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Abstract The Earth's inner core (IC) is known to exhibit heterogeneous structures with their origins still
unknown. From the onset of nucleation, the IC can grow via sedimentation and compaction of iron crystals
freezing out from the fluid outer core. Previous studies of IC growth have shown entrapment of fluid within the
solid matrix, and unstable density profiles in 1D can appear depending on the efficiency of fluid percolation. In
this study, we perform simulations of IC growth in spherical geometries (assuming axisymmetry). We find that
it is possible for the IC to develop large-scale convective flows under certain conditions and, in some instances,
produce small-scale heterogeneites close to the IC boundary. Assuming representative values for the physical
properties of the Earth's IC, we show that it is possible for the IC to exhibit compaction-driven convection today.

Plain Language Summary The Earth's inner core is a solid body composed primarily of an iron-
nickel alloy, formed from crystallization of the fluid outer core over time. Seismologists studying its structure
have found some peculiarities such as elastic properties that depend on direction, but figuring out the cause of
these peculiarities have been challenging. One theory is the presence of fluids trapped within the solid body of
the inner core during its growth, giving rise to its anomalous structure and seismic velocities. In this study, we
model the growth of the inner core in 3D spherical geometry (assuming cylindrical symmetry) to investigate the
distribution of fluids in the interior. We observe that under certain conditions, instabilities can develop across
different scales in the interior which redistribute the fluids within. Taking certain representative values of the
properties of the Earth's core, it is possible that instabilities are present in the inner core today.

1. Introduction

The growth of Earth's inner core is inextricably linked to the thermal and compositional evolution of the core (e.g.,
Breuer et al., 2015; Hirose et al., 2013), thus understanding its origins can provide key insights into the Earth's
magnetism and core-mantle boundary (CMB) interactions (Buffett, 2015; J. Hernlund & McNamara, 2015).
During Earth's thermal evolution, light elements and latent heat were released as the liquid outer core partially
crystallized at the inner core boundary (ICB). This process provided additional energy sources to power the
geodynamo, with dynamo simulations showing a marked increase of the core magnetic field strength during inner
core nucleation (ICN) (Landeau et al., 2017). Paleomagnetic studies have also suggested that ICN began right
after a period of ultralow paleointensities recorded in the Ediacaran (e.g., Bono et al., 2019; Shcherbakova
et al., 2020; Thallner et al., 2021), implying that the inner core age is ~0.5 Ga. Thermal evolution models of the
core using values of thermal conductivity around 100 W m~! K~! have also shown preference for a later
nucleation onset time (e.g., Driscoll, 2016; Labrosse, 2015).

Several seismology studies and reviews of inner core structure have discussed heterogeneities and anisotropy
across different scales (Deuss, 2014; Souriau & Calvet, 2015; Sumita & Bergman, 2015; Tkalci¢ et al., 2022;
Waszek et al., 2023). For instance, analyses of P-wave data have revealed a faster component in the polar di-
rection compared to the equatorial direction (e.g., Morelli et al., 1986; Poupinet et al., 1983; Song & Helm-
berger, 1993; Woodhouse et al., 1986). Coupled with the observed high attenuation structure (Andrews
et al., 2006; Cao & Romanowicz, 2009; Tkal¢i¢ & Pham, 2018), different hypotheses have been put forth to
interpret these observations.

