isotope ratios and elemental K/U ratios 

measured for Venus and Earth can be reproduced by 

a combination of EUV-driven hydrodynamic 

hydrogen escape and impacts happening during 

accretion. We find that both protoplanets formed 

within the solar nebula and accreted large enough 

masses able to capture thin hydrogen envelopes, 

which were then lost within a few 10s of million 

years after disk dispersal. We further show that early 

Venus was surrounded by a denser primordial 

hydrogen-dominated atmosphere compared to a less 

massive proto-Earth that accreted its final mass by 

pre-fractionated dry impactors and about two percent 

carbonaceous chondrites after the thin primordial 

hydrogen envelope was lost. Our results agree with 

hafnium-wolfram isotope chronometric evidence that 

favors a fast accretion scenario of the Earth with a 

late Moon-forming impact. We conclude with a 

discussion on the implications of these findings in 

relation to planetary evolution of terrestrial 

exoplanets and their potential habitability. 
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Abstract 

In the early evolution of planetary systems, 

protoplanets originate from the coagulation of dust 

and ice and initially reside embedded in the gas of 

the circumstellar disks. From isotope studies, it is 

expected that the Earth (and terrestrial planets) 

formed from pre-fractionated differentiated planetary 

embryos and a few percent carbonaceous chondrites. 

Large planetesimals and planetary embryos are 

differentiated bodies with sizes of several hundred to 

a few thousand kilometers. Planetary embryos form 

protoplanets via mutual collisions, which can lead to 

the development of magma oceans. During their 

solidification, significant amounts of the mantles’ 

volatile contents may be outgassed. We show that the 

resulting steam atmospheres can be lost efficiently 

via hydrodynamic escape that drag heavier elements 

like noble gases, K, Na, Mn, Mg, P, etc. into space so 

that they are also lost. Planetary embryos that are 

later involved in terrestrial planet formation can be 

drier than previously expected. We model the 

outgassing and subsequent hydrodynamic escape of 

steam atmospheres from such embryos, including the 

efficient outflow of H that drags along heavier 

species like O, CO2, CO, K, Na, Mn, Mg, P, etc., and 

noble gases (Ar, Ne, Xe, Kr) and their isotopes. The 

full range of possible EUV evolution tracks of a 

young solar-mass star is taken into account. We 

investigate the atmospheric/elemental escape from 

Moon, 0.5Mars-, Mars- and 1.5Mars-sized planetary 

embryos at different orbital distances. Finally, we 

discuss the implications of our findings in relation to 

elemental composition of the bulk silicate Earth 

composition.  
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1. Introduction 
The dating of geological units and events on the Moon 
is achieved by two inherently different approaches: 
(1) radiogenic isotope dating of returned lunar 
samples or meteorites and (2) model age 
determination using crater size-frequency 
distributions (CSFDs). Combining the results from 
both approaches applied to Apollo and Luna landing 
sites has allowed the development of the lunar 
cratering chronology, which enables absolute model 
ages to be derived from CSFDs of unsampled regions 
on the Moon [e.g., 1]. Since the initial development of 
the lunar cratering chronology, both age 
determinations through radiogenic isotope ratios and 
CSFD dating techniques have advanced, and recent 
orbital missions have collected new global datasets, 
allowing us to re-evaluate and update the calibration 
points for the cratering chronology. Here, we combine 
both dating techniques to reinvestigate the Apollo 14 
landing site. 

 

Figure 1: Inverse Pb-Pb isochron diagram for a bulk 
fine-grained fraction of sample 14310. 

2.  Pb-Pb Dating 
The pioneering U-Th-Pb studies of sample 14310 
performed in the early 1970s yielded dates of ca. 3.8-
3.9 Ga [e.g., 2], which were interpreted to represent 
the crystallization age of this rock. We are carrying out 
Pb-Pb analyses to complement our multi-system (Sm-
Nd, Lu-Hf, Rb-Sr) chronological work on this sample 
[3], with the aim of testing for concordance among 
isotope systems and precisely constraining the 
crystallization age. For our Pb-Pb work, each mineral 
concentrate was subjected to a 12-step washing and 
progressive digestion procedure in an attempt to better 
separate radiogenic, initial, and contaminating Pb 
components [e.g., 4, 5, 6]. The earlier U-Th-Pb studies 
[e.g., 2] did not do this, as it would have potentially 
fractionated these elements. Figure 1 shows our 
inverse Pb-Pb isochron obtained for a bulk fine-
grained fraction (<65 µm) of 14310, which yields a 
date of 3858 ±62 Ma that is concordant with the Rb-
Sr, Sm-Nd, and Lu-Hf dates that we have obtained on 
the same sample split. 

