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Slab stagnation in the shallow lower mantle linked
to an increase in mantle viscosity

Hauke Marquardt™ " and Lowell Miyagi?

Subduction of oceanic lithosphere is the main process by which
material from Earth's surface and atmosphere is recycled back
into the deep mantle. Seismic images indicate that subducting
slabs of oceanic lithosphere can stagnate and broaden in the
shallow lower mantle?. The main phases of the lower mantle,
bridgmanite and ferropericlase, do not show any structural
transitions at these depths, so only moderate and smooth
viscosity variations are expected with depth®* to at least
~2,500 km. The reason for slab stagnation, which may also
lead to the formation of chemically distinct reservoirs in Earth's
deep mantle®, is therefore unclear. Here we use synchrotron
radial X-ray diffraction to measure in situ the deformation
behaviour of ferropericlase at pressures of up to 96 GPa. We
find that the strength of ferropericlase increases by a factor
of three at pressures from 20 to 65 GPa. Modelling based
on our experimental data shows that the viscosity in the
region surrounding the subducting slabs could increase by
2.3 orders of magnitude throughout the upper 900 km of the
lower mantle. Such a strong increase in viscosity can lead to
the stagnation of slabs that are sinking through the shallow
lower mantle.

The Earth’s lower mantle, ranging from 660km to 2,890 km
depth, constitutes more than 50% of Earth’s volume and is the
largest geochemical reservoir for many elements. Throughout
Earth’s history, substantial amounts of material have been exchanged
between the deep mantle and Earth’s surface and atmosphere.
Material transport from Earth’s surface into the deep mantle occurs
by subduction of oceanic lithosphere. Historically, many scientists
favoured a model of separate mantle convection within the upper
and lower mantle, but seismology®’, mantle dynamic models® and
petrology’ provide evidence for subducting slabs penetrating the
660 km discontinuity and at least partial mixing between the upper
and lower mantle. Recent seismic tomography studies suggest that
in many subduction systems, such as under South America and
Indonesia, slabs broaden and stagnate in the upper ~500-1,000 km
of the lower mantle*?.

In high-strain regions of the lower mantle, such as near sub-
ducting slabs'® and in boundary layers", (Mg,Fe)O ferropericlase—
the rheologically weakest lower-mantle phase’—is likely to form
an interconnected network'?. In these conditions, the overall rhe-
ology will be dominated by ferropericlase even though (Mg,Fe)SiO;
bridgmanite (silicate—perovskite) is volumetrically more abundant
in the lower mantle*'>*. Previous high-pressure deformation ex-
periments on MgO and (Mg g;Fey;,)O concluded that the rheo-
logical behaviour of (Mg,Fe)O is essentially unchanged through-
out the mantle'*"®. In contrast to these experimental findings, an
inversion of the energetically favoured slip system in MgO from

(110){110} to (110){100} has been recently proposed to take place
between 30 GPa and 60 GPa at 300 K on the basis of a multi-scale
modelling approach’®.

Here, we performed angle-dispersive high-pressure radial X-ray
diffraction (rXRD) on powders of (Mg, 4Fe,,)O and (Mg sFe,,)O at
Beamline 12.2.2 of the Advanced Light Source, Lawrence Berkeley
National Laboratory. Two runs were performed in the diamond-
anvil cell (DAC) with a very fine pressure resolution to a maximum
pressure of 83 GPa using X-ray transparent cubic boron nitride
(cBN) gaskets. A third run was performed in a Be gasket to 96 GPa.
All data were analysed for unit-cell parameters, elastic strains and
texture (see Supplementary Information). A representative analysis
is shown in Supplementary Fig. 1.

From our experiments, we derive differential elastic lattice
strains. We observe an initial increase of all lattice strains Q(hkl),
where hkl refer to the Miller indices of the respective lattice planes.
This initial increase is followed by a saturation above roughly 10 GPa
(Fig. 1), indicating that plastic flow was achieved. Starting from
20 to 30 GPa, our data show a second increase of all lattice strains
up to pressures of ~60 GPa. Over this pressure range, we observe
increases of 2-2.5 times for Q(111), Q(220) and Q(311), but only a
slight change for Q(200). This pressure range is consistent with the
pressure region of 30-60 GPa where changing slip system activities
have been proposed for MgO by modelling'. In the following,
we refer to the pressure range of increasing lattice strains as a
‘rheology transition.

