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The emerging picture of a complex core-

mantle boundary
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Recent seismological studies challenge the tra-
ditional view that the interface between the core
and mantle is a straightforward discontinuity. As
seismology is pushed to its observational limits,
a complex - potentially compositionally layered -
region between the core and mantle is
emerging.

The core-mantle boundary

Earth comprises a series of approximately spherical shells, each with
their own properties and character; these are separated by dis-
continuities where the physical and/or chemical properties are
assumed to change abruptly. The most extreme of these dis-
continuities is the core-mantle boundary (CMB), where, at a depth of
almost 2900 km below the surface, the rocky mantle meets the iron
core. Below the CMB, the liquid metal outer core convects vigorously,
generating Earth’s geomagnetic field. Above the boundary, the solid
mantle also convects, albeit with much smaller characteristic velo-
cities, the surface expression of which is plate tectonics. Both of these
convective processes are controlled, at least in part, by heat flux across
the CMB; this boundary, therefore, plays a vital role in controlling
planetary-scale processes that directly affect the evolution and habit-
ability of our planet.

In many global seismological models of the Earth, the CMB is
considered to be a sharp discontinuity between the solid silicate
mantle and the liquid iron core [e.g.']. The density increase across the
CMB exceeds 4 g/cm?, which is greater than the contrast between rock
and air at Earth’s surface. This large density contrast raises the possi-
bility that material of intermediate density could be trapped at the
interface between the two regions, complicating the CMB relative to
the global models. This material may be swept by, but not wholly
entrained in, bulk mantle flow® and able to influence heat flow and
chemical exchange across the CMB.

In some places, material trapped at the CMB has been observed
seismically: ultra-low velocity zones (ULVZs) are regions of extremely
reduced seismic velocity sitting atop the CMB that are typically tens of
kilometers thick. The seismic velocities in ULVZs are typically 10-50%
lower than in the background mantle, with absolute shear wave velo-
cities as low as 3.5kms™. Whether ULVZs are isolated patches of
material or thickened regions of an otherwise global layer remains
unclear. A global layer, if it were too thin, may not be readily detectable
by seismologists-a minimum detectable thickness of 5km has been
suggested’. While various studies favour particular formation
mechanisms, there is no firm consensus on the origin and nature of
ULVZs, and the wide range of observed properties indicates that they

may have a range of origins. Here, we reflect on observations and
arguments that indicate the core-mantle boundary may be complex on
the scale of ULVZs and smaller.

Material trapped at the core-mantle boundary

There are several mechanisms that could cause compositionally dis-
tinct material to accumulate at the CMB and contribute to the for-
mation of a global layer or ULVZ-like patches of material. Mantle-
derived material could include the remnants of primordial hetero-
geneities left over from the deep fractional crystallisation of an ancient
magma ocean formed during Earth’s formation®. Other possibilities
include the remains of near-surface igneous or sedimentary rocks
introduced into the lowermost mantle via deep subduction®®. These
near-surface rocks may partially melt at the temperatures and pres-
sures of the CMB resulting in the accumulation of dense, iron-rich melt
above the boundary®.

In the core, the tendency of light elements to migrate to lower
pressures during barodiffusion could cause light-element-rich liquid
material to accumulate below the CMB’. An alternative mechanism to
generate light-element-rich liquid is the early exsolution of Mg- and Si-
rich liquid from the core®. These mechanisms could cause layering
near the CMB. However, major uncertainties remain as to the extent to
which these processes have occurred in the Earth, the preservation
potential of such compositional layering, and the seismic visibility and
characteristics of such layers’.

Solid phases, which would rise due to being less dense than the
iron liquid, could also precipitate as the core cools and “snow”
upwards onto the CMB. The mineral phases periclase (MgO), seifertite
(Si0,), and FeSi have all been proposed as equilibrium snow compo-
nents at different times in Earth’s history®™". The presence and identity
of a snowing phase depends on the bulk composition of the
liquid outermost core and on the phase diagram of iron alloys under
outermost core conditions, neither of which are well constrained at
present.

Bulk core and mantle material are thought not to be in chemical
equilibrium and should therefore react. These reactions could create
and/or modify material across the boundary. For example, core-
derived seifertite and mantle-derived ferropericlase would react to
form bridgmanite. Core-derived MgO-rich ferropericlase or melt
would undergo Mg-Fe exchange with more FeO-rich mantle material.
Finally, an ancient mantle-derived FeO-rich layer at the base of the
mantle would be likely to add oxygen to the core. The thickness and
stability of the compositionally distinct layer that results from these
different reactions would depend on the dynamics and chemical dif-
fusivities of the materials at the CMB.