3. Apollo 14 Landing Site 
The Apollo 14 landing site is situated about 600-
800 km south of the Imbrium basin within the Fra 
Mauro Formation (FMF), which has been interpreted 
to be Imbrium ejecta [e.g., 7]. The landing site was 
originally chosen to sample ejecta blocks that were 
excavated from the very young and nearby Cone crater, 
and interpreted to unambiguously represent the FMF 
[7]. Sampling the ca. 30 Ma Cone crater has also 
provided an important anchor point for young lunar 
surfaces [e.g., 8]. The presence of old and young 
surface units make the Apollo 14 landing site 
especially worthy of reinvestigation, as we can 
potentially constrain the lunar cratering chronology 
for both old and young ages. 
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4. CSFD Measurements 
The originally reported N(1) value of 3.7 ± 0.7 × 10-2 
yielded an estimated age of the FMF of 3.91 ± 0.1 Ga 
[1]. We used the global Wide Angle Camera (WAC) 
mosaic (100 m/pixel; incidence angle: 60°) to perform 
new CSFD measurements on the same counting area 
and report a N(1) value of 4.23 × 10-2, which was fit 
with the lunar chronology function, yielding an age of 
3.94 ± 0.02 Ga, as seen in Figure 2. This result is 
within the uncertainty of [1] and agrees with recent 
Imbrium age estimations of 3.91-3.94 Ga [e.g., 9]. 

 

Figure 2: Re-counted cumulative CSFD for the 
original area selected by [1] for Apollo 14.  

5. Outlook 
Our preliminary results indicate that sample 14310 is 
younger than the Imbrium basin, if we assume the 
most recent age estimate of 3.91-3.94 Ga [e.g., 9], 
which we were able to reproduce with our CSFD 
measurements based on the global WAC mosaic. We 
are currently performing CSFD measurements based 
on Near Angle Camera (NAC) data to better constrain 
the N(1) value of the FMF and will present the results 
at the meeting. Additionally, we will aim to identify 
potential source craters of 14310 and discuss possible 
implications on the lunar cratering chronology. 
Ultimately, this ongoing study aims to combine both 
laboratory and remote sensing investigations to reveal 
new constraints on the age of the Imbrium basin 
formation event. 
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1. Introduction 

Apollo 16 sample 67935 belongs to the so-called 

“mafic melt breccias” presumably formed during the 

Imbrium event [1], which most likely happened 

3910-3940 Ma [2]. However, an old 187Re-187Os date 

(4210 ±130 Ma [3]) for sample 67935 is inconsistent 

with an Imbrium origin. To resolve this contradiction, 

we are trying to date this sample using a 

multichronometer approach, in which 176Lu-176Hf, 
147Sm-143Nd, 87Rb-87Sr, and Pb-Pb are analysed on 

the same split [4, 5].  

2. Methods and Results 

We were allocated a ~1 g aliquot (,39) of 67935 

comprising 2 pieces. White clasts were present in 

both pieces, and glass veins intruded the larger piece. 

During crushing, the clasts and glass phases were 

separated. This sample is too fine-grained (~20 µm) 

for standard magnetic separation procedures. To 

solve this problem, we developed an enclosed system 

for magnetic separation in ethanol [6] (based on [7]). 

With this setup, we successfully separated six 

compositionally different mineral fractions from a 

≤ 20-µm bulk fraction. The separates, numbered 

1 to 6 grade continuously from dark grey and most 

magnetic (#1) to light grey and least magnetic (#6). 

After digestion, elements for all six separates plus a 

‘bulk fine’ fraction (whole rock fraction from which 

metal was removed using a hand magnet) were 

separated following the two-stage elution scheme 

of [8], followed by additional steps to separate Sm 

and Nd (using Ln-Spec columns), and to clean up the 

Sr fraction (using Sr-Spec columns). Strontium was 

measured on a Thermo Triton MC-TIMS, and all 

other elements (Lu, Hf, Rb, Sm, and Nd) on a 

Neptune Plus MC-ICP-MS.  

The resulting ranges in parent-daughter ratios are 
176Lu/177Hf: 0.017-0.022, 147Sm/144Nd: 0.161-0.174, 

and 87Rb/86Sr: 0.024-0.081 and all three systems have 

apparently been disturbed. Using all 7 isochron 

points does not yield a statistically relevant isochron 

for any of the three systems (Lu-Hf: 2689 ±1400 Ma, 

MSWD = 181; Rb-Sr: 4527 ±550 Ma, MSWD = 20; 

Sm-Nd: 3614 ±560 Ma, MSWD = 9.5). When 

excluding #3 and #4, the remaining 4 mineral 

fractions and the ‘bulk fine’ fraction yield a 

3902 ±160 Ma Sm-Nd isochron (MSWD = 1.4, 

Figure 1C). The Lu-Hf and Sm-Nd isotopic 

systematics of samples on the lunar surface can be 

affected by neutron capture (NC) effects [9], which 

then would have to be corrected [4, 10]. However, no 

resolvable 180Hf/177Hf or 149Sm/152Sm anomalies were 

found when measuring an unspiked ‘bulk fine’ 

fraction. This indicates that no significant NC effects 

are present, and thus no correction was applied. 

3. Discussion and Future Work 

As can be seen in Figure 1A and 1B, the scatter in the 

Rb-Sr and Lu-Hf systems significantly exceeds the 

area covered by the two reference isochrons that 

reflect the two most likely ages of this sample. Thus, 

those two systems cannot be used to better constrain 

the age of sample 67935. However, our 5 of 7 point 
147Sm-143Nd isochron date (3902 ±160 Ma, Figure 1C) 

is distinct from the 4210 ±130 Ma 187Re-187Os date 

of [3], but is in line with a 3910-3940 Ma Imbrium 

age [2]. At the moment however, we do not 

understand why points #3 and #4 deviate from the 

isochron.  

We will analyse all six mineral separates with Raman 

spectroscopy to identify the minerals present and to 

better discern the differences between them. 