From our data, we calculated the flow strength ¢ (Fig. 2), which
can be defined as 6(Q(hkl))G, under the assumption that the
stress state in the DAC was large enough to cause plastic flow of
the sample'. Here, (Q(hkl)) refers to the arithmetic average of
measured lattice strains and G is the high-pressure shear modulus
(Reuss bound), taken from a previous high-pressure Brillouin
scattering experiment on (Mg, oFey,)O (ref. 17). At pressures below
20 GPa, the strength that we observe for ferropericlase is in
agreement with previous rXRD studies on (Mg,Fe)O (refs 15,18).
However, between 20 GPa and 65 GPa, we observe a pronounced
increase in ferropericlase strength, reflecting the increase of lattice
strains. Our data suggest a strength of ferropericlase that is almost
four times larger at pressures of the Earth’s lowermost mantle
than expected based on the previous report". The increase of
strength by a factor of three that we observe between 20 GPa and
65 GPa is consistent with the modelling results of critical resolved
shear stresses (CRSS) in MgO, indicating changing slip system
activities'®. However, we note that based on our experiments alone,
we cannot conclusively link our observation of increasing strength
to a change of slip system activities. The increase of strength
that we report here is also visible in a previous rXRD study on
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Figure 1| Lattice strains in Q(111), Q(200), Q(220) and Q(311) measured in (Mgo gFeo.2)O and (Mg oFeo1)O ferropericlase. Red circles, (Mgo gFep2)0O
in Be-gasket; blue diamonds, (Mg gFeo.2)O in cBN-gasket; orange squares, (MgooFep1)O in cBN-gasket. Error bars reflect uncertainties of Rietveld fit
provided by the program MAUD. The solid lines are schematic representations of the observed trends for (Mgo gFeo.2)O. The hatched regions illustrate the

pressure range of lattice strain increase. Lattice strains are dimensionless.

(Mgy4Feo)O (ref. 18), but was not recognized because of the
limited experimental pressure range (Fig. 2). In contrast to the
earlier study" on (Mg,s;Fe;,,)O, we do not observe a significant
decrease of strength across the iron spin crossover that starts at
around 60 GPa for our (Mg, sFe,,)O sample (Supplementary Fig. 3).
The discrepancy between our results and the earlier study” on
(Mg s3Feq.17)O is probably related to the experimental limitations
in the previous study, which was performed in energy dispersive
mode with a single-element detector. This experimental set-up is
not ideal for lattice strain or texture measurements owing to limited
azimuthal resolution and coverage. We note that, in the present
study, three experimental runs with different gasket materials and
varying compression rates show highly consistent results. Figure 2
shows previously collected data points at combined high pressure
and high temperature for comparison'®. As expected, increasing
temperature leads to a general decrease in strength. The increase
of strength found here at 300 K can also be observed in the high-
temperature data at 770K, indicating that the rheology transition
takes place in approximately the same pressure range at elevated
temperatures. To calculate strength from the lattice strains measured

312

at high pressure/high temperature, we used a previous model for the
shear modulus at high temperatures'’.

The increasing strength of ferropericlase throughout the rheol-
ogy transition will increase mantle viscosity in high-strain regions,
where ferropericlase forms an interconnected network>". Note
that the elastic anisotropy of ferropericlase is small in the shal-
low lower mantle” and large deformation of ferropericlase would
not produce detectable seismic anisotropy in this region. We used
our experimental data for the strength of ferropericlase to calcu-
late a lower-mantle viscosity profile using previously developed
models that allow us to extrapolate room-temperature, high-strain
measurements to lower-mantle conditions (see Supplementary In-
formation). We note that the high-strain rates inherent to any exper-
imental deformation study need to be extrapolated to geophysically
relevant strain rates, which can introduce uncertainties, as indicated
by a modelling study on MgO (ref. 21). Our model shows a strong
increase of lower-mantle viscosity by 2.3 &+ 0.3 orders of magni-
tude in the upper 900 km of the lower mantle, where the rheology
transition takes place (Fig. 3 and Supplementary Fig. 5). At depths
>1,500 km, the change of viscosity with depth becomes smaller.
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Figure 2 | Strength of (Mg gFeo.2)0 ferropericlase. Red circles,
measurements in Be-gasket; blue diamonds, measurements in cBN gasket.
Error bars include fitting uncertainties in Q(hkl) and uncertainties in the
high-pressure shear modulus. Solid black lines, linear fits to data in the
pressure ranges <20 GPa, 20-65 GPa and > 65 GPa. Dashed black line,
linear extrapolation of data at pressures <20 GPa. Black squares,
(Mgo.83Fep17)0 (ref. 15), where calculation of flow strength from reported
Q-values was performed using the shear modulus of ref. 17. White triangles,
(Mgo.4Fepe)O (ref. 18). White circles, blue dashed line, (Mgo gFeo.2)0O

