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*30^106 PSI ≈ 207 GPa
(136GPa ≤ PCORE ≤ 329GPa)

Core physics

Image from Glatzmaier & Roberts, Nature, 1995

There's a core down there
1913, Physik. Zeitschr.
●

●

Core radius ~ 3500km.
(PREM has rCMB=3480)
Due to velocity profile,
expects to see phases like
SKS.

“There seems to be no reason to
deny that the earth's metallic core
is truly fuid.”
Jeffreys, 1926,
Monthly notices of the RAS

Earth as a differentiated body

*Discerning readers should understand that all sorts of scientists have made signifcant progress on
our understanding of many aspects of the core in the last 26 years:
Current understanding
Science yet to be concluded
The inner core is anisotropic

Mechanism and extent of the anisotropy

The inner core is solid

How do we see PKJKP & understand the
apparent vs

Most of outer core is well mixed

Presence of layers at the top and bottom of the
outer core?

The inner core is more viscous than the
outer core

The viscosity of the inner core is not well known
(to within many orders of magnitude)

Secular cooling of the core provides energy
for mantle convection

The size of the heat fow through the CMB, and
its spatial pattern are still debated.
Upper panel from Birch, J. Geophys. Res., 1952

Earth as a differentiated body
*Discerning readers should understand that all sorts of scientists have made
signifcant progress on our understanding of many aspects of the core in the last 2 6 years:
Current understanding

Science yet to be concluded

The inner core is anisotropic

Mechanism and extent of the anisotropy

The inner core is solid

How do we see PKJKP & understand the
apparent vs

Most of outer core is well mixed

Presence of layers at the top and bottom of
the outer core?

The inner core is more viscous
than the outer core

The viscosity of the inner core is not well
known … to within many OoM

Secular cooling of the core provides
energy for mantle convection

The size of the heat fow through the CMB,
& its spatial pattern are still debated

There's an inner core down there
Unexpected
core arrival

Picture from Bolt (1997) http://www.physics.ucla.edu/~cwp/articles/bolt.html

The core
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Figures made from Table 1 of Vočadlo, Earth. Sci. Planet Lett. 2007

PREM

The core

Figure 1 Cumulative number of articles in the literature that support each light element in the core (updated from Poirier 1994).

The Outer core (brief detour)
Fig 2. Range of core compositions
compatible with seismic
observations. Each shaded area
represents the ternary solution
space that satisfes the seismic
density and bulk sound velocity at
the top and bottom of the outer
core (Fe94Ni6–O–Si, blue;
Fe94Ni6–O–C, red; and Fe94Ni6–
O–S, yellow). There is no solution
for the other ternaries (Fe94Ni6–
Si–S, Fe94Ni6–Si–C, and
Fe94Ni6–S–C). This shows that
oxygen is always required to
match the seismic data. The best
numerical ft is shown by the white
circle corresponding to 3.7% O,
1.9% Si, 0% S, and 0% C.

Figure from Badro et al, Proc. Natl. Acad. Sci. 2014

inner core anomalies
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To investigate anisotropy, use ray angle, ζ.
ζ: angle between the wave in the inner core and Earth's
rotational axis.

Figure from Irving, Phys. Earth Planet. Int. 2016

Remember normal modes?
Spheroidal modes

Toroidal modes
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Modes and the inner core
Inner core anisotropy causes splitting of core sensitive modes. See the introduction to
splitting in Miaki's lecture

Figure 10. Our splitting function observations for two inner-core sensitive modes which have not been
measured before. Also shown are the S20RTS + CRUST5.1 predictions and the sensitivity kernels, where
the solid black line is vs, the solid red line is vp and the dotted line is ρ.
From Deuss et al, Geophys. J. Int., 2013

Modes and inner core anisotropy

Figure 8. Frequency and quality factor of PKIKP mode 13S2 when the
inner core model is azimuthally symmetric (AS, open square) or
contains hemispherical structure (HS, solid circle) for the (a) B&T
model, (b) D&R model, (c) Tr model and (d) W,G&L model. Mantle
heterogeneities, rotation and ellipticity and coupling with mantle
sensitive modes have been included in these calculations.

Figure 9. Data (solid line) and synthetic seismograms for PKIKP mode
13S2 when the inner core is azimuthally symmetric (AS, dotted line) or
contains hemispherical anisotropic structure (HS, dashed line) for event
060994A. The inner core anisotropy models used are the: (a) B&T
model, (b) D&R model, (c) Tr model and (d) W,G&L model.