Furthermore, we are in the process of analysing the 

glass and clast fractions, which were separated from 

the sample during sample preparation. Some of our 

analysed mineral fractions might be “contaminated” 

with clast or glassy material. Thus, identifying the 

isotopic compositions of these two components could 

help to quantify the contamination and explain at 

least some of the scatter in our isochron plots. We 

will also try to date the sample using Pb-Pb as we 

recently did for 14310 [5]. 
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Figure 1: 87Rb-87Sr (A), 176Lu-176Hf (B), and 147Sm-
143Nd (C) data obtained here for 67935. Reference 

isochrons are shown in panels A and B. The 147Sm-
143Nd isochron (3902 ±160 Ma) through the bulk fine 

and 4 mineral fractions (#1, #2, #5, and #6) is shown 

in panel C. Error ellipses are 2σ standard deviation. 
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Abstract 

The aim of the research is to improve the present 

knowledge about the early phase of the Earth´s 

evolution, subsequent to the formation of the Moon. 

In this period the Earth was probably characterized 

by the presence of a magma ocean or several magma 

ponds and the silicate melt was the main source of 

volatiles for the early atmosphere. Specifically, the 

volcanic degassing and the volatile chemical 

speciation were investigated through the use of 

numerical modelling of the outgassed species. We 

analysed the volatile transition from the mantle to the 

atmosphere of the C-O-H system by the usage of the 

equilibrium constants and mass balance method. 

Considering the oxygen fugacity (ƒO2) as one of the 

main factors that affects the chemical speciation, we 

observed changes in the ratio of reduced (H2 and CO) 

or oxidized (H2O and CO2) species with different ƒO2 

values. The results show an interesting aspect of the 

interaction between the solid/melt phase and the gas 

phase since the volatile final composition is directly 

related to the melt oxygen fugacity. 

Introduction 

During the early phase of its evolution the Earth was 

likely characterized by a magma ocean stage [1]. The 

planet was completely or partly molten and there was 

a strong interaction between the silicate melt phase 

and the atmosphere. The aim of the research is to 

better characterize the volcanic degassing of the 

magma ocean and the related development of the 

early Earth’s atmosphere. The volatile speciation and 

transition from the mantle to the atmosphere was 

analysed throughout numerical model simulations. In 

particular, the gas chemical speciation of the C-O-H 

system and its relationship with the redox state of the 

magma ocean are investigated.  

Methods  

The magma ocean outgassing and the volatile 

chemical speciation of the C-O-H system are 

investigated with the “Equilibrium and mass balance 

method” [2, 3]. The following reactions are simulated 

at different thermodynamic conditions and redox 

ambient. 

H2 + 1/2O2 = H2O    (1) 

CO + 1/2O2 = CO2    (2) 

The equilibria (1, 2) are representative of the major 

volcanic volatile species of the C-O-H system. The 

composition of the gas phases are analysed with a 

fixed pressure of 1 bar and for a wide range of 

temperatures which are representative for the magma 

ocean context. The gas chemical speciation is 

influenced not only by the thermodynamic properties 

but, one of the most important aspects is the redox 

state of the melt during the outgassing process. The 

redox ambient of the magma ocean is represented by 

the level of oxygen fugacity of the melt silicate phase. 

In order to investigate the oxidation state of the melt, 

and therefore of the magma ocean, the oxygen 

fugacity is calculated using the well-known 

parametrizations for the most used petrological 

mineral buffers [4] and several meteoritic 

compositions [3]. To simulate the oxidizing ambient 

were selected the nickel-nickel oxide (NiNiO) and 

the quartz fayalite magnetite (QFM) buffers. In 

addition, to reproduce reducing conditions we 

selected the quartz-iron-fayalite (QIF) and iron 

wüstite (IW) buffers. Moreover, the calculated 

oxygen fugacity of undifferentiated chondritic 

meteorites (CI, CV, H and EH) and of differentiated 

eucrititc composition were considered in combination 

with the mineral buffers. This method connects the 

redox state of the melt to the outgassed volatile 
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species, since the calculated oxygen fugacity is 

employed in the numerical modelling of the gas 

phase equilibria. 

Results  

In the figure 1 we show the calculated oxygen 

fugacity using the parametrization from [3, 4]. 

 

Figure 1. Calculation of oxygen fugacity of some of 

the most used petrological mineral buffers and 

meteoritic compositions. 

 

Figure 2. The diagram shows the ratio of H2/H2O for 

different oxygen fugacity over temperature (P=1 bar). 

 

Figure 3. CO/CO2 ratio related to different redox 

conditions as function of temperature (P=1 bar). 

In the graphs we show the strong variations of 

oxygen fugacity for reducing or oxidizing ambient. 

The strong variation of oxygen fugacity deeply 

influences the gas chemical speciation. In figures 2 

and 3 are plotted the ratio of H2/H2O and CO/CO2 

related to the redox conditions over an interval of 

temperatures and with a pressure of 1 bar. In the plots 

there is a strong change in the volatile composition 

connected to the redox state and to the temperature. 

For low temperatures and low oxygen fugacity (QIF 

and IW buffers) the main chemical species are CO 

and H2. On the other hand in an oxidizing ambient 

(NiNiO and QFM buffers) the volatile composition is 

substantially H2O and CO2. 