(ref. 19). Black circles, (MgooFep1)SiO3 bridgmanite (ref. 29).
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Below 1,800 km depth, the iron spin crossover in ferropericlase
may lead to a reduction in mantle viscosity as a result of enhanced
element diffusion rates (see Supplementary Information).

The effect of a hypothetical mid-mantle viscosity hill on the
fate of subducted slabs has been previously tested by numerical
modelling”, even though the underlying principle was not known.
This study showed that a viscosity increase by a factor of 100,
consistent with the viscosity increase inferred here, profoundly
affects the fate of subducted slabs and in many scenarios leads to slab
stagnation. The viscosity increase may also cause slab thickening
or buckling*. In the uppermost lower mantle, the interior of the
slab may be in a relatively low-strain state, but as it begins to
thicken or buckle in response to the increasing viscosity in the
surrounding mantle, the slab itself is likely to evolve to a high-strain
state. This may lead to weakening of the slab through formation
of an interconnected weak layer structure within the slab, further
enhancing broadening and buckling.

A high probability for slabs to broaden and stagnate in the
shallow lower mantle, as inferred from our data, can explain
the seismic tomography observations under South America and
Indonesia*. Our prediction is also supported by global, radially
averaged seismic studies®, including previous statistical analyses of
a large number of tomographic models that show robust pattern
changes at depth >1,500km from dominant fast shear wave
anomalies to dominant slow shear wave anomalies*”’. Furthermore,
it is consistent with the need for a change in chemical (or thermal)
state of the lower mantle at ~1,500km depth to match mineral
physics predictions and one-dimensional seismic models®. The
impact of the inferred viscosity increase on descending slabs will
depend on several factors, including the size, sinking speed and
density of the slab. Slabs may therefore overcome the viscosity
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Figure 3 | Subducting slab in the lower mantle and effective viscosity profiles. a, Cartoon of subducting slab in Earth's lower mantle. Blue, subducting slab.
Blue arrows, the slab may overcome the viscosity barrier and continue to sink into the deeper lower mantle. Red arrows, illustration of the effects of the
effective viscosity profile on the descending slab. CMB, core-mantle boundary. b, Effective viscosity (i) profiles. Red: Modelled viscosity profile in
high-strain regions calculated for three different stress values o. The effect of the iron spin crossover was taken as the average between the bounds in
Supplementary Fig. 5. Blue: Modelled viscosity profile in low-strain areas calculated for two different grain size values h. A viscosity jump of two orders of
magnitude at 660 km was assumed. Weak post-perovskite (PPV) may lead to a decrease of mantle viscosity in high strain areas illustrated by the arrow

in b. Green: Predicted viscosity profile based on joint inversion of convection and glacial isostatic adjustment data for comparison (ref. 30). PPV,

post-perovskite.
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evidence of wind abrasion in the northern
canyons — such as streamlined ridges of
ignimbrite in the lee of boulders — supports
this interpretation. The Puripicar canyons
demonstrate that, under the right conditions,
wind can enhance bedrock canyon incision.
Given this terrestrial evidence of wind’s
erosional potential, Perkins and colleagues
propose that canyons on Mars may also have
been modified by the wind. However, that
is not to suggest that the Martian canyons
were carved entirely by wind, and without
water. Even in the Puripicar channels, wind
and water have shared erosional duties.
Furthermore, Martian canyons do not
occur in straight, parallel arrays like those
in the Puripicar, and it is unlikely that
wind could create the sinuous channels or
networks of tributaries that are observed
on the Martian surface. Nevertheless, the
cumulative effect of billions of years of
wind erosion on canyon morphology could
be significant. Longitudinal profiles could
have been streamlined, and cross-sectional
dimensions changed. Some canyons might
have been altered beyond recognition as
fluvial landforms.