Seismic detection of a layered core-mantle boundary
Several recent studies have made progress towards resolving small-
scale heterogeneities close to the CMB. As more of the CMB has been
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explored, ULVZ detections have become more commonplace [e.g. *"].
One recent study’ used core-reflected PcP waves to probe the CMB
beneath Antarctica. They found their study region is underlain by
ubiquitous ULVZs, of variable thickness and properties, which is
intriguing given that the CMB beneath Antarctica is far removed from
present-day mantle up- and down-wellings. Using geodynamic mod-
elling, they demonstrated that their observations were consistent with
the settling of dense subducted material into a global layer at the CMB.
Furthermore, there are now observations of internal kilometre-scale
layering in several ULVZs with greater velocity reductions in the basal
layer'*™.

Beneath the central Pacific, observations of CMB-diffracted shear
waves (Sqifr) were used to demonstrate that an extensive region may be
entirely underlain by a thin and slow layer atop the CMB. The study
prefers a layer that is 5 km thick with a 14% shear velocity reduction but
notes a substantial trade-off between layer thickness and velocity
reduction.

Another study” directly addressed the possibility of a globally
layered CMB. Using synthetic waveform modelling, they demonstrated
that a previously underutilised diffracted phase, PKKPg;s, was very
sensitive to layering, even when only a kilometre or so thick. Assem-
bling a dataset of over 12,500 PKKPg; observations, they found their
travel-time data exhibited an offset relative to expected values that was
consistent with a global, seismically slow layer above the CMB that is
approximately 1-2 km thick. However substantial scatter in the data,
which could itself be due to complexity in the lowermost mantle, and
the dependence on choice of background model prevented conclusive
identification of such a layer.

All the research discussed above has used body waves - relatively
short-period waves that propagate outwards from an earthquake
source. In contrast, normal modes are extremely long-period whole-
Earth oscillations observed after very large earthquakes. The fre-
quencies that normal modes oscillate at provide constraints on Earth’s
internal structure. Recent work suggests that normal mode centre
frequency observations are consistent with a dense and slow
kilometre-scale layer atop the CMB'.

Multi-disciplinary indicators of a complex core-mantle
boundary

Important additional constraints on CMB structure come from a vari-
ety of geophysical disciplines. Geodetic measurements of Earth’s
rotation indicate that there is a transfer of momentum from the core to
the mantle. The favoured mechanism to achieve this transfer is elec-
tromagnetic coupling, whereby the geomagnetic field induces cur-
rents in the lowermost mantle which, in turn, cause a torque [e.g. ***°].
If this mechanism were solely responsible for the coupling, the low-
ermost mantle would need to have an electrical conductivity on the
order of 10° Sm™. This is several orders of magnitude higher than is
expected for silicates at CMB conditions?. A thin, global layer of iron-
rich material could satisfy both the coupling and the seismic obser-
vations as the conductivity of FeO at the CMB is on the order of 10*
Sm™ - 10° Sm™ %%, Such a layer would also be dense and seismically
slow?.

A chemically reactive iron- or melt-rich base to the mantle could
also help to satisfy geochemical observations related to core-mantle
interaction [e.g. »]. For example, such a layer may facilitate the for-
mation of stratification beneath the CMB by altering the ratios of light
elements in the outermost core [e.g. >*°]. Partial entrainment of a layer
by mantle convection may lead to geochemical signatures measured at
hotspots, including anomalous helium and tungsten ratios, which are
interpreted to be tracers of core-mantle interaction”’”®. Lateral varia-
tions in CMB-associated layering may influence the structure and
temporal variation of the geomagnetic field by affecting CMB heat
flux®’. Figure 1 depicts possible structure at the CMB and relevant
properties and processes.

Outlook

Despite the CMB being the subject of nearly a century of research®,
recent scientific advances force us to re-evaluate our understanding of
this planetarily-important boundary. Recent results from seismology
highlight the heterogeneous nature of the CMB, providing a growing
body of evidence for a complex, potentially layered zone at the base of
the silicate mantle. The existence of a highly conductive layer is also
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Fig. 1| Cartoon showing the place of a complex CMB in the Earth system (left)
and a zoom-in of a possible complex CMB scenario and the relationship of a
basal layer to ULVZs (right). The dashed line indicates an estimated limit of robust

body wave detection, which lies above the average layer thickness. Density and
electrical conductivity values are denoted by p and o, respectively.
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supported by geodetic and geomagnetic constraints, indicating that
the lowermost mantle above the CMB may be iron-enriched.

Even with these advances, seismological observations have not
yet unequivocally resolved global layering at the CMB. A concerted
multi-disciplinary effort will be required to better constrain the pre-
sence and characteristics of this layering. This work could help us
understand temporal and lateral variations in CMB heat flux, and thus
the dynamics of the outer core and the nature of the geomagnetic field.
In addition, further experimental, thermodynamic, geochemical, and
geodynamic work will be needed to understand the chemical and
dynamic interaction between solid or fluid layers and mantle and core
materials, and the evolution of these interactions over Earth’s history.
Given the number of ways in which CMB structure can affect Earth
observations, it is exciting to see novel studies that are revealing more
of its intriguing complexity.
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