A possible explanation for the observed high attenuation and low S-wave velocities is the presence of melt in the
inner core (Singh et al., 2000; Vocadlo, 2007). Prior to ICN, the liquid core is an iron alloy containing some
amounts of light elements (Hirose et al., 2013; McDonough, 2014) and as it cooled, the first iron crystals appeared
while enriching the liquid in light elements. When and where the first crystals appeared is still unclear because
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supercooling could have delayed crystallization (Huguet et al., 2018; Wilson et al., 2021), but regardless of how
ICN initiated, the change in light element concentration during core cooling creates a temperature gap between the
solidus and liquidus of the core. The coexistence of solid and liquid phases thus creates a mushy inner core. The
ICB can be defined as the radius where the outer core's adiabat crosses the iron alloy liquidus, exactly where
crystals precipitate to form the inner core (Fearn et al., 1981; Loper & Fearn, 1983; Loper & Roberts, 1981).
Presently, there are two proposed mechanisms for melt entrapment close to the ICB: the creation of morpho-
logical instabilities from a solidification front (Alexandrov & Malygin, 2011; Deguen et al., 2007; Fearn
et al., 1981; Shimizu et al., 2005), and the sedimentation of iron crystals (Gubbins et al., 2008; Lasbleis
et al., 2020; Sumita et al., 1996; Wong et al., 2018, 2021). Melts enriched in light elements experience increased
buoyancy while the denser crystals undergo compaction due to their weight, thereby expelling melt from the pore
spaces. The degree of melt expulsion depends on the solid matrix viscosity and viscous friction between both
phases. With less melt remaining in the solid matrix, the efficiency of melt extraction is expected to decrease due
to reduced permeability (Faul, 2001). Hence, it is likely that melts were trapped during inner core growth, but the
extent and distribution are unconstrained.

The inner core is largely spherical with gravitational acceleration increasing outwards. As the inner core's growth
rate decreases with time, compaction of the solid iron matrix is most efficient at the ICB, resulting in a denser,
solid-rich region near the ICB. In other words, a gravitationally unstable porosity structure can form within the
inner core with larger melt fraction at depths. Previous studies of inner core compaction have shown the existence
of such unstable structures (Lasbleis et al., 2020; Sumita et al., 1996) but as these models were in 1D, modeling
the development of 2D instabilities was impossible.

In this study, we present new results obtained from simulations that capture the development of instabilities
during inner core growth, providing preliminary insights into the 3D interior structure of the inner core and its
implications for seismic observations.

2. Methods

To investigate the dynamics of inner core growth in the context of matrix compaction and fluid migration, we
adopt the two-phase formulation of Boukaré and Ricard (2017) but excluding the effects of temperature and phase
change. As a first step toward a more complete model of inner core dynamics, we neglect the effects of thermal
buoyancy and phase change, even though temperature-induced density variations could in principle either drive
large-scale convection (if the temperature profile is superadiabatic) or limit radial motion (if subadiabatic),
depending on the viscosity, thermal conductivity, and age of the inner core (Lasbleis & Deguen, 2015). In other
words, our study assumes that the temperature profile is almost always adiabatic. We solve the equations gov-
erning the conservation of mass, momentum, fluid fraction, and the divergence of the “action-reaction” equation
(Bercovici et al., 2001) as follows:

V.y =0, )

—Vr+ V.- Apgpg =0, @)

W19 1gy = 91 = ] = eV, ®

V.{i[vﬂ+mv<ﬂp>+Apg]} =D, cy)
Ny ¢

where v is the volume-averaged velocity, thatis, v = ¢v, + (1 — ¢)v, with the subscripts f and s denoting the
fluid and solid components respectively, ¢ is the fluid fraction, 7 = n[Vv + (Vv)+] is the viscous stress tensor of
the mixture with’ denoting the transpose, # is the dynamic (shear) viscosity of the mixture, Ap = p; — p; is the
density difference between both phases, g is the gravity vector, Vo = VP — p g (P is the isotropic pressure),
u = v, — v isthe velocity difference between both phases, D = V - (¢u), e is an artificial diffusivity introduced
for numerical stabilization purposes (details in Section 2.2 and Text S2 in Supporting Information S1), k is the
permeability which is a function of ¢, and 7 is time. In our study, since p, > p;, Ap is strictly positive. Equation 4 is
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similar to a Darcy equation that describes the movement of the fluid phase relative to the solid phase which can
undergo viscous deformation. As the inner core's permeability is highly unconstrained, we assume a simple
permeability law where k is isotropic and varies linearly with ¢?, that is, k = ky¢?, due to small porosities (e.g.,
von Bargen & Waff, 1986; Turcotte & Morgan, 1992). The proportionality factor k, encompasses properties of
the solid matrix such as grain size d and pore geometry K, and we can suppose that k,  d*/K. Although it is
possible for d to be depth dependent from effects such as grain growth (which makes k, depth dependent too), we
neglect these additional effects and assume k, is constant. Lastly, the mixture viscosity in Equation 2 is expected
to depend on ¢ such that  varies from 7, when ¢ = Oton, when ¢ = I, but we assume that it is independent of
¢. We also assume that the mixture is a Newtonian fluid even if both phases are not. While this is a simplification,
we expect viscosity variations to be small since ¢ is expected to be small in the inner core.

