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Introduction: Radial contraction has historically
been used as a way to infer a planetary body’s thermal
history based on surface observations of pervasive
thrust faulting [e.g., 1-3]. As we look forward to the
Psyche mission’s arrival at asteroid 16 Psyche in 2029,
we can inform our understanding of the relationship be-
tween Psyche’s thermal history and radial contraction.

M-type asteroids, of which 16 Psyche is the largest
[4], are generally hypothesized to have metal-rich sur-
faces. However, Psyche’s inferred density is 4,000 +
200 kg/m® [5], which is lower than the uncompressed
densities of Mercury, Venus, and Earth. Using the com-
position of meteoritic metal, this current density esti-
mate would require an iron-nickel Psyche to have a bulk
porosity of ~52 vol% [6]. Recent thermal models indi-
cate that a pure iron body must have previously cooled
to < 800 K to retain a 52 vol% porosity [7]. It is cur-
rently unclear if a porosity-adding event could occur
sufficiently late to allow for these cool temperatures. Al-
ternatively, if a high porosity is not possible, Psyche’s
metal must be accompanied by a significantly lower
density component, such as rock.

For a Psyche-sized body (D.ff = 111 km) com-
posed of rock and iron, differentiation is likely due to
efficient heating by accretion and radioactive decay
[e.g., 8,9]. Due to the relatively low pressures within
Psyche (a central pressure ~100 MPa), the process of
solidification within Psyche’s core will differ from that
of larger planetary bodies. Rather than at the center of
the core, solid core nucleation will occur at the core-
mantle boundary [10]. Additionally, analysis of the
cooling rates of iron meteorites with varying nickel con-
tent indicate that both inward and outward solidification
scenarios are possible [11,12], where in this case out-
ward solidification is defined as the growth of a solid
inner core due to accumulated iron snow. The intricacies
associated with the cooling of small differentiated bod-
ies will ultimately influence the thermal evolution of
these bodies and thus the contractional history as well.

Here we investigate the influence of mantle thick-
ness and direction of core solidification on the thermal
and contraction history of a Psyche-size body. We find
that the direction of solidification influences the early
stages of radial contraction within the bodies and thus
observed contraction could be used to distinguish be-
tween the two scenarios in cases where the first ~5 Myr
of Psyche’s contractional history are preserved. Beyond

this the contraction history can be used to constrain Psy-
che’s mantle thickness and longer timescale cooling.

Methodology: To model the thermal evolution of
differentiated bodies we use a 1-D forward time, central
space finite difference model of thermal conduction
coupled with solidification of an isothermal fluid core.
An isothermal core is an appropriate simplification as
the temperature difference for the appropriate pressure
range for the core (< 100 MPa) is only ~2 K. For sim-
plicity, we assume the initial temperature structure of all
models to be an isothermal mantle at 1300 K and an iso-
thermal fluid core at 1820 K. Additionally, each model
has a constant surface temperature of 137 K, the average
surface temperature of Psyche [13].

The rate of solidification in our models is limited by
the rate of core conductive heat transport to the layer
immediately above the fluid portion of the core, follow-
ing [14]. Once the liquid core cools to its melting tem-
perature, for each timestep, the temperature of the fluid
core remains constant and the volume of iron solidified
is determined by the latent heat equivalent to the core
heat loss. After solidification, the iron layer in each
model cools conductively.

To determine the radial contraction history appropri-
ate for our models, we include both radial changes due
to thermal contraction of the entire body in addition to
the volume change due to the phase change from liquid
to solid iron within the core. These calculations are de-
scribed in detail in [1].

Results & Discussion: We model the thermal evo-
Iution of bodies 110 km in radius with mantle thick-
nesses of 1, 10, 20, and 50 km and inward and outward
core solidification directions. The full contraction of
these models in addition to a conductively cooling po-
rous iron model are shown in Figure 1 where associated
mantle thicknesses indicated by line color and core so-
lidification direction is indicated by line style (dashed
and solid lines for inward and outward solidification, re-
spectively). The porous iron body is a Psyche-mass
body with 52 vol% porosity and an initially uniform
temperature of 600 K. The total amount of contraction
experienced by the bodies is independent of solidifica-
tion direction and the cool, porous model has the least
radial contraction, as expected. The magnitude of total
contraction, however, is controlled by the thickness of
the mantle, with thicker mantles resulting in lower
amounts of total contraction. This relationship is due to
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the larger expansion coefficient of iron as well as the
larger volume of iron undergoing a phase change in
cases with thinner mantles. Thus, observations of the
magnitude of radial contraction may help constrain Psy-
che’s mantle thickness.

Additionally, the timing of the onset of core solidi-
fication is dependent on the mantle thickness via two
factors and ranges from ~0.10 to ~0.27 Myrs. A thicker
mantle is able to insulate the core more effectively and
therefore delay the onset of solidification. However, as
the total radius of the body remains constant throughout
our models, a thicker mantle results in a smaller core
volume and therefore a smaller total energy that must be
removed from the core to reduce the core temperature
to the melting temperature. Due to these factors, we find
that the time to the onset of solidification for the 10 km
mantle case (~0.27 Myr) is the largest of the four mantle
thickness scenarios considered.

The differences in early contraction history for in-
ward and outward solidification in the models with a 10
km mantle are shown in Figure 2. The two models begin
solidification at the same time, but outward solidifica-
tion is completed much earlier than inward solidifica-
tion (0.28 vs 2.9 Myrs, respectively). This is because, in
the case of outward solidification, the conductive lid is
only the rocky mantle rather than the mantle and the in-
creasingly thick solid core for the inward solidification
case. This difference in solidification timescale broadly
agrees with the models of [14]. Due to the rapid solidi-
fication of the core in the outward case, the early stage
of contraction in these models is dominated by the phase
change of iron. In the inward case however, the solidi-
fication occurs over a longer timescale and the effects
of both phase change and cooling are observed. This
leads to differences in the magnitude of contraction for
the two solidification directions within the first few mil-
lion years of our models. As the modeled bodies con-
tinue cooling, the two core solidification scenarios ap-
proach the same final magnitude of contraction. The in-
clusion of sulfur within a planetesimal core will prolong
solidification timescales for both inward and outward
solidification and will be considered in ongoing work.

For bodies that experience large amounts of radial
contraction, widespread thrust faulting is expected and
analysis of the thrust faults can determine the extent of
radial contraction experienced by the body. If the Psy-
che spacecraft observations find thrust faults and are
able to distinguish the early stages of Psyche’s contrac-
tion, the direction of core solidification could be in-
ferred. Furthermore, the complete record of contraction
observed by the Psyche spacecraft can be used to place
constraints on 16 Psyche’s mantle thickness and cooling
history. Alternatively, a lack of thrust faulting on Psy-
che could suggest a thick mantle, a cool re-accretion

with high porosity, or a surface younger than the pre-
dicted ancient thrust faulting.
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Figure 1. Cumulative radial contraction as a function of
time for Psyche-sized bodies with mantle thicknesses of
1, 10, 20, and 50 km and a Psyche-mass porous iron
body. The colors indicate the mantle thickness of the
model and the line style indicates the differences in con-
traction history for models with inward vs. outward core
solidification processes, dashed and solid lines, respec-

tively.
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Figure 2. Cumulative radial contraction as a function of

time within the first 5 Myrs of the model for Psyche-

sized bodies with a 10 km thick mantle. Inward and out-

ward solidification directions are shown in black and

green, respectively.
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