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For a regular material, in a single state, the effect of increasing pressure is to produce a linear relation
between shear modulus (G), bulk modulus (K) and pressure (p). Such a dependence on pressure fits the
behaviour of individual mineral and mineral composites well. For the iron bearing minerals in the lower
mantle, the transition from the high-spin state to the low-spin state with increasing pressure produces
deviations from this simple behaviour, due to a much larger reduction of the bulk modulus than the
shear modulus in the spin crossover. There are linear zones in the dependence of the modulus ratio G/K
on pressure scaled by bulk modulus (p/K) above and below the transition, with a complex excursion
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to high ratios in between. With increasing temperature the spin transition is smoothed out in depth,
and is expected to be smooth along a mantle geotherm. For the ak135 body-wave model of radial Earth
structure there is a slight, but distinct, change of slope in the relation between the modulus ratio and
scaled pressure corresponding to a depth range around 1550 km. This feature is strongly suggestive of a

deep Earth

residual effect of a 3-D averaged spin transition in the ferropericlase component of the lower mantle.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The iron bearing minerals of the lower mantle undergo spin
transitions with increasing pressure that modify their physical pa-
rameters. Two major review papers (Lin et al., 2013; Badro, 2014)
have presented full accounts of the development of the concept
together with the experimental and computational evidence for
significant modification of elastic moduli (particularly bulk modu-
lus) and thermal conductivity. At shallow depths, mantle minerals
contain iron in the high-spin electronic state. The effect of pres-
sure enhances the splitting energy between the orbitals in the
iron atoms and so favours the low-spin state. Thus, with increas-
ing pressure, the configurations of the outermost shell electrons
in iron atoms are modified and produce an electronic spin-pairing
transition from a high-spin to a low-spin state. Under the temper-
ature conditions in the lower mantle the spin crossover transition
is expected to be gradual and occur over a broad span of pressures.

For ferropericlase the spin transition is associated with ferrous
iron (Fe2t). At mantle temperatures the spin crossover is gener-
ally considered to occur in the pressure range 50-90 GPa, though
the exact range is still a matter of debate (e.g., Tsuchiya et al.,
2006; Lin et al., 2007; Mao et al., 2011; Holmstrom and Stixrude,
2015). The transition is accompanied by a reduction in the bulk

E-mail address: Brian.Kennett@anu.edu.au.

https://doi.org/10.1016/j.epsl.2021.116808
0012-821X/© 2021 Elsevier B.V. All rights reserved.

modulus with much less effect on the shear modulus and density
(e.g., Marquardt et al., 2009; Wentzcovitch et al.,, 2009). The size of
such spin-transition effects is still not entirely clear, with conflict-
ing reports from different experimental and computational studies
(Crowhurst et al., 2008; Wentzcovitch et al.,, 2009; Antonangeli et
al., 2011; Wu et al., 2013; Shukla et al., 2016; Marquardt et al.,
2018). The spin transition shifts to higher pressures with increas-
ing iron content (e.g., Speziale et al., 2005).

In bridgmanite the situation is more complex, with the po-
tential for different transitions depending on the valence of iron
and its position in the silicate lattice structure (Badro, 2014). The
net effect on elastic properties appears to be small (Caracas et al.,
2010), and Shukla et al. (2016) have demonstrated that the pres-
ence of aluminium can suppress the effects of the spin transition.

The preference of iron for the low-spin state tends to drive iron
partitioning, so that bridgmanite at high pressures is expected to
be enriched in ferric iron (e.g. Badro, 2014), whilst ferropericlase
retains ferrous iron. The effect of the spin crossover is therefore
expected to produce some change in the Fe-Mg partitioning be-
tween bridgmanite and ferropericlase (Irifune et al., 2010; Piet et
al,, 2016).

Houser et al. (2020) have made a detailed study of the ef-
fects of temperature and composition on the spin transition in the
iron bearing minerals in the context of looking at discriminants
between different potential compositions for the lower mantle.
They note that the effect of the spin transition in ferropericlase
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Fig. 1. lllustration of the linear dependence of G/K on p/K for a pyrolitic composition mineral assemblage for the lower mantle from Gréaux et al. (2019). No spin effects
are included. The open symbols indicate the zone where some residual garnet may be present. Pressure range 27-126 GPa.

could provide a means of distinguishing between relatively ferro-
magnesian and silica-rich compositions.