The implications of wind-driven canyon
incision extend beyond Earth and Mars to
other planetary bodies with atmospheres.
Saturn’s moon Titan, with its icy landscapes
and hydrocarbon rivers, has prominent
canyons and strong evidence for wind
activity in the form of extensive dune fields.
Perhaps Titan’s river canyons have also been
abraded by wind.

The potential imprint of wind on fluvial
landforms complicates hydrologic and
climatic interpretations based on landscape
morphology. Without knowing more about
the dynamics of wind abrasion in canyons,
it is difficult to estimate the wind-induced
modification of a specific landform.
Additional research will be required to
understand how wind patterns, canyon
geometry, sand supply and rock properties
control the abrasion rate. More work is also
needed to determine how three-dimensional
wind flow drives erosional mechanisms
that extend canyons downwind, as opposed
to creating unconnected, streamlined
forms. Such advances would help constrain
the contribution of wind action to a
canyon’s form.

Perkins et al.* show that wind can
modify and extend bedrock canyons, as
demonstrated in the northern Chilean
Andes. Future interpretations of planetary
landscapes where wind is a dominant
surface process will need to take this
mechanism into account. a
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Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA.
e-mail: perron@mit.edu
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Strength under pressure

Subducting oceanic crust is sometimes observed to stagnate in the lower mantle. Laboratory experiments show that
high pressures in the deep Earth may strengthen mantle rocks, increasing their viscosity and halting the sinking slabs.

Patrick Cordier

Indo-Australian plate sinks into the

mantle. Seismic data provide images
of the progression of the subducting slab
and show that it penetrates well into Earth’s
lower mantle. However on the western side
of the arc, at about 1,000 km depth, the slab
broadens and seems to stagnate'. Other slabs
also stagnate during their descent through
Earth’s lower mantle, yet there are no known
structural or compositional changes that
might cause the slabs to stall at this depth.
Writing in Nature Geoscience, Marquardt
and Miyagi® propose that pressure-induced
strengthening of the common mantle
mineral ferropericlase increases the
viscosity of mantle rocks surrounding the
subducting slabs, preventing the slabs from
sinking further.

Earth’s mantle is made of solid rocks.
However, on long timescales the mantle
flows at extremely slow rates and transports
heat from the core towards the surface.

B eneath Indonesia, the dense cold

This upwards convecting flux is balanced
by the downwards flux of cold, dense slabs
of oceanic lithosphere. The rate of slab
descent depends on many factors including
the density difference between the slab and
the surrounding mantle, and the ability

of mantle rocks to flow to let the slab pass
through. Measuring the sinking velocities
of slabs shows that the lower mantle, which
begins at about 660 km depth, is between

1 to 3 orders of magnitude more viscous
than the upper mantle®.

Under the increasing influence of
pressure, mineral phases in the upper mantle
transform into more compact structures.
In particular, olivine converts into denser
wadsleyite and ringwoodite at 410 and
520 km depth, respectively, and all minerals
transform into a mixture of bridgmanite
and ferropericlase at 670 km depth. These
changes in mineral structure have been
identified within the Earth using seismic
data, because the speed of seismic waves
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changes as they pass through minerals with
different structures. However, no changes in
seismic velocity are observed, and thus no
other mineral phase transitions are known
to occur until about 2,900 km depth, close to
the boundary between the core and mantle.
It is therefore unclear why some slabs
stagnate at about 1,000 km depth.
Marquardt and Miyagi? used high-
pressure laboratory experiments to assess
the rheology of the mineral ferropericlase,
which makes up about 20% of the lower
mantle. They compressed samples of
ferropericlase under almost 100 GPa of
pressure using a diamond anvil cell and
found that the strength of ferropericlase
increased by a factor of three at pressures
equivalent to depths of 600 to 2,000 km in
the Earth. Under such high pressures the
mineral volume decreases by about 20%
(Fig. 1), ionic bonds between the atoms are
strengthened, and the mineral becomes
three times less compressible*. The authors
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200 GPa

Figure 1| Electronic structure of magnesium oxide. a,b, Much of the lower mantle is composed of
magnesium oxide in the form of ferropericlase (a), which compresses under high pressure (b). The
electronic structure of MgO shown here was calculated using first-principles. Marquardt and Miyagi?
show that under high pressures, equivalent to about 1,000 km depth in the lower mantle, ferropericlase
compresses and the bonds between the atoms are strengthened. This change in electronic structure
causes a dramatic increase in the strength and viscosity of the lower mantle, so inhibits the descent of
subducting slabs, causing them to stall. Figure courtesy of Ph. Carrez, Université Lille 1.

model the experimental data and suggest
that this increase in strength correlates to
an increase of 2.3 orders of magnitude in
the viscosity of the mantle at about 900 km
depth. The highly viscous nature of the
mantle at these depths would resist slab
descent, causing the slabs to stagnate.

