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Introduction: The late stages of planet formation 

are marked by collisions between protoplanets. These 
giant impacts are highly energetic events, and substan-
tial portions of the silicate mantles melt or vaporize 
[1]. In addition, planets can acquire significant angular 
momentum (AM) via one or more giant impacts 
[2,3,4]. The last giant impact experienced by Earth is 
thought to have formed the Moon and marks the end of 
the main stage of terrestrial accretion. 

Despite the cataclysmic nature of giant impacts, re-
cent studies have suggested that the Earth's lower man-
tle records chemical signatures that predate the for-
mation of the Moon. Xenon and tungsten isotopic data 
show that mantle plumes sample a reservoir that 
formed within the first few 10’s of Myr of the solar 
system [e.g., 5,6]. This primordial signature must have 
survived the Moon-forming giant impact without being 
homogenized with the rest of the terrestrial mantle.  

Due to heterogeneous energy deposition and vary-
ing shear deformation, it is likely that portions of the 
mantle did not mix completely during the impact [7], 
although the extent of mixing is debated [8]. If a por-
tion of the mantle was not homogenized during the 
impact event, it must also survive the subsequent cool-
ing and evolution of the post-impact planet. Most post-
impact studies have focused on the evolution after the 
silicate vapor is fully condensed and the body has 
formed a magma ocean. However, the period of time 
between the impact and the magma ocean is critical for 
the survival of primordial reservoirs as Earth’s struc-
ture evolves rapidly. Here, we examine the structure 
and evolution of post-impact bodies and discuss the 
implications for the preservation of primordial chemi-
cal signatures in Earth’s mantle.   

Structure of post-impact bodies: Most studies of 
post-impact evolution start from the canonical Moon-
forming giant impact [9]. However, events similar to 
the canonical impact represent only a small fraction of 
giant impacts that occur during accretion [10]. [11] 
showed that there is a range of possible post-impact 
structures with widely varying thermal and rotational 
states. In particular, for a rotating planetary body, there 
is a thermal limit beyond which the rotational velocity 
at the equator equals the Keplerian orbital velocity. 
Beyond this corotation limit, the body does not resem-
ble a conventional planet and instead forms a synestia, 
a structure with a corotating inner region connected to 
a disk-like outer region. Post-impact bodies above the 
corotation limit form highly extended structures (Fig. 

1). [11] showed that typical rocky planets are substan-
tially vaporized multiple times during accretion and 
that the formation of synestias is common. 

Post-impact states are highly thermally stratified 
due to heterogeneous energy deposition and buoyancy 
driven re-equilibration. Typically, the lowermost sili-
cate layer has much lower entropy than the rest of the 
structure. The lower entropy mantle may be partially 
solid [7] or near the liquidus [8]. The high entropy 
portion of the corotating structure grades from liquid to 
super-critical fluid to vapor with decreasing pressure.  

After a giant impact, the pressure at a given loca-
tion in the mantle can be 10’s of GPa lower than in the 
present-day Earth. Figure 2 shows the pressure at the 
core mantle boundary (A) and mid-mantle (50% by 
mass) (B) from a suite of approximately Earth-mass 
post-impact structures. Impacts were calculated using a 
smoothed particle hydrodynamics code in the same 
manner as [12], and the impact suite covers the range 
of events expected in the giant impact stage of planet 
formation [10,13]. The difference in pressure is largest 
for hot, rapidly rotating bodies. Impacts similar to the 
canonical Moon-forming impact produce structures 
with pressures similar to the present-day Earth because 
the degree of vaporization is relatively low and the AM 
is the same as the present-day Earth-Moon system. The 
pressure in the mantle of highly vaporized, rapidly 
rotating post-impact bodies is lower for two reasons. 
First, the larger centrifugal force acts against gravity to 
reduce the pressure gradient. Second, material further 
from the center of mass experiences a weaker gravita-
tional force.  

Cooling of post-impact structures: Post-impact 
structures cool rapidly by radiation on timescales of at 
least 10’s to 1000’s yrs. The loss of thermal energy 
causes significant changes to the structure of the body. 
The outer layers of the structure condense and contract 
as the vapor pressure is reduced and the mantle even-
tually becomes a magma ocean. As the structure be-
comes more compact, the pressure in the mantle in-
creases. For initially hot, rapidly rotating structures, 
the core mantle boundary pressure can increase by 10’s 
of GPa due to cooling alone, before removal of AM.  

The increase in pressure during cooling can induce 
freezing of a portion of the mantle that was initially 
close to the liquidus or between the liquidus and soli-
dus. Since the pressure increase is rapid, the compres-
sion is nearly isentropic. As a result, the solid crystal 
fraction of certain layers can rapidly increase. Mantle 
layers that were originally majority liquid could be 
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pushed beyond the critical crystal fraction [c.f. 14] 
above which viscosity increases significantly. 

Primordial chemical signatures: Pressure-
induced freezing of a portion of the mantle has signifi-
cant implications for the preservation of chemical sig-
natures that were generated prior to a giant impact. 
Assuming that complete homogenization is not 
achieved during the event, a pre-impact chemical sig-
nature may be present in the lower-entropy region of 
the mantle immediately after the event [7]. The pres-
sure increase upon cooling is faster than melt can per-
colate, and partial melt would be trapped in a high vis-
cosity layer. The high-viscosity layer is dynamically 
decoupled from the fluid above it [14], effectively iso-
lating it from the rest of the mantle. Thus, a pre-impact 
chemical signature could be trapped and not be ho-
mogenized with the rest of the mantle during freezing 
after a giant impact. Subsequently, 4.5 Gyr of convec-
tion has not completely mixed the mantle [15]. 

Moderately siderophile elements: The variation 
in pressure in the mantle of post-impact bodies also has 
implications for interpreting tracers of the pressure-
temperature conditions of core formation. The relative 
abundance of moderately siderophile elements has 
been used to argue for metal-silicate equilibration in 
the growing Earth at moderate pressures and near the 
liquidus [e.g., 16,17]. The moderate equilibration pres-
sures are seemingly in conflict with metal ponding at 
the bottom of deep magma oceans expected to be pro-
duced by giant impacts. However, the lower pressures 
in the mantle of hot, extended post-impact structures 
(Fig. 1, 2) could account for the inferred pressures of 
metal-silicate equilibration. 

Conclusions: If the Moon-forming impact pro-
duced a highly vaporized, rapidly rotating body, then 
the pressures in the mantle could be 10’s of GPa lower 
than in the present-day Earth. As the Earth cooled on a 
timescale of 10’s to 1000’s years, the mantle pressure 
could increase by 10’s of GPa. As a result, pressure-
induced freezing of a portion of the mantle could trap 
pre-impact chemical signatures in a high viscosity lay-
er. This layer would be dynamically decoupled from 
the fluid above it, preventing homogenization with the 
rest of the mantle during freezing and aiding in the 
survival of primordial chemical signatures. 
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Figure 1: Silicate pressures in a plane perpendicular to 
the spin axis in an example impact-generated synestia 
[11]. The pressures near the core are lower than for the 
present-day Earth but are higher at larger radii.  
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Figure 2: Pressure at the core mantle boundary (A) 
and in the middle of the mantle by mass (B) in SPH 
post-impact structures for planets of 0.9-1.1 Earth 
masses as a function of a modified specific impact 
energy [7,13]. Black squares are canonical Moon-
forming impacts. Gray bands show the range of pres-
sures for cold 0.9-1.1 Earth mass planets with present-
day Earth-Moon AM. 
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