Discussion and conclusions 

The main objective of our research was to shed light 

on the volatile outgassing during the Earth magma 

ocean stage and to the related composition of the 

early atmosphere. For this purpose, we simulated the 

volcanic outgassing and the speciation of the gas 

phases as a function of: pressure, temperature and 

redox state. As first step we calculated the oxygen 

fugacity for the most used petrological mineral 

buffers and for some meteoritic compositions. 

Subsequently, we estimated the outgassed volatile 

composition at different redox conditions. We 

observed that the redox state of the melt affects the 

gas phase composition. The main gas species under 

reducing conditions (QIF and IW mineral buffers) are 

H2 and CO but for oxidizing conditions (NiNiO and 

QFM) H2O and CO2 are the dominant volatiles. In 

conclusion, this method permits to directly link the 

silicate melt to the outgassed species. The results 

show that the oxygen fugacity has a strong control on 

the volatile speciation and therefore, on the 

composition and evolution of the early Earth 

atmosphere. 

Acknowledgements 

This research has been funded by the Deutsche 

Forschungsgemeinschaft (SFB-TRR 170, subproject 

C5). 

References 

[1] Elkins-Tanton, 2008. Annu. Rev. Earth and Pl. Sci. 

40:113-39.  

[2] Gaillard and Scaillet, 2014. Earth and Pl. Sci. Let. 

403:307–316.  

[3] Schaefer and Fegley, 2017. Astrophy. J. 843:120 (18pp). 

[4] Holloway et al., 1992. Eur. J. Min. 4, 105-114. 



Realistic modeling of water transport to terrestrial planets by
combining long-term dynamics and collision physics

Christoph Burger (1,2), Christoph Schäfer (2) and Akos Bazso (1)
(1) Department of Astrophysics, University of Vienna, Austria (c.burger@univie.ac.at), (2) Institut für Astronomie und
Astrophysik, Eberhard Karls Universität Tübingen, Germany

Abstract

The last stage of terrestrial planet formation probably
comprises the growth of planetary embryos – along
with remaining smaller bodies – into the final plan-
ets, marked by chaotic interactions between the rela-
tively few remaining large bodies, including similar-
sized (giant) collisions and radial mixing of material
that originated at very different locations in the disk.
Despite the increasing trend of treating individual col-
lisions beyond the (over-)simplified perfect merging
assumption, this has not yet been applied consistently
to (N-body) simulations of water transport to terres-
trial planets, and none of the collision-outcome models
that emerged in recent years seems to be well-suited
for this task [1].

To close this gap between current planet formation
models and the actual fate of volatile material in colli-
sions, we present a framework to consistently combine
the dynamics of late-stage planet formation with trans-
fer and loss of material in collisions. Our results show
that overall water losses in single collisions can often
be tens of percent, and in the common hit-and-run en-
counters the smaller body is frequently stripped of the
majority of its pre-collision volatiles. This strongly
suggests the necessity to track both large survivors of
a hit-and-run collision (and their retained and trans-
ferred volatiles) through the further N-body evolution.

1. Methods
We use a hybrid approach to combine the dynamical
long-term evolution, with fully three-dimensional hy-
drodynamical simulations of individual collisions. For
modeling the N-body dynamics over 10s to 100s of
Myrs we use the REBOUND1 package [3], while col-
lisions are simulated with our SPH code [4]. The lat-
ter allows for optional solid-body rheology including

1REBOUND can be downloaded freely at
http://github.com/hannorein/rebound.

a damage model, multiple materials, along with self-
gravity, and is implemented to utilize powerful GPU
hardware to allow large particle numbers combined
with still practical computing times.

Figure 1: SPH collision snapshots (cut views), illus-
trating water transfer and loss in a typical hit-and-run
encounter. The color-coding shows the bodies’ com-
position, where the initial water inventories of projec-
tile and target are highlighted in different colors (blue
and white). The total colliding mass is 1023 kg, γ =
1:9, v/vesc = 2.5, and α = 45◦.

2. Results and conclusions
Collisions between similar-sized bodies exhibit a di-
verse range of possible outcomes between (partial) ac-
cretion, hit-and-run, and (partial) erosion. In previous
work [2] we already showed that not only the impact
velocity (v/vesc), impact angle (α) and projectile-to-
target mass ratio (γ), but also the total colliding mass
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are important for determining volatile losses. Fig. 2
summarizes the total amount of water loss (combined
for all large fragments) for a suite of collision scenar-
ios. Highly energetic encounters result in losses well
above 50%, but already moderate collision parameters
can lead to values in the tens-of-% range.
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Figure 2: Overall water losses of projectile+target as a
function of v/vesc, for a large variety of impact angles
α and mass-ratios γ, from [1]. The strong dependency
on each of these parameters is clearly visible.