The observed change in properties of
ferropericlase forces us to reconsider our
thoughts on mantle rheology. Previously, we
have relied on seismological observations
of discontinuities to infer the evolution of
properties in the mantle. The current work
shows that changes can occur in the deep

mantle without creating any sharp seismic
boundaries. The result also raises questions
about how these pressure-induced changes
may affect global convection. For example,
slab stagnation provides a mechanism to
create distinct geochemical reservoirs in the
deep mantle that might remain unmixed for
very long-periods of time.

The experiments identify fundamental
changes in the electronic structure
of matter under pressure. Of course,
many questions remain. In addition to
ferropericlase, the lower mantle is largely
composed of bridgmanite. The response of

bridgmanite to pressure is thus pivotal for
understanding the resistance of the mantle
to slab penetration and should be addressed
as a priority. There are also some intrinsic
limitations of high-pressure deformation
experiments. Marquardt and Miyagi’s
experiments were conducted at room
temperature so cannot account for complex
deformation mechanisms involving diffusion
that may occur under the high temperatures
of Earth’s interior. Natural strain rates
are also difficult to reproduce under
experimental conditions, and these may also
affect the deformation mechanisms®.
Marquardt and Miyagi? show that an
increase in the viscosity of lower-mantle
minerals that is invisible to seismic probing
could cause subducting slabs to stagnate
during their descent into the deep Earth.
The result highlights a fundamental change
in the electronic structure of minerals in the
Earth’s lower mantle and implies that mantle
rheology might be much more complex and
exciting than previously thought. a
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lron fog of accretion

Pinpointing when Earth’s core formed depends on the extent of metal-silicate equilibration in the mantle.
Vaporization and recondensation of impacting planetesimal cores during accretion may reconcile disparate lines

of evidence.

William W. Anderson

played a critical part in early Earth’s

evolution. Yet the timing and duration
of core formation remain uncertain because
the degree of chemical equilibration
that occurred between metal and silicate
materials as accretion progressed is poorly
constrained. Isotopic and geochemical
constraints'? indicate that substantial
equilibration may have taken place,

F ormation and growth of the core

256

but dynamical studies® suggest that a
high degree of equilibration is unlikely
because of the intimate physical mixing
of metal and silicate required. Writing in
Nature Geoscience, Kraus et al.® present
experimental evidence that the shock
pressures produced by impacts during
accretion could have vaporized the iron
cores of differentiated planetesimals and
enhanced metal-silicate mixing.

Hafnium-tungsten chronometry, based
on the decay of "2Hf to '*W, is particularly
well suited for constraining the timing of
core formation. Tungsten is a siderophile
element that tends to enter the metal phase,
whereas hafnium is a lithophile element
that would have partitioned into silicates
during Earth’s differentiation. Thus, any
W found in the bulk silicate Earth —
comprising the crust and mantle — should
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Slab stagnation in the shallow lower mantle linked

to an increase in mantle viscosity
Hauke Marquardt and Lowell Miyagi

Starting material:

The starting materials were finely-ground powders of (Mg oFep1)O and (Mg sFeo2)O. The
powders were made from stoichiometric mixtures of reagent grade MgO and Fe,Os3 treated in
a gas-mixing furnace at 1250°C at an oxygen fugacity 2 log units below the fayalite magnetite
oxygen buffer. A small amount of fine-powdered platinum was mixed with the sample

material to determine pressure in the experimental runs performed in cBN gaskets.