Despite the expectation of noticeable changes in physical prop-
erties due to the presence of the spin transition, seismological
manifestations have been lacking. Comparisons have tended to be
made with the PREM reference model (Dziewonski and Anderson,
1981), where a single cubic polynomial spans the entire lower
mantle for seismic velocities and density and so localised effects
would be suppressed. The more flexible parametrisation employed
in the ak135 model also shows no direct indication of spin tran-
sition effects. The P wavespeeds and S wavespeeds for ak135 are
self-consistent (Cammarano et al., 2010; Kennett, 2020a), but show
a slightly different trend for epicentral distances beyond 60°, com-
pared to shorter distances.

Comparison with an individual wavespeed or modulus are not
sufficient to identify subtle effects, but the ratio of shear to bulk
modulus G/K as a function of pressure scaled by bulk modulus
p/K is a sensitive indicator of variations in material behaviour. For
a regular material with no phase transitions, the modulus ratio de-
pends linearly on scaled pressure. The presence of a second-order
phase transition, such as the spin crossover, modifies the pattern
with distinct linear segments on either side of the transition and
a complex intermediate behaviour. Body wave models of the ra-
dial structure of the lower mantle indicate a change in the slope
of the modulus ratio as a function of normalised pressure that is
compatible with weak averaged effects of the spin transitions.

Valencia-Cardona et al. (2017) have proposed the use of Bul-
len’s parameter as an indicator of the spin transition, since this
measure of departures from adiabacity incorporates the bulk mod-
ulus. However estimation of this parameter requires density gra-
dients, which are much less well constrained than other seismic
parameters (e.g. Kennett, 1998).

2. Comparing bulk and shear moduli

For a material in a single state the relation between the shear
modulus G, bulk modulus K and pressure p is well approximated
by

G =ak — bp. (M

An equivalent form to (1) was derived by Falzone and Stacey
(1980) from a model with a purely central potential function be-
tween atoms, with changes in bond lengths in a deformed crystal
calculated to second-order in strain. The relation (1) is consistent

with the interactions of stretching and bending contributions to
material deformation under pressure, and is satisfied by experi-
mental results on many different classes of minerals (e.g. Kennett,
2020b). Burakovsky et al. (2004) have pointed out that the coef-
ficients a and b in equation (1) can be specified in terms of the
notional initial values of the shear and bulk moduli (G, Kg) and
their pressure derivatives (G, Kj), regardless of whether that state
can actually be achieved. The linear relation can be expressed as

f= () -[r-ci) 7
K Ko Ko K
The ratio G/K can be derived from seismic wavespeeds without
the influence of density p. G/K = 2/¢? in terms of bulk-sound
speed ¢ and S wavespeed B, where ¢ = o? —44%/3 and o? is the
P wavespeed. The scaled pressure p/K is also only mildly affected
by changes in the density distribution with depth. Kennett (2017,
2020b) has used (1), (2) to link a representation of shear properties
to existing equations of state for pressure and bulk modulus.

The linear relation (2) between the ratio of moduli and scaled
pressure also provides a good description of the properties of min-
eral assemblages. In Fig. 1 we illustrate the results for a pyrolytic
model for the Earth’'s lower mantle developed by Gréaux et al.
(2019). The dominant minerals are bridgmanite and ferropericlase,
included without any allowance for spin transitions. Some residual
majorite garnet is present at the top of the lower mantle, marked
by open symbols, and this leads to a slight deviation from the
overall linear trend.

When a material changes state, the intercept and slope of the
G/K vs p/K relation will be modified and so deviations will be
introduced from the linear relation (2) for the original configura-
tion. As we shall see in the next section, the spin crossover in the
iron content of lower mantle minerals produces marked deviations
from the linear trend.