Especially for relatively fast and non-central en-
counters, so-called hit-and-run, the individual post-
collision water inventories become important, and
great differences between the 2 large fragments can
emerge, as illustrated in Fig. 3. While the most-
massive body remains rather unaltered, it is often es-
pecially the smaller one of the colliding pair that is
affected down to the core, and efficiently stripped of
volatiles, as exemplified in Fig. 1. Therefore combin-
ing physically correct collision outcomes with N-body
dynamics has to include the 2 large hit-and-run sur-
vivors separately, even if this results in a considerable
computational slow-down since the number of bodies
decreases naturally much slower with time (compared
to having strictly only 1 survivor).
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Abstract 
The purpose of the present study is to evaluate the 
lunar bulk composition (BSM) and the composition 
of the three-layer mantle based on a joint inversion of 
lunar mass and moment of inertia, and the mantle 
seismic velocity profiles in combination with Gibbs 
free energy minimization. We obtained that 
regardless of the thermal state, BSM possess almost 
constant values of bulk FeO ~ 12-13 wt.% and MG# 
80-81.5, which id significantly different from those 
of the bulk-silicate Earth (BSE). The FeO content 
and MG# are approximately identical in the upper 
and lower mantle. The abundance of SiO2 slightly 
depends on the thermal state. On the contrary, there 
are two different groups for the lunar abundance of 
alumina depending on the thermal state: 1) Cold 
models of BSM (3-4.6 wt.% Al2O3) are comparable 
to the Al2O3 content for the BSE; 2)  Hot models 
(bulk Al2O3 is 1.2 – 1.7 × BSE). The simulation 
results suggest that the lunar mantle is stratified by 
chemical composition.  

1. Introduction 
The chemical composition of the Moon should be 
considered as a fundamental geochemical constraint 
when testing cosmogonic models of its origin. One of 
the most important problems of lunar geochemistry is 
the determination of its bulk composition - mainly 
the concentrations of rock-forming oxides SiO2, 
Al2О3, CaO, FeO and the MG# affecting mineralogy 
and physical properties (density (ρ), bulk (KS) and 
shear (G) moduli, VP and VS) of the mantle. The 
purpose of this work is to evaluate these geochemical 
parameters and to construct a model of chemical 
composition of the Moon based on a joint inversion 
of lunar mass and moment of inertia, the mantle P-, 
S-velocity profiles and petrological models methods.  

2. Data and method 
We investigate the thermal state and chemical 
composition of the silicate portion of the Moon (crust 
+ mantle; BSM) for the magma ocean model (wich 
implies that modern composition of uniformly mixed 
overlying shells is identical with the bulk 
composition of the magma ocean, and reflect the bulk 
composition of the silicate Moon). We consider a 
five-layer model of the internal structure of the Moon 
including the crust, three zones of the mantle (the 
upper (39-240 km), the middle (240-750 km) and the 
lower mantle (750 km - core)) and Fe-S core.  The 
input parameters of the model are the lunar mass and 
moment of inertia [1], the composition, the mean 
density and thickness of the crust, the seismic P- and 
S-wave velocities in the mantle [2,3], the oxide 
concentration interval in the NaTiCFMAS system, 
the average density of the Fe-S core.  
The modeling of the composition and physical 
properties of the Moon was performed in the 
NaTiCFMAS system using Monte Carlo method and 
Gibbs free energy minimization combined with a 
Mie-Grüneisen equation of state of minerals 
described in detail in our previous publications [4,5]. 
The following ranges of oxide concentrations in the 
mantle (wt.%) were considered: 25 ≤ MgO ≤ 45%, 
40 ≤ SiO2 ≤ 55%, 5 ≤ FeO ≤ 15%, 0.1 ≤ CaO, Al2O3 
≤ 7%, where the concentrations of Al2O3 and CaO 
are related by the dependence of CaO/Al2O3 ~ 0.8. 

3. Results 

Since the temperature at different depths is not 
exactly known [5,6], the mean volume mantle 
temperature Tmean, controlling the mantle mineral 
composition and physical properties, is chosen as an 
integral characteristic of the thermal state of the 
Moon, which for our model is calculated from the 
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expression: Tmean = (TuVu + TmVm + TlVl)/( Vu + Vm + 
Vl),  where Tu, Tm, Tl are the mean temperatures (oC) 
in the three zones of the mantle, Vu, Vm, Vl are the 
volumes of the upper, middle and lower mantle. In 
terms of Tmean, all thermal models can be divided into 
"cold" ones with Tmean ~ 690-860оC and "hot" ones 
with Tmean ~ 925-1075оC (fig. 1).  

 (a) 

(b) 

Figure 1: The contents of FeO, Al2O3, SiO2 and MG# 
in the silicate portion of the Moon (mantle + crust) 
calculated from geodetic and seismic data as a 
function of mantle temperature (Tmean). Dots -  the 
mean values of FeO (a) and Al2O3 (b) concentrations 
under the assumption of a normal distribution. Red 
color – “hot” models, green color – “cold” models. 
Dashed line - the parameters for BSE (Ringwood, 
1977; McDonough, 1990, Dauphas et al., 2014). 
 