2.1. Growing Axisymmetric Inner Core

Equations 1-4 are solved in the cylindrical coordinate system with axisymmetric geometry (no azimuthal
component and azimuthal variations). To account for the growing inner core and ICB without adjusting the mesh
at each time step, we replace the cylindrical coordinates r and z with a nondimensional time-dependent coordinate
system ¥ = r/R()and 7 = z/R() respectively where R() is the radius of the inner core at time ¢. In accor-
dance with previous studies regarding the core's thermal evolution (e.g., Deguen & Cardin, 2011; Labrosse
etal., 2001), the ICB evolves according to R(r) = Rom, where R, and #, are the present day inner core radius
and age, respectively. Since the coordinates are time-dependent, the Lagrangian time derivative of ¢ needs to
include additional terms for the coordinate drift. The transport equation accounting for the changing coordinates
due to a growing inner core is therefore:

9

ot | 1

+ V- [y — (1 — Pu] = eV + g(r'?)—i’,+ z’(;—f,). (5)

In our study, we assume that the gravitational force g grows linearly as a function of distance from the center and
that the vector always points toward the center.

2.2. Numerical Approach

With a growing inner core in our model, we chose time dependent velocity- and length-scales where the lengths
and velocities (v,u) are nondimensionalized by the inner core radius R(r) and growth rate V(f) = R(Y) respec-
tively, time by t#,, pressure by 7,V/R, and D by V/R. Plugging these into Equations 1, 2, 4 and 5, we obtain the
following velocity scales from our nondimensional equations (Text S1 in Supporting Information S1):

Apgok
V= 2P&fo. (6)
Ny

A 2
v, = 228k ™
B

_R
T2

®)

Vo

where V) is the Darcy velocity scale associated with the solid-fluid phase velocity difference, V; is the velocity
scale associated with viscous compaction of the solid matrix, and V|, is the growth rate of the inner core at 7. From
the three velocity scales, we can build two nondimensional numbers V, and V), that describe the dynamics.
Including the dimensionless numerical diffusivity ¢, we have three nondimensional numbers (Text S1 in Sup-
porting Information S1)

V=2, ©)
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Figure 1. A regime diagram of the simulation results according to the porosity structure at r* = 1 with each symbol
representing different regimes. The dashed line shows the minimum possible value of V; for , ~ 10?2 Pa s while the solid
black line shows the transition between 1D and 2D effects.

Vo

Vp =—, 10
b=y (10)

¢'= ;Oi;’ (11)
We use the finite element solver COMSOL Multiphysics® to solve the nondimensional equations in 2D
axisymmetric space dimension without a steady azimuthal flow component. Since COMSOL Multiphysics® uses
finite element methods, solving convection-dominated transport equations is highly challenging. The transport of
¢ is actually non-diffusive (e.g., Bercovici et al., 2001; McKenzie, 1984), but because mesh-based methods are
susceptible to numerical diffusion regardless of the mesh size (see Lee et al., 2024), an artificial diffusive term is
included in Equation 3 to obtain control over the degree of diffusion in this problem. Further information about the
artificial diffusivity and numerical details of our simulations can be found in Texts S2 and S3 in Supporting
Information S1, respectively.

In all our simulations, we apply a (shear) stress free boundary at the ICB
v-n =0, <z-n)xn=0, (12)

where n is the normal to the ICB. Our boundary conditions are ¢ = ¢, with ¢, = 0.4, and D = 0 at the ICB.
The former assumes the liquid fraction at the ICB is close to the disaggregation limit. Above this limit, the solid
matrix becomes disconnected and the mixture transitions from a mush to a slurry-like state (Hier-Majumder
et al., 2006). The initial conditions are ¢ = ¢, and D = 0 everywhere, which is consistent with our boundary
conditions.