(2)

3. Effects of spin transitions

Many studies of the spin transition have concentrated on the
effects on bulk modulus as a function of temperature and pressure
(e.g., Marquardt et al., 2018; Liu et al., 2018), but a clearer picture
emerges when the relative behaviour of the shear and bulk mod-
ulus, or the corresponding wave speeds, are considered (e.g. Mar-
quardt et al,, 2009; Wu et al,, 2013; Wu and Wentzcovitch, 2014;
Wuy, 2016; Wu and Wentzcovitch, 2017; Marquardt and Thomson,
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Fig. 2. Plots of the relation of G/K to p/K for ferropericlase. Both the high-spin state at lower pressures (HS) and the low-spin state at high pressures (LS) show approximately
linear relations, but with different slope. In the transition region this pattern is disrupted by the reduction of the bulk modulus, as indicated by the results shown with an
open symbol. (a) Experimental results of Marquardt et al. (2009) for single-crystal Mgg gFeg 10 crossing the spin transition in ferropericlase at room temperature. Pressure
range 27-126 GPa. (b) Ab initio results from Wu et al. (2013) at 2000 K for Mgp g125Fep. 18750 displaying the full pattern of the excursion in the moduli ratio across the spin

transition. Pressure range 10-140 GPa.

2020). An alternative is to use Poisson’s ratio (Fu et al., 2018) that
can also be expressed as a function of the modulus ratio G/K.

We here illustrate the effect of the presence of a spin transi-
tion through the pressure dependence of the modulus ratio G/K
with results from both experimental work and ab initio calcula-
tions that have estimated both bulk and shear moduli as a function
of pressure. We present results for both ferrropericlase (Fig. 2) and
iron-bearing bridgmanite (Fig. 3).

In Fig. 2(a), we display the behaviour of the modulus ra-
tio G/K as a function of scaled pressure p/K for single-crystal
(Mgp.gFeg.1)0 from the experimental results of Marquardt et al.
(2009). For this ferropericlase study, at room temperature, there
is a marked change in the slope of the G/K relation between the
low pressure high-spin state (HS) and the higher pressure low-spin
state (LS). The reduction in the bulk modulus through the spin
crossover is so large that most points in this zone lie well off the
plot to the right. The behaviour is similar to that found for the
ab initio calculations of Wu et al. (2013) shown in Fig. 2(b). Here
results at a constant temperature of 2000 K are displayed. The ex-
cursion in the modulus ratio associated with the spin transition
is much larger at lower temperatures. The softening of the bulk-
modulus through the spin crossover for ferropericlase has been
demonstrated at seismic frequencies by Marquardt et al. (2018),
but no associated shear modulus results were reported.

In Fig. 3 we show equivalent results for bridgmanite from the
experimental study of Fu et al. (2018) at room temperature, and
ab initio results from Shukla et al. (2016) at 1200 K for several
different compositions. The experimental results with the presence
of ferric iron show a pronounced spin transition. In contrast the
ab initio calculations indicate suppression of the spin transition in
the presence of Al irrespective of the presence of ferric iron, for all
temperatures.

The examples we have displayed for ferropericlase and bridg-
manite demonstrate the behaviour of the modulus ratio G/K with
scaled pressure p/K at constant temperature. However, the spin
transition is strongly temperature dependent, broadening with in-
creasing temperature. Shukla et al. (2016) have carried out a suite
of ab initio computations for various modifications of bridgmanite,
and present results for paths along the mantle geotherm of Boehler
(2000). In Fig. 4(a) we display the G/K vs p/K behaviour on the
lower mantle geotherm for this set of materials, which range from
pure MgSiO3 bridgmanite, to iron substitution on both magnesium
and silicon sites [Fe3+]Mg-[Fe3+]Si. This last material displays a
distinct spin transition that manifests as a smoothly varying curve
in Fig. 4 that deviates noticeably from the trend with aluminium
substitution on silicon sites, for which the spin transition is sup-
pressed. Hence, in the presence of a lower mantle spin transition
we would expect to see two approximately linear segments in G/K
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Fig. 3. Plots of the relation of G/K to p/K for bridgmanite, results in the spin transition region are shown with open symbols. (a) Experimental results of Fu et al. (2018)
at room temperature for the iron-bearing composition Mgo,gsFe(z,_TmFe35145io_9903. Pressure range 24-69 GPa. (b) Ab initio results at 1200 K from Shukla et al. (2016)

for different compositions (i) (Mgo.g75Alo.125 )(Sio.875Al0.125)03, (ii) (M‘.t;o,g75Fe(3,_"1'25 )(Sio.875Al0.125))03, (iii) (MgomsFegjzs)(Si0,875Feg_*1'25)03. Only the variant (iii) with no Al

displays a spin transition. Pressure range 20-150 GPa.
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Fig. 4. (a) Plot of G/K vs p/K for the ab initio computational results of Shukla et al. (2016) on modifications of bridgmanite, indicated by simplified codes. The calculations
were made along the lower mantle geotherm of Boehler (2000) for pure MgSiO3; bridgmanite (MgSiO3), and various substitutions in MgSiO3 bridgmanite:

(AI-Al) [AI]Mg-[Al]Si - 5% Al, (Fe2+) [Fe2t Mg - 10% Fe*, (Fe-Al) [Fe3* |Mg-[Al]Si - 10% Fe3*, Al, and (Fe-Fe) [Fe3+]Mg-[Fe3+]Si - 5% Fe3*. Pressure range 24-150 GPa. The
spin crossover in the presence of ferric iron has a strong effect on the behaviour.

(b)Plot of G/K vs p/K for the ab initio computational results of Wu et al. (2013) for ferropericlase Mgo s75Feq.1250, along the lower mantle geotherm of Brown and Shankland
(1981). Results in the spin transition region are shown with open symbols. Pressure range 25-130 GPa.
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vs P/K at low and high pressures, but neither slope would reflect
the constitutive state of bridgmanites without a significant spin
crossover effect.

Although the effects of the spin transition in bridgmanite along
a mantle geotherm are muted, there are still considerable reduc-
tions in bulk modulus for ferropericlase. In Fig. 4(b) we display
the ab initio results of Wu et al. (2013) for ferropericlase along
the mantle geotherm of Brown and Shankland (1981). A very no-
ticeable excursion in G/K associated with the spin transition is
present between the high-spin and low-spin states. This excursion
becomes even larger if the proportion of Fe is increased (Wu et
al., 2013). Thus the spin transition in ferropericlase in the lower
mantle can be expected to make a significant effect on the seismic
properties of any aggregate in which it is present.

4. Lower mantle seismic models

The dominant variation of the material properties of the Earth
is with depth, but three-dimensional variations are significant in
the upper part of the mantle and near the core-mantle boundary
for both compressional and shear waves (e.g. Saltzer et al., 2001;
Kennett and Gorbatov, 2004; Simmons et al., 2010). Seismologi-
cal models for the radial variation of elastic parameters represent
averaging of the three-dimensional Earth and its temperature and
compositional variations.

The PREM model of Dziewonski and Anderson (1981) was pri-
marily constructed from the centre frequencies of the free oscil-
lations of the Earth, with additional constraints from the travel
times of seismic body waves. For the lower mantle, the primary
constraint is on shear wavespeed and control on the P wavespeed
is weaker. The normal modes provide direct control on the spher-
ical averaged model as a function of depth. In the PREM model, a
single cubic function of radius is specified from 770 km to 2740
km for both P and S wavespeeds as well as density p. This para-
metric representation cannot adapt to any localised features, and
so even if spin effects were present in a limited depth range they
would have little influence on the overall distribution of properties
in the lower mantle.

In contrast, models constructed from body-wave observations,
such as ak135 (Kennett et al.,, 1995) have independent constraints
on P and S wavespeeds. An associated density distribution was cre-
ated by Montagner and Kennett (1996), by fitting normal mode
frequencies. The ak135 model is specified by control points in ra-
dius with linear interpolation between, but since the starting point
was parametric some influence can remain (Kennett, 2020a). The
travel time observations used to construct the body-wave models
average three-dimensional structure to provide travel time curves
as a function of epicentral distance. Many different seismic phases
were used in the construction of the ak135 model, and the re-
sulting model represents an approximation to a radial average, but
with likely bias from the uneven distribution of seismic stations
and earthquakes across the globe.

Because model ak135 was developed to provide a representa-
tion of travel times, an implicit assumption was made that the
seismic wavespeeds would show a monotonic increase with depth
through the mantle. Thus no allowance was made for possible lo-
calised reductions in P and S wavespeeds.