3. Conclusions  

Regardless of the thermal state, BSM is characterized 
by almost constant bulk FeO ~ 12-13 wt.% and MG# 
80-81.5, which significantly differs from those for 
the bulk-silicate Earth (BSE). The FeO content of 11-

14 wt.% and MG# 80-83 are approximately identical 
in the upper and lower mantle. The abundance of 
SiO2 slightly depends on the thermal state and is 50-
55% in the upper mantle and 45-50% in the lower 
mantle. On the contrary, there are two different 
groups for the lunar abundance of alumina depending 
on the thermal state: 1) Cold models of BSM (3-4.6 
wt.% Al2O3) are comparable to the Al2O3 content for 
the BSE; 2)  Hot models bulk Al2O3 is 1.2 – 1.7 × 
BSE. The results indicate a gradual increase in the 
alumina content from the upper mantle (1-2%) to the 
lower one up to 4-7 wt.% Al2O3 with a garnet amount 
up to ~20 wt.%. The simulation results suggest that 
the lunar mantle is stratified by chemical composition. 
However, the question of the similarity and / or 
difference in their composition with regard to the 
abundance of refractory elements remains unresolved 
and requires further research. 
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1. Introduction 
The moon is thought to originate from a collision 

between the early Earth and a Mars-sized impactor. 
Such a giant impact would have left a large quantity 
of the lunar mantle molten, resulting in a global 
magma ocean. A large part (about 80%) of the lunar 
magma ocean (LMO) solidifies in around 1000 years 
by efficient radiative heat loss at its molten surface, 
until a solid crust forms by flotation of plagioclase. 
The heat is then lost by conduction through the 
growing crust, which is a much less efficient regime, 
delaying the complete solidification of the LMO to a 
few tens of millions of years. However, the lunar 
anorthositic crust formed over a time span of ~200 
Myr [1], still longer than what LMO solidification 
models suggest. Based on the observation that the 
LMO solidification time scale is compatible with solid 
cumulates overturn, we show that secondary melting 
generated by hot plumes after onset of solid-state 
convection below the solidifying LMO represents an 
important heat source for the LMO by extracting hot 
melt from the cumulates into the LMO, that can suffice 
to delay the complete solidification by about 200 Myr. 

Furthermore, the onset of solid-state convection in 
the solidifying cumulates help entrain the late 
crystallized Ilmenite bearing cumulates (IBC) into the 
mantle before a stiff stagnant lid forms and traps the 
IBC. This constitutes an alternative sinking 
mechanism to the usually assumed post-solidification 
overturn. 

 
2. Model 
We use the model described in [2] to perform 2D and 
3D simulations of solid-state convection on the 
cumulates below a self-consistently solidifying LMO. 
The initial structure of the mantle is computed from 
fractional crystallization of a global LMO using 
alphaMELTS, and the solidification of the LMO and 
the growth of the flotation crust are parametrized by 
solving the energy conservation equilibrating the 
outgoing heat flux through the crust with the incoming 
conductive and “heat piping” heat fluxes as well as the 

internal heating of the LMO from radioactive decay. 
Figure 1 represents how the different systems (core, 
solid cumulates, LMO and crust) are thermally 
coupled. 

 

Figure 1: Thermal couplings between the different layers of 
the system. The thermal energy is conserved for each of the 
four systems, the interfacial heat fluxes (black arrows) and 
the surface temperature providing the boundary conditions. 
The heat piping flux originates from the melting induced by 
solid-state convection in the cumulates (white arrow). 
Internal heating by radioactive decay is also included. 

3. Results 
We investigate the influence of heat piping on the 
LMO's crystallization duration and the entrainment of 
IBC in the lunar mantle. 

3.1. LMO duration 

We varied the reference viscosity of the lunar mantle 
as a parameter, causing different overturn time scales 
and convective intensities, resulting in different heat 
piping efficiency. While, for a high reference viscosity 
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(~1022 Pa s) no overturn occurs during LMO 
solidification and the heat piping flux is zero, lower 
(but still realistic) values of the reference viscosity 
(~1019 Pa s) result in rapid onset of solid-state 
convection generating an intense heat piping flux due 
to decompression melting in the cumulates. This 
supplementary heat source significantly prolongs the 
LMO duration, up to ~200 Myr, matching the isotopic 
age measurements of the lunar crust.  
 
3.2. IBC entrainment 

Entrainment of the late crystallized IBC is needed to 
produce the Moon's surface high-Ti mare basalts and 
picritic glasses by secondary melting [3]. However, 
the IBC crystallize at low temperature and remain 
trapped in the stagnant lid in models where solid-state 
convection starts after the whole lunar mantle is solid 
[3]. We showed in a previous work [2] that onset of 
solid-state convection during the magma ocean 
solidification provides an efficient means to mix 
composition heterogeneities inherited from fractional 
crystallization. We show that when cumulates 
overturn occurs during LMO solidification, a 
substantial part of the IBC is entrained in the bulk 
convecting mantle, and Ilmenite is present in re-
melting plumes even long after the end of the LMO 
solidification. 
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Abstract

An  impact  on  the  lunar  nearside  can  potentially
explain  several  aspects  of  the  lunar  dichotomy,
including differences in crustal thickness, the lateral
extent of the lunar lowlands and a high concentration
of  thorium  and  other  incompatible  elements
(KREEP) in the Procellarum KREEP Terrane (PKT)
on  the  lunar  nearside.  We  employ  a  multi-step
modeling  approach  to  simulate  the  compositional
evolution  of  the  lunar  interior  and  explore,  which
aspects of the lunar dichotomy can be explained by a
giant impact on the lunar nearside. 