From Irving et al, Geophys. J. Int., 2009

The inner core

From Tanaka & Hamaguchi, J. Geophys. Res., 1997

The inner core

From Tanaka & Hamaguchi, J. Geophys. Res., 1997

The inner core

From Irving & Deuss, Geophys. J. Int., 2011

Modes and the inner core
and ...

Fig. 1: Observed and predicted splitting functions for the mode pair
16S5 and . (A) Observed splitting function using self-coupling only for
16S5 showing typical zonal splitting. (B) Predicted self-coupled splitting
function for a mantle model and a cylindrically anisotropic inner core
model (12). (C) Predicted self-coupled splitting function for mantleonly model S20RTS (31). (D) Observed cross-coupled splitting
function showing antisymmetric splitting, which changes sign across
Africa. (E) Predicted cross-coupled splitting function for anisotropy
only between hemisphere boundaries at 151°W and 14°E. (F)
Predicted cross-coupled splitting function for mantle-only structure.
Thick lines denote the hemisphere boundaries found from body wave
observations (Fig. 3). s is the angular order of the observed structure.
From Deuss et al, Science., 2010

Modes and the inner core and
hemispheres!

Fig. 1: Observed and predicted splitting functions for the mode pair
16S5 and . (A) Observed splitting function using self-coupling only for
16S5 showing typical zonal splitting. (B) Predicted self-coupled splitting
function for a mantle model and a cylindrically anisotropic inner core
model (12). (C) Predicted self-coupled splitting function for mantleonly model S20RTS (31). (D) Observed cross-coupled splitting
function showing antisymmetric splitting, which changes sign across
Africa. (E) Predicted cross-coupled splitting function for anisotropy
only between hemisphere boundaries at 151°W and 14°E. (F)
Predicted cross-coupled splitting function for mantle-only structure.
Thick lines denote the hemisphere boundaries found from body wave
observations (Fig. 3). s is the angular order of the observed structure.
From Deuss et al, Science., 2010

Modes and the inner core

Fig. 2: Observed cross-coupled splitting functions for mode pairs (A) 8S5-5S10J and (B) 14S4-11S7
From Deuss et al, Science., 2010

Modes and the inner core

Fig. 4: Observed radial component of the Earth’s magnetic feld at the CMB, averaged over the last 5 million years
(27). (A) The total magnetic feld is dominated by the dipole component; the non-dipole feld is also included. (B)
The non-dipole component of the feld shows four increased negative fux patches. These fux patches are also
seen in the current-day magnetic feld (fg. S7) and correspond to the locations of maximum hemispherical
variations in seismic anisotropy (Figs. 1D and 2, A and B).

From Deuss et al, Science., 2010

Inner core hemispheres

Figure from Irving, Phys. Earth Planet. Int. 2016

Inner core hemispheres
“[...] Is the Earth’s inner core
a conglomerate of anisotropic
domains?”
Figure 4. A schematic representation of three
distinct anisotropic domains in the IC where the
strength and orientation of fast crystallographic
axes are shown as straight lines. Two different
PKPdf ray paths are shown sampling different
domains. A represents a semi-constant
anisotropy domain with a predominant alignment
of fast anisotropic axes; B is a transitional
domain with a mixed orientation of fast
anisotropic axes, and C is an isotropic or a
weakly anisotropic domain. The arrow in the
middle represents the net direction of the fast
axis of anisotropy.

From Tkalčić, Geophys. Res. Lett.,. 2010

Inner core anisotropy
But why????

●
●
●

Anisotropy may be due to crystalline alignment, produced by magnetic or thermal gradients.
Structure may develop during or after crystallization
There may be larger scale structures preferentially aligned in one direction.

Inner core anisotropy

Figure 3.
the Coriolis force transports heat more in the equatorial region than in the polar regions. The anisotropic heat transfer gives
rise to anisotropic growth of the inner core, which, in turn, produces flow in the inner core to keep the state of isostatic
equilibrium.
Figure from Yoshida, J. Phys.: Condens. Matter, 1998

Inner core anisotropy

Illustration of thermal convection as
could be presently ongoing for the
nominal case discussed in Sections
3.1 and 4.3. Map view shows
superadiabatic temperature halfway the inner core. The cross
sectional view below is indicated by
the black line on the map. Total run
is represents convection 2.5 Gy
(however it does not represent
thermal history over this period, but
rather represents present-day
thermal state for the nominal case).
Movie from Cottaar & Buffett, Phys.
Earth Planet Int., 2012

Inner core anisotropy

“Anisotropy of the inner core of the Earth is
proposed to result from the lattice preferred
orientation of anisotropic iron crystals
during their solidifcation in the presence of
a magnetic feld. The resultant seismic
anisotropy is related to the geometry of the
magnetic feld in the core.”