Although the ak135 model has proved very effective and is in
use as the primary model for earthquake location by international
agencies, more recent observations from the differential times of
SmKS phases that have multiple reflections on the underside of the
core-mantle boundary (e.g. Kaneshima and Helffrich, 2013) have
indicated the need for slight adjustments to the structure at the
top of the core. Modifications to one part of the model require
compensating adjustments elsewhere to maintain a fit to the full
suite of seismic phases. Kennett (2020a) has developed a modi-
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fied model ek137 to match the full range of SmKS observations.
This model includes some slight changes to the lower mantle from
ak135, notably for S in the lowermost mantle, as well as adjust-
ments at the top of the core. The model ek137 was constructed
starting from ak135 and shares the characteristic of monotonic in-
crease in wavespeeds through the lower mantle.

The constraints on the distribution of density with depth are
weaker than for the seismic wavespeeds, and are principally con-
trolled by the properties of low frequency normal modes in con-
junction with the mass and moment of inertia of the Earth. The
available data are compatible with a nearly adiabatic distribution,
but do not require such a property (Kennett, 1998). This is why
it is desirable to look at aspects of Earth structure that minimise
dependency on the specifics of the density distribution.

For each of the seismological models we can extract the shear
and bulk moduli, and construct the pressure distribution with
depth. The resulting patterns of dependence of the elastic mod-
ulus ratio G/K on the scaled pressure p/K are displayed in Fig. 5.
For all the seismological models the dependence is not far from
linear, but for the body wave models ak135, ek137 there is a slight,
but distinct, change of slope with increasing scaled pressure. These
trends are indicated in Fig. 5 by light grey lines fitted to the low-
and high-pressure behaviour. The zone between p/K = 0.13 and
p/K =0.156 shows a different slope to that for the shallower and
deeper parts of the lower mantle. This cross-over zone corresponds
to the depth range from 1300-1750 km. The change in slope with
scaled pressure is suggestive of the features seen in the spin tran-
sition results in the previous section.

Because the body-wave seismic models were constructed with
a monotonic increase in seismic wavespeeds, locally reduced
wavespeeds are not allowed and so there can be no equivalent of
the excursion in G/K linked to such a reduction, as in Fig. 4(b) for
ferropericlase. The change in slope in the G/K vs p/K behaviour
for models ak135 and ek137 is compatible with the presence of a
weak residual effect from a spin transition, spread over a pressure
range of around 25 Pa. The change in slope would be associated
with the spin crossover in ferropericlase rather than bridgmanite.

The slight, but distinct, change in slope in the modulus ratio
as a function of scaled pressure is indicative of a change of state
in the lower mantle. This change is likely to be linked to a muted
signal of the iron spin transition. A change in the gradients of the
seismic wavespeeds between the shallower and deeper parts of the
lower mantle has been noted by Cobden et al. (2009) with the
transition most prominent in the range 1300-1700 km. A variety of
thermal and thermo-chemical scenarios were assessed by Cobden
et al. (2009), but none were wholly satisfactory. A spin transition
explanation was dismissed because of the steady increase in seis-
mic wavespeed with depth in the seismic models derived from
body-wave observations. However, as we have noted above, the
monotonic increase is an intrinsic feature of the models and can-
not be used for discrimination of the physical state.

5. Discussion and conclusions

Distinct changes in properties occur between the shallower and
deeper parts of the lower mantle in radial Earth models, with a
transition where the spin transitions are expected. Such 1-D earth
models represent an average of three-dimensional structure mod-
ulated by the way that the seismic probes have sampled the Earth.
The variations of the modulus ratio R, = G/K can be represented,
to first order, as a combination of those for the bulk-sound speed
¢ and the shear wavespeed B, since Ry, = 8%/¢?,
oy 00 .
Rm B ¢
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We can therefore make use of the global tomographic models for
¢ and B of Kennett and Gorbatov (2004) derived by joint inversion
of P and S travel times for events which recorded both P and S,
so model sampling and resolution are directly comparable for the
two wavespeed distributions.