1. Introduction

The Moon is  characterized  by a  global  asymmetry
comprising  distinct  differences  in  crust  thickness,
crater  density,  surface  compositions and  heat  flow
between the lunar nearside and farside [1, 2, 3]. The
lunar farside is covered by an old, heavily cratered
anorthositic  crust,  while  the  lunar  nearside  is
dominated by mare basalts. Recent GRAIL data [4]
indicate a dichotomy in crustal thickness with up to
60 km on the lunar farside and about 25km in the
Procellarum region on the lunar nearside. Heat flow
measurements indicate an increased heat flow in the
Procellarum  region  [5]  that  coincides  with  high
amounts  of  Fe,  Ti,  Th  and  KREEP  [2].  Multiple
models  have  been  proposed  to  explain  different
aspects of the lunar dichotomy, including asymmetric
crystallization of the lunar crust [6] and asymmetries
in mantle convection [7].  In this study we explore,
which  aspects  of  the  lunar  dichotomy  can  be
explained by a giant  impact  and subsequent  partial
melting of the mantle on the lunar nearside. 

2. Model 

1.1 Impact 

We use iSALE [8] to model the impact of a projectile
with  a  diameter  of  780  km on he  nearside  of  the

Moon  with  an  impact  velocity  of  6.4  kms-1.  The
projectile was assumed to be differentiated into a FeS
core and a silicate mantle from a bulk H chondritic
composition. The lunar mantle and crust constituting
the target were assumed to have formed by fractional
crystallization of a global lunar magma ocean (LMO)
with  main  oxide  contents  as  proposed  by  [9].  We
modeled LMO crystallization with alphaMELTS [10,
11,12],  assuming  that  all  crystallizing  plagioclase
floats to the surface to form an anorthositic crust and
the remaining mantle cumulate was mixed by solid
state  convection. It has been shown that  dense,  Ti-
rich,  ilmenite  bearing  cumulates  (IBC)  can  be
partially entrained in the deeper mantle, resulting in
elevated IBC concentrations both at the core mantle
boundary and at the base of the crust [13]. We used
this distribution of IBC in the mantle after convective
overturn  to  calculate  the  composition  of  the  lunar
mantle. The mantle temperature was assumed to be at
the solidus at the time of the giant impact. 

1.1 Partial melting 

For each material considered in the impact model we
assumed specific solidus and liquidus functions and
determined  the  compositions  of  partial  melts  at
different degrees of melting using alphaMELTS [10,
11,12] and experimental data for FeS and anorthosite
compositions. Using this information, we calculated
the degree of melting and the respective composition
of the partial melts in different regions of the lunar
mantle  depending  on  the  local  post  impact
temperature.  We  assumed  that  above  a  minimum
degree  of  melting  of  3%  the  partial  melts  could
migrate  to  the  surface  and  form  a  melt  pool.  The
composition  and  volume  of  this  melt  pool  was
calculated by mixing the compositions of all partial
melts.  In  order  to  determine  the  thickness  of  the
secondary plagioclase floatation crust formed by melt
pool solidification and the composition of the newly
formed  upper  mantle,  we  modeled  the  fractional
crystallization of  the melt  pool  using alphaMELTS
[10, 11,12]. 
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3. Results and Discussion

Assuming that  the partial  melts  rise radially  to  the
surface  and  form  a  melt  pool  of  homogeneous
thickness, the melt pool has a radius of ~1600km and
a depth of ~80km. The dimension of the melt pool is
consistent with  size of the mare basalt region [14].
The  thickness  of  the  secondary  crust  crystallizing
from the melt pool is in the order of 20 km, which is
consistent with the average crust thickness of about
25  km  in  the  Procellarum  region  inferred  from
GRAIL data [4].   The post impact melting process
leads  to  a  local  enrichment  of  heat  producing
radioactive isotopes of  Th, U and K. Compared to
the  upper  mantle  at  the  lunar  farside,  the  Th
concentrations  at  the  impact  site  are  elevated  by a
factor of about 2.5  in the upper 80km of the mantle.
This local Th enrichment is about 6 times lower than
the  one  assumed  by  [15]  to  explain  the  different
durations of volcanic activity on the lunar nearside
and farside. The Th content of the melt pool strongly
depends on the composition of the mantle at the time
of the impact, which in turn depends on the current
distribution of KREEP bearing IBC material  in the
lunar mantle. Thus a different timing of the impact
with respect to the onset of IBC crystallization and
entrainment  might  lead  to  differences  in  the  melt
pool  composition  and  thus  the  distribution  of
radiogenic heat sources. 

4. Conclusions

A large impact on the Procellarum region at the lunar
nearside can reproduce several  aspects of the lunar
dichotomy including the extent and crustal thickness
of the nearside lowlands and the presence of a local
enrichment  of  the  uppermost  mantle  below  the
impact  site.  However,  the  modeled  degree  of
enrichment  is  probably  too  low  to  explain  the
different durations of volcanic activity on the lunar
nearside and farside. Thus, further refinement of the
model  is  required  to  obtain  results  that  are
quantitatively  consistent  with  the  distribution  and
formation ages of mare basalts. 
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Introduction:  The most striking feature of the 

lunar surface is the dichotomy between the near side 

and the far side. The mare basalts that cover about a 

third of the near-side surface are present on only 1% 

of the far side. The Lunar Prospector mission dis-

covered that the distribution of thorium on the lunar 

surface is concentrated in the Procellarum KREEP 

terrain (PKT), whose location strongly correlates to 

that of a nearside mare basalt region [1], and to a 

lesser extent in the far-side South Pole–Aitken basin. 

The lack of KREEP signatures in the material eject-

ed from many large far-side impact basins implies 

that the source of KREEP is concentrated in the 

near-side hemisphere [2]. 