3. Results

We vary V; between 103 and 10%> and V}, between 10% to 10%, with every simulation beginning at t* = 0 (the
time shortly after ICN) and ending at #* = 1 (the present day), where #* is the nondimensional time (Text S1 in
Supporting Information S1). The results of each simulation can be categorized into five distinct groups according
to the characteristics of their 2D porosity profile and velocity fields at r* = 1: (a) unconditionally stable, (b)
porosity waves, (c) small-scale instabilities, (d) large-scale instabilities, and (e) transitionary state. They are
summarized in the regime diagram (Figure 1) with each regime represented by their own unique symbols and
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Figure 2. Examples of porosity fields from different regimes. In each sub-figure, the equatorial and latitudinal-averaged
porosity profiles are shown on the left halves in black solid and red dashed lines, respectively. The orange bands show the 1o
value from the mean. The right halves show the 2D porosity distribution with colors in log scale. The black dashed lines indicate
the equatorial slice while the black lines with arrows in (c)—(e) show the streamlines of v with thickness proportional to |v|.

(a) Unconditionally stable: (V5,Vy) = (10°,10%), (b) Porosity waves: (V;, V) = (10*°,10%), (c) Small-scale instabilities:
(V5. Vp) = (10%%,10'9), (d) Large-scale instabilities: (V;,Vp) = (10%°,10*3), (e) Transitionary
state: (Vi,Vp) = (10%,10%).

colors. We note that the regime diagram actually evolves with time (Figure S1 in Supporting Information S1), but
since the present day state is only of interest in this study, we focus our discussions based on Figure 1 and explain
our rationale for the categorization in the following sections.

3.1. Unconditionally Stable

We consider an unconditionally stable result when the final porosity profile monotonically decreases from the
ICB to the center, corresponding to a stable buoyancy profile (Figure 2a). This regime is represented by red
inverted triangles in Figure 1 and occurs in simulations with low Vj, ( ~10%%) regardless of the magnitude of V.
In this regime, the small value of V;, implies relatively weak Darcy flow and thus, inefficient fluid extraction.
Hence, even when V; is large, Darcy friction is still sufficiently strong to retain significant amounts of fluid in the
interior. This reduces radial variations in porosity which also reduces the strength of matrix compaction. In this
regime, the entire inner core is dominated by Darcy balance, where Darcy friction is balanced by buoyancy forces
(Figure S2 in Supporting Information S1).
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3.2. Porosity Waves

The gray triangular symbols represent the departure from the unconditionally stable density profile and, in some
cases, the appearance of radial porosity waves. In this regime, the radial porosity profile can be subdivided into
three distinct regions (Figure 2b). The outer region A contains the stable boundary layer where ¢ decreases
monotonically with depth from ¢, at the ICB to a global minimum ¢,;,. This porosity structure is a result of the
balance between matrix deformation and buoyancy forces, and the decreasing porosity with depth is driven by
matrix compaction. It can also be understood that as the inner core grows after ICN, some fraction of liquid is
present within the solid matrix, with the largest fraction close to the ICB. Since gravity is the strongest in this
region, compaction is most efficient which results in ¢ = ¢, at the base of region A, burying a high liquid
fraction beneath. Noting § as the boundary layer thickness, the viscous deformation and buoyancy forces scale
accordingly as #,V/8* and ApgyR/ Ry, respectively. Balancing these two terms, we obtain a scaling for the
thickness of region A:

Ry

S~

13)

similar to Equation 76 from Sumita et al. (1996). In region B, ¢ increases from ¢,;, with depth, sometimes
accompanied by oscillations from porosity waves, until it approaches a value of ¢,. In region C, the porosity
approaches ¢, toward the center and this is where Darcy balance occurs. Assuming that ¢, only varies in time and
there is only Darcy balance in this region, it can be shown that ¢, depends on Vj, and ¢* as follows:

3 -1
4. = (EV'Dt* ; F) , (14)

where F is an integration constant (Text S4 in Supporting Information S1). The porosity waves in region B are
actually fluid-rich layers sandwiched between denser solid-rich layers, with the fluids originating from region C.
Percolation induces a net upward flux of fluid from region C to B. However, as permeability is decreasing across B
due to decreasing ¢, fluid percolation becomes increasingly difficult radially outwards. This results in fluid
accumulating within region B which further enhances buoyancy variations across this region. These fluid-rich
regions subsequently propagate through decompaction at the fluid head and compaction at the tail end in a
wave-like manner. The changing force balance is shown in Figure S3 in Supporting Information S1.

The unconditionally stable and porosity waves regimes have spherically symmetric structures associated with ¢
transport dominating in the radial direction. Since a non-zero spherically symmetric velocity field is impossible
for v due to Equation 1, this means that ¢ is advected by —(1 — ¢)u in Equation 3 (Text S5 in Supporting In-
formation S1) and AP only varies in the spherical radial direction (Text S6 in Supporting Information S1). Even
though the porosity profiles in this regime are gravitationally unstable, the positive buoyancy of the boundary
layer inhibits the deeper layers from overturning. This is further exacerbated by the viscous coupling between
regions A and B in our isoviscous model.

3.3. Small-Scale Instabilities

We distinguish simulations of (c) from (b) (defined in the beginning of Section 3) by observing departures from
spherical symmetry, even though porosity waves can be considered as small-scale instabilities (e.g., Aharonov
et al., 1995; Scott & Stevenson, 1986). The simulations represented by blue circles exhibit small-scale Rayleigh-
Taylor instabilities which results in two types of structures observed at * = 1: a sinusoidal wave-like
morphology in the latitudinal direction (Figure 2c) and plume structures originating from below the ICB
(Figure S4 in Supporting Information S1). These instabilities typically develop locally along the outermost
wavefront of the porosity waves as the buoyancy contrast between this fluid rich layer and the overlying low
porosity layer is the largest. The wavelength of these instabilities are approximately of the same order of
magnitude as the width of the porosity wave peaks. In this regime, horizontal fluctuations along the interface of
these two regions have sufficient torque to generate vorticity, amplifying the fluctuations and driving v to create
the observed sinusoidal structures. Eventually, the fluctuations can be sufficiently large to create downwelling
plume structures containing solid-rich material (Figure S4 in Supporting Information S1 and Movie S1).
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Figure 3. Porosity profiles at V; = 10° for different V}, at #* = 0.8, prior to the onset of instabilities. The black horizontal
dashed line indicates the approximate depth of the stable boundary layer, also known as the compaction region, while the
double-headed arrows show the largest porosity contrast beneath the boundary layer with approximate magnitudes indicated.

3.4. Large-Scale Instabilities

The yellow squares represent large-scale instabilities where large plume-like structures are observed (Figure 2d).
They appear when V; > 10° and are associated with buoyancy instabilities at the global scale. In these simulations,
v becomes the dominant mode of fluid transport within the interior and the streamlines of this velocity field are
shown in Figure 2d. Similar to the second type of small-scale instabilities, the down-going plumes originate from
the low porosity layer below the stable boundary layer. Hence, the plumes are expected to have widths similar to
the thickness of the low porosity region. The time evolution of the 2D porosity field of Figure 2d is shown in
Movie S2.

3.5. Transitionary State

Finally, a transitionary state is represented by purple diamonds. They seem to indicate the onset of large-scale
instabilities even though it is not apparent from the porosity field (Figure 2e). Although the porosity structure
is spherically symmetric, it shows three distinct regions: a dense solid-rich region is sandwiched between a stably
stratified layer above and a liquid-rich region below. The bulk velocity streamlines show the presence of large-
scale flow structures such as in Figure 2e where a degree-2 pattern is observed. However, since |v| < R, the
expected rate of overturn of the interior might be rather small.