In Fig. 6(a) we show the rms variations for both bulk-sound
speed and shear wavespeed, compared with the ak135 reference
model, as a function of depth in the 18-layer model of Kennett
and Gorbatov (2004). The amplitude of the variations connected
to the bulk-sound speed reach a minimum in the mid-mantle

where spin effects should be most prominent. The size of such
variations can be suppressed by anti-correlation of bulk modulus
and density variations (Valencia-Cardona et al., 2017), but a simi-
lar effect would occur for shear wavespeed variations. The relative
variations in the modulus ratio would still be least in the mid-
mantle. There is weak anti-correlation in the variations of bulk-
sound speed and shear wavespeed through the lower mantle in
the joint-tomography model as illustrated in Fig. 6(b). Wu (2016)
has shown that the presence of a spin transition in ferropericlase
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Fig. 7. A cross-section through the full globe for the joint P and S wave inversion tomographic model of Kennett and Gorbatov (2004) for (a) bulk-sound speed ¢, (b) shear
wavespeed S, and (c) the modulus ratio G/K derived from the wavespeed models. In the lower panel the dashed circles indicate depths of 1400 and 1900 km. Models are

displayed as perturbations from ak135.

can result in such negative correlations in lower mantle properties
without invoking compositional variations.

As an illustration of the actual pattern of 3-D variations, we dis-
play in Fig. 7 cross-sections of the entire globe that pass through
a range of different mantle features. The plane of section cuts
through the northern part of South America and passes obliquely
through the high shear wavespeed zone that has been associ-
ated with past Farallon plate subduction producing a broad zone
of higher wavespeeds. A more distinct subduction feature occurs
on the other side of the globe, where the Andaman extension of
the Indonesian subduction zone is cut directly. A narrow zone of
faster wavespeeds descends to about 900 km depth. At the top of
Fig. 7(b), a prominent low-velocity zone for S reaches the surface
at the Afar region. This zone appears to have a weak connection to
a deep zone of lowered wavespeed beneath central Africa. Possible
upwelling from the core-mantle boundary can also be seen be-

neath the western Pacific. The blank zone in the eastern Pacific is
a reflection of the limitations of the arrival-time dataset. Structure
cannot be imaged unless crossing ray paths traverse the region.

A notable feature of Fig. 7 is that bulk-sound speed variations
(associated with changes in bulk modulus) are relatively subdued
compared to those for shear wavespeed, in part because there is
little expression of subduction. This means that the image for the
modulus ratio, Fig. 7(c), has a strong influence from shear. In the
zone around the transition in the R;;, behaviour in Fig. 5 indicated
by dashed circles in Fig. 7(c), the global correlation between the
variations of ¢ and B is at its weakest - slightly negative, as can
be seen from Fig. 6(b). The zone of transition in the variations in
modulus ratio Ry, also does not display any large organised pat-
terns in wavespeed variation, but rather smaller features of varying
sign.
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Tomographic methods are much more effective at imaging
zones of elevated wavespeed than wavespeed reductions. This
arises from the effects of wavefront healing (Malcolm and Tram-
pert, 2011) whereby energy travelling on faster paths and diffrac-
tions tend to fill in the indent in a wavefront produced by passage
through reduced wavespeeds. Large patches of lowered wavespeed
survive, but smaller ones can be underestimated or even sup-
pressed. The relatively short-scales of variation in the wavespeeds
mean that such healing effects could have reduced the apparent
velocity reductions.

Much of the tomographic signal for shear wavespeeds will
come from temperature effects, since temperature derivatives are
strong. However, the influence of temperature does not seem to be
operating in the same way for bulk-sound speed. The short spa-
tial scales of variation in the zone of transition in Ry, are likely to
juxtapose patches with subtly different aspects of the spin transi-
tion so that there is no large-scale coherent signal that might have
a strong influence on the radial profile. Instead a muted averaged
response appears to have left a faint, but distinct imprint.

The complexities of three-dimensional sampling mean that the
signatures of the spin crossover in lower mantle minerals are
muted. This explains the apparent seismological indifference to the
spin transition (Cammarano et al., 2010; Caracas et al., 2010) with-
out having to invoke major changes in dynamic state or issues with
the quality of mineralogical predictions (Lin et al., 2018; Kurnosov
et al., 2018). Only by exploiting the joint behaviour of shear and
bulk modulus has it been possible to indicate the resulting weak
effect.

The present work highlights the need to take into account
the full set of assumptions built into seismological models (both
explicit and implicit) when comparisons are made with mineral
physics results.
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