The asymmetrical distribution of mare basalts 

and KREEP on the lunar surface has been proposed 

to be due to a single-plume upwelling toward the 

near side. Zhong et al. [3] argued that this upwelling 

stems from dense ilmenite-bearing cumulates (IBC) 

that sank to the core-mantle boundary from under 

the crust where IBC crystallized in the late stages of 

lunar magma ocean solidification. The IBC contains 

high concentrations of heat-producing elements, 

making it thermally buoyant enough to rise after the 

initial sinking. Parmentier et al. [4] studied the Ray-

leigh-Taylor instability developed in a dense layer 

lying on top of another layer, simulating the gravita-

tionally unstable IBC after the solidification of the 

lunar magma ocean. They suggested that spherical 

harmonic degree 1 is the fastest growing instability 

when the top layer is sufficiently thick, and when the 

viscosity of the top layer is ~4 orders of magnitude 

lower than the underlying mantle. 

This study aims to investigate the possibility of 

localizing key ingredients for lunar volcanic activi-

ties, including sources for titanium and radioactive 

elements, to the near side of the Moon after solidifi-

cation of the magma ocean, using numerical models 

that simulate both the downwelling of IBC and the 

upwelling that give rise to volcanism. In particular, 

we describe our preliminary results using asymmet-

rical crustal thickness and distribution of KREEP as 

an initial condition. 

Numerical method:  Our numerical models are 

performed in a 2-D cylindrical domain. The lunar 

mantle is simulated using the Boussinesq approxima-

tion as a fluid with infinite Prandlt number. Finite 

volume code Gaia [5] is used to solve the conserva-

tion equations of mass, momentum, and energy. The 

advection of chemical components is implemented 

using the particle-in-cell method [6]. The mantle 

domain is heated from within by radioactive decay 

and from below by a cooling core. A reference vis-

cosity of 1x1020 Pa s is used, resulting in a thermal 

Rayleigh number of 1x107. We use a fine mesh with 

a radial resolution of 1.7 km throughout the domain. 

More than 90 million tracers are used to track vari-

ous material properties, including density, viscosity 

and concentrations of heat-producing elements. 

Our models start when the lunar magma ocean 

has solidified. The stratified cumulates are character-

ized by varying density, viscosity, and distribution 

of heat-producing elements [7]. Viscosity is comput-

ed by using a temperature- and pressure-dependent 

Arrhenius law for diffusion creep. In addition to 

that, IBC have their viscosities one order of magni-

tude lower than calculated from the Arrhenius mod-

el, taking into account the low viscosity of ilmenite 

[8]. For density and concentration of heat-producing 

elements, we use a weighted arithmetic average ac-

cording to their concentration when different chemi-

cal components are mixed. Viscosity is combined to 

a product of the viscosity of all compositions to the 

power of their relative concentration. 

 

Figure 1. The asymmetrical distribution of crus-

tal thickness, IBC, and KREEP in the initial condi-

tion. 

 

The crust has a thermal conductivity of 

1 W/m/K, taking into account the low thermal con-

ductivity of plagioclase, and the porous top layers of 

the crust. The initial crustal thickness is a minimum 

of 20 km on the near side and a maximum of 40 km 

on the far side, and we use a sine function to model 

its variation. KREEP, having the same density and 

viscosity as IBC while containing higher concentra-

tions of heat-producing elements, is localized in a 

cylindrical cap of 40 degrees, which mimics the PKT 

region subsurface. Its thickness is 20 km where crus-

tal thickness is 20 km, and gradually decreases to 0 

towards the PKT edge. Figure 1 shows these initial 

conditions. 
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Figure 2. model results using E*=300 kJ/mol. 

Here IBC concentration includes both the IBC and 

KREEP in Figure 1. 

 

Results:  Two sets of model results are shown in 

Figures 2 and 3, corresponding to activation energies 

E* of 300 kJ/mol and 100 kJ/mol, respectively, in the 

Arrhenius viscosity model. Both models show the 

sinking of dense IBC in two diapirs that correspond 

to the edges of the PKT region. An upwelling re-

mains under the PKT region, due to the region's high 

heat production, though the convective pattern 

evolves differently in the two models. We can see 

from Figure 2 that when E*=300 kJ/mol, the onset of 

convection is driven by several upwellings at the 

core-mantle boundary (CMB). When E*=100 kJ/mol, 

as shown in Figure 3, the onset of convection is 

driven by sinking IBC. During the sinking of IBC 

along the edges of PKT, an upwelling is formed un-

derneath the PKT. Foundered IBC at the CMB are 

then brought up by the near-side upwelling, provid-

ing a source of titanium and heat-producing elements 

to the near side. 

Discussion and conclusion:  Our preliminary re-

sults show that the behavior of IBC overturn under 

an asymmetrical initial condition is sensitive to the 

temperature dependence of viscosity. When 

E*=100 kJ/mol, foundered IBC is brought to the sur-

face through a near-side single-plume upwelling. 

This mechanism may explain titanium-rich sources 

for nearside volcanism. Our continued numerical 

experiments will further test the effects of a range of 

other parameters, including the reference viscosity, 

which may also play an important role in the convec-

tive pattern. 

Figure 3. model results using E*=100 kJ/mol. 

Here IBC concentration includes both the IBC and 

KREEP in Figure 1. 
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