4. Discussions
4.1. From 1D to 2D Structures

The solid black line in Figure 1 indicates an approximate transition where spherically symmetric structures
disappear with increasing V. Although the shape of the transition can be further refined with more simulations, the
envelope which the line currently traces suggests a line of symmetry at V;, ~ 10173, At V; = 10°, this line is
crossed twice with increasing Vj,, corresponding to the appearance and disappearance of the small-scale in-
stabilities, respectively. From Figure 3, two important effects are observed which are relevant to the behavior
mentioned earlier with increasing VJ,. First, the high porosity layer appears further away from the stable boundary
layer and second, the magnitude of the porosity difference, as indicated by the double-headed arrows, becomes
smaller. At Vj, = 10, although the density structure below the compaction region is unstable and the porosity
contrast is large, the positive buoyancy of the compaction region is sufficiently strong to inhibit the overturning of
the unstable layer below. When V;, > 10", the depth of the high porosity layer increases from the compaction
region. Therefore, the stabilizing effect of this region is much weaker, allowing for the instabilities to grow
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relatively easily as seen for Vj, = 10"° and V;, = 10%. However, increasing V, also decreases the porosity contrast
which reduces the buoyancy contrast between the layers. This eventually decreases the potential energy available to
drive the instabilities and thus, small-scale instabilities do not appear at Vj, > 10>3. When V. is increased to 10>,
we observe the appearance of small-scale instabilities at V;, = 10 and 10%°. This can be explained with the
reduction in the overall mixture viscosity #, which subsequently allows small-scale instabilities to grow faster.

4.2. The Earth's Inner Core at Present

To understand where the Earth's inner core lies in the regime diagram today, estimates of V; and V}, are needed.
The physical parameter with the smallest uncertainty is Ry as measurements from seismology has placed the inner
core radius to be around 1,220 km. The other physical parameters, however, are highly uncertain. For instance, the
permeability and viscosities of both solid and liquid iron alloy at pressure and temperature conditions of the inner
core are highly unconstrained. The solid viscosity has been estimated to range from 10'® to10?? Pa s (Lasbleis &
Deguen, 2015), while the liquid outer core viscosity is around 1073 —1072 Pa s (Mineev & Funtikov, 2004).
Moreover, estimates of the inner core age range from 0.5 to1.5 Ga (Aubert et al., 2009; Biggin et al., 2015; Bono
etal., 2019; Gomi et al., 2018; Labrosse et al., 2001). In this study, we assume Ap = 600 kg m3, &% =44m s72,
Ry, = 1220km, and t, = 10° years (Dziewonski & Anderson, 1981; Lasbleis et al., 2020). With 5, = 10'6—10??
Pa s, V; ranges from 10* to10'°.

The value of k is virtually unknown but depending on the permeability law assumed, it is possible to infer its
value based on physical parameters such as grain size and tortuosity. The grain size of the inner core has been
suggested to range from ~ 10 cm to a few hundreds of meters (Bergman, 1998), but it is possible for much smaller
grain sizes close to the ICB if the inner core is growing via the ‘iron snow’ mechanism (e.g., Wilczyriski
etal., 2023; Wong et al., 2018). Sumita et al. (1996) proposed a lower bound and upper bound for k; at ~ 1078 m?
and ~ 10~ m? respectively. Assuming 7, ~ 107% Pa's (Dobson et al., 2000), this puts V}, in the range 10~ —10°.

The estimated ranges for V}, and V; show that our simulations are within the plausible range of inner core values.
Hence, it is possible for compaction-driven convection to drive large-scale flows in the inner core today, which
can generate the observed large-scale seismic anisotropy.