From Karato, Science, 1993

Inner core anisotropy

From Karato, Nature, 1999
Figure 1. The dynamics of the outer portion of the inner core (dark-green,
thin layer) is dominated by the direct effects of the Lorentz force (the
Maxwell stress). The dynamics in the deep portions are controlled by the
force balance between the pressure gradient and the viscous force, with a
constraint imposed by the boundary conditions near the surface of the
inner core which are dominated by the Maxwell stress. The Lorentz force
(the Maxwell stress) caused by the toroidal magnetic field squeezes innercore materials towards the rotation axis, and causes a flow from strongfield regions to weak-field regions. The flow pattern is sensitive to the
geometry of the magnetic field (see Fig. 2). Black arrows, Lorentz force;
red arrows, flow directions; blue lines with arrows, magnetic field lines.

Figure 2. Flow velocity vectors in a
meridional plane are shown. The geometry of
the flow field is determined by the geometry
of the magnetic field at the inner–outer core
boundary. The flow field corresponding to the
Maxwell stress of (panel a) M(, ) = A(1 - cos2)
(corresponding to the symmetric toroidal
field) and (panel b) M(, ) = A(1 - cos 4)
(corresponding to the antisymmetric toroidal
field) are shown.

Inner core anisotropy

(image from Jean-Paul's slides)

PKJKP
“Note that the phase pPKJKP is clearly observable in the time domain.”

Figure from Okal & Cansi, Earth Sci. Planet Lett., 1998

← (another slide borrowed from Ved)

PKJKP

Figure from Deuss et al, Geophys. J. Int., 2001

PKJKP

Figure 1. (a) Ray paths of PKJKP and PKIKP. The event epicenter and GRF seismic array are indicated by a star and a
square, respectively. (b) Stacked waveform of PKJKP corresponding to the energy maximum in Figure 1c. (c) Observed
vespagram for PKJKP in the slowness and travel time domain. The energy level is amplified 40 times. The slowness of the
energy maximum is ∼−1.6 s/deg, close to the PREM prediction of −1.43 s/deg. The arrival time is also compatible with PREM
(1695 sec for the maximum energy, compared to a prediction of 1690 sec for the high frequency onset of the pulse). (d)
Synthetic differential vespagram. Both PKJKP and pPKJKP are visible after the interfering mantle phases have been
removed. The estimated slownesses are both −1.4 s/deg, which are the same as the predictions based on PREM [Dziewonski
and Anderson, 1981].
Figure from Cao & Romanowicz, Geophys. Res. Lett., 2009

PKJKP

Figure from
Wookey & Helffrich,
Nature, 2008

PKJKP
Figure 5. Observed and synthetic vespagrams for the
2007 Java event, showing the difference between the
synthetic techniques and the fluid inner core test. (a)
Observed data, (b) WKBJ synthetics, (c) Yspec solid
inner core synthetics, (d) Yspec fluid inner core
synthetics, (e) Yspec solid-minus-fluid inner core
synthetics, (f) Specfem 1-D synthetics, (g) Specfem 3D synthetics, (h) Specfem 3-D-minus-1-D synthetics,
(i) Yspec solid-minus-Specfem 1-D synthetics.
Predicted traveltimes for exotic inner core phases,
direct inner core phases and some outer core phases
are indicated. The maximum amplitude for each panel
is indicated in the bottom left corner in nanometres.

Figure from Wazsek & Deuss, Geophys. J. Int., 2016

PKJKP

From Shearer et al, Geophys. J. Int., 2011

PKJKP

From Shearer et al, Geophys. J. Int., 2011

PKJKP

Fig. 1. Normal mode frequency spectra for
the 9 June 1994 Bolivia event showing the
difference between a solid and fluid inner
core. The black line and labels denote the
observed data, which is in agreement with
the solid core synthetics (blue solid line).
The fluid core synthetics (dashed blue line
and blue labels) show the new locations of
radial modes 2S0, 3S0, 4S0 and core
sensitive modes 7S2, 8S5 for a fluid inner
core model, which is in strong
disagreement with the observed data. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
Figure from Deuss, Earth Sci.
Planet. Lett. 2008