A proxy for the expected anisotropy strength can be obtained by examining the strain rates associated with the
bulk velocity field, and regions of strong deformation can produce strain-induced lattice preferred orientation of
crystals. Suppose that #, is a typical timescale for iron crystals to align its orientation relative to the deformation
field. If we are to assume that the alignment is relatively instantaneous such that 7, <« 1/¢;;, where

. L. .
& = Zé',jé'lj (15)

is the second invariant of the strain rate tensor &; = %[Vv + (Vv)'r] , deformation textures are likely to appear
today in regions where 1/&;; < t,. Our simulations show that anisotropy can be expected in both small- and large-
scale instabilities regime. In the latter, large regions of strong deformation can appear throughout the interior
(Figure S5a in Supporting Information S1), suggesting that the inner core can exhibit anisotropy on a similar
scale. In the former however, we have instances of both weak (Figure S5b in Supporting Information S1) and
strong (Figures S5c, S5d in Supporting Information S1) deformation signatures correlating with the instability
features. Depending on the crystal structure of the iron alloy (Lincot et al., 2015), small-scale heterogeneities
present in Figures S5c¢, S5d in Supporting Information S1 might be able to produce scattering in PKiKP coda (e.g.,
Leyton & Koper, 2007; Peng et al., 2008; Vidale & Earle, 2000).

In every simulation, we observe regions of stable density stratification where compaction is dominant. Apart from
the unconditionally stable regime where the entire inner core is stably stratified, the other simulations show a
stably stratified layer below the ICB corresponding to a boundary layer. If convective flows are present in the
interior, the lower bound of V; ~ 10*7 from Figure 1 gives a maximum layer thickness of ~5.1 km according to
Equation 13. The high fluid fraction in this region can reduce seismic wave velocities and the maximum thickness
obtained is within bounds of the thickness of a low velocity layer at the ICB reported from seismic studies (e.g.,
Attanayake et al., 2018; Tian & Wen, 2017; Zhang et al., 2023).
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Lastly, ICB dynamic topography amplitudes can be estimated in the presence of instabilities (Text S7 in Sup-
porting Information S1). Assuming that the outer core is in hydrostatic equilibrium over long timescales, the
maximum peak-to-peak amplitude of ICB topography from our simulations is ~750 m (Figure S6a in Supporting
Information S1). Although this might be detectable from reflected P-waves (deSilva et al., 2018), it is much
smaller than the values reported by seismic studies (e.g., Dai et al., 2012; Song & Dai, 2008; Tanaka & Tkal-
¢i¢, 2015). The small amplitudes might also create difficulties in differentiating between variations in topography
and mushy layer thickness. Nevertheless, ICB topography can potentially play an important role in outer core
dynamics similar to CMB topography effects on the flow and geodynamo (Calkins et al., 2012; Mandea
et al., 2015; Wu & Roberts, 2013), while the topography wavelength might provide constrains on dynamic
processes in the inner core's interior (Figure S6b in Supporting Information S1). An interesting consequence of
density variations from these large-scale flows is the potential effects on Earth's length-of-day variations through
gravitational coupling between the mantle and inner core (e.g., Davies et al., 2014; Roberts & Aurnou, 2012).

5. Conclusion

We have modeled the dynamics of inner core growth through the compaction of a mush using the two-phase
formulation, with the porosity structure determined by two dimensionless parameters: V), and V;. Our simula-
tions in an axisymmetric spherical geometry have shown that for V; > 103, compaction-driven convection can
occur when 10 < Vj, < 10>, While this study provides an understanding of inner core convection arising from
compaction and fluid migration, future work should include thermal, compositional, phase change, and rheo-
logical effects as these might be important in inner core dynamics. Although our strain rate estimates suggest that
compaction-driven convection can produce significant texturing, we do not produce the N-S inner core anisot-
ropy. Additional ingredients needed to organize the convective motion and make it approximately axisymmetric
around the N-S axis include: the effects of the Lorentz forces (Karato, 1999) and heterogeneous growth of the
inner core caused by CMB heat flux variations (Aubert et al., 2008; Sreenivasan & Gubbins, 2011; Sumita &
Olson, 1999) on the orientation of convective motions. These will be investigated in future studies.

Data Availability Statement

Supporting Information includes Texts S1-S7, Figures S1-S7 in Supporting Information S1, and Movie captions
Movie S1 and Movie S2. The data files used in this paper are available at (Lim et al., 2024).
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