Inner core translation

Animation courtesy of Zack Geballe and Elizabeth Day

Inner core translation
“On Fig. 1, an experimental run is shown. This
experiment corresponds to a case in which the
heavy fuid buoyancy fux was 83% that of the
light fuid. […]. The experiment was run twice
under the same conditions: in the frst instance,
the injected dense fuid was coloured with
potassium permanganate and photographs of
the set-up were taken at different times after
the beginning of the injections. A dense
coloured layer forms at the bottom and its
thickness grows linearly with time. It is also
possible to see convection plumes going up on
the right-hand side, carrying along some of the
heavy coloured fuid in the upper part of the
cavity. In the second instance, the synthetic
schlieren method has been used18, 19, providing
a quantitative two-dimensional feld of
refraction index with which to visualize the
concentration gradients: their horizontal
components are shown on the middle row of
Fig. 1, showing convection plumes of light fuid
on the right-hand side of the cavity, while their
vertical components are shown on the bottom
row, visualizing the dense layer and its growth.
[...]There is clearly a region of stratifed fuid,
above which density is nearly uniform. The
thickness of this layer grows linearly with
time, its volume being 50% to 90% that of the
total volume generated by the light and
heavy fuxes.”

From Alboussière et al., Nature, 2010

Inner core translation

(A) Paths of the PKIKP wave (solid line) refracted inside
the inner core and the PKiKP wave (dashed line) reflected
at the inner-core boundary at distance 140°. (B)
Examples of records corresponding approximately to the
same epicentral distance (140°) but to increasing
distances ΔG of their turning point to point G [see (C)].
Solid circles are PKIKP waves; open circles are PKiKP
waves. Travel-time differences increase with increasing
ΔG values.
Data are vertical components, band-pass filtered at 0.7 to 2.0 Hz. Dates and station codes are given on the right. (C) Map of the
differential travel-time residuals PKiKP-PKIKP plotted at the ray turning points (Mollweide projection). Solid circles are bestquality data (8). Contours are plotted every 20° from point G (thick cross) and roughly delineate regions of equal residuals. (D)
Differential travel-time residuals and (E) quality factors (in logarithmic scale) as a function of the distance of the ray turning point
to point G. Solid circles are best-quality data.
From Monnereau et al., Science, 2010

Inner core translation

From Alboussière et al., Nature, 2010

From Monnereau et al., Science, 2010

Inner core translation

From Geballe, Lasbleis, Cormier & Day, Geophys. Res. Lett, 2013

Inner core translation

Fig. 3. Instantaneous strain rate as a function of the
viscosity and age of the inner core. The regime
diagram is build on the assumption that the dominant
regime for given values of the control parameters is the
one with the largest instantaneous strain rate [...]. The
domains of each regime are delimited by solid dashed
lines. The striped rectangle corresponds to a zone of
transition between the translation and plume
convection regimes, where the scaling laws do not
predict accurately the strain rate. The limit Tic = 1
(black line) corresponds to the limit between stable and
unstable density stratification. A zoom around Tic = 1 is
given on the bottom panel, to show the boundary
between convection and stable state (solid red line)
and Tic = 1 (solid black line)
From Lasbleis & Deguen, Phys. Earth Planet. Sci., 2015

Inner core translation
Fig. 8. Regime diagram for
compositional stratification. The color
intensity shows the instantaneous strain
rate and the boundaries between the
different regimes are indicated with
dashed (coexistence of different
regimes) and solid lines (incompatibility
between the regimes). For αc Sc > 0
and η < 1018 Pa s (grey shade),
convective instabilities develop as
plumes but a steady state may not be
reached, and the value of the strain rate
is uncertain.

“A mechanism able to explain the strong anisotropy revealed by seismic data would have to
satisfy two requirements: that the induced strain is large enough, and that the fow has the
correct geometry. Based on our regime diagram, this seems to require
•either a stable stratifcation and a viscosity large enough to reach the weakly stratifed
heterogeneous growth regime, which could give a fow with the adequate geometry (Yoshida et
al., 1996). However, the timescale of texture development would be similar to the age of the
inner core;
•or a low viscosity (η < 1018 Pa s) and either a stable or unstable stratifcation, to allow the
Lorentz force to have a strong effect and impose a N-S axisymmetric geometry.”

From Lasbleis & Deguen, Phys. Earth Planet. Sci., 2015