Synchrotron high-pressure x-ray diffraction:

Diamond culet sizes were 300 um, bevelled to 150 um. X-rays were focused to about 15 by
15 pm? The x-ray energy was set to 25 keV. Platinum was used as pressure standard
employing previously published equation of state parameters’’. In the experimental run
carried out in Be gasket, pressure was determined from the unit cell volume of (Mg,Fe)O
using our experimental data collected in ¢cBN gasket on the same sample material as
reference. Pressure was increased using a gas-membrane system. In the two experimental runs
using cBN gaskets, pressure was increased in small pressure steps (about 1 GPa) with an
average compression rate of ~10-14 GPa/h. In the experiment where a Be gasket was
employed, pressure steps were larger (average about 10 GPa) and the average compression
rate was ~45 GPa/h. Pressure increase is discontinuous in these experiments and thus strain
and strain rate are also discontinuous. Each incremental pressure increase takes about 1
minute. The initial gasket thickness is ~25 pm and is compressed to an estimated thickness of
~10 pm. Based on this, we estimate strain rates to be on the order of 1-10* s™" and 1107 5™

respectively. The diffraction images were recorded on a MAR 345 image plate, sliced in the
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Fit2d program® and analysed using the program MAUD™ (Supplementary Fig. 1). The
“radial diffraction in the DAC” model’* was used to fit lattice strains in ferropericlase. The E-
WIMW model which is similar to the WIMV model®, but allows for incomplete and arbitrary
pole figure coverage was employed to fit textures. Cylindrical symmetry was imposed. The
orientation distribution function (ODF) was exported to BEARTEX? and was smoothed with
a 10° Gauss filter. The maximum of the ODF as a function of pressure is shown in
Supplementary Fig. 2. The unit cell volumes that we obtained from our rXRD experiments are
generally consistent with previously determined data and indicate that the iron spin crossover
took place above 50 GPa for (MgyoFep;)O and above 60 GPa for (MggsFep,)O in cBN

gaskets (Supplementary Fig. 3).

Viscosity calculation in high strain areas:

We use our experimental data to calculate viscosities for (Mg sFep2)O ferropericlase and
MgSiOj; bridgmanite, and a mixture of the two under conditions of dislocation creep, which is
likely the dominant deformation mechanism in high strain areas of the lower mantle’’. To
scale our low temperature measurements to high temperature viscosity we use a previously

developed and tested formulation®®. Strain rate (¢) is given by

Dytpb (o "
P L
=5 (G

and

A =01 (%”)2 o
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where A’ is a pre-exponential factor, D; is the lattice diffusion coefficient of the slowest
species, T, is Peierls stress, b is Burgers vector, k is Boltzman's constant, T is temperature, o

is stress, 7 is the stress exponent and G is the shear modulus.

To determine the diffusion coefficients D; at high temperature and pressure we use a

homologous temperature scaling law, where D, (P,T) is defined as

9Tm(P)
T

D, (P,T) = Dyexp (—
(3)

The pre-exponential factor Dy is a constant and 7,,(P) is the melting temperature at a given

pressure, g is a dimensionless constant given by
g =H'(P)/RTy (P) @

H*(P) is the activation enthalpy at a given pressure and R is the gas constant.

To calculate viscosity (1) from equation (1) we use the relationship

H=5z (5)

To obtain bulk viscosities of a two phase aggregate of MgSiOs; bridgmanite and
ferropericlase, we use the approach of ref. 13. Since we are concerned with viscosities in high
strain regions, such as in regions near subducting slabs, we calculate viscosities for an

interconnected weak layer type structure (IWL)"*~">?,
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For an IWL structure the normalized viscosity u* is given by

. [a*—2a(a—1D¢; + (a—1)*¢,°]b

a aZ — (b — a2, ©®
where
p=u/m ™
a=y;/7 ®)
b = .Uz/lh 9)

Where u is the bulk viscosity of the two-phase continuum, y is the density of a phase, ¢ is the
volume fraction of a phase and the subscripts 1 and 2 indicate the weaker phase and stronger
phase respectively. We note that eq. 6 was derived assuming linear rheology (Newtonian),
whereas we assume non-linear rheology for both bridgmanite and ferropericlase. However,
for our calculation of the aggregate viscosity in IWL structure, a constant stress assumption
(throughout the aggregate) applies, which allows for applying eq. 6 to derive an aggregate
viscosity but at a certain stress. In the future, our data could serve as input parameters for
more sophisticated numerical modelling of the deformation behaviour of a two-phase

assemblage™’.

Parameterization of viscosity calculation:
Supplementary Table 1 summarizes the employed parameters used to calculate lower mantle

viscosities along a typical lower mantle geotherm®'. We varied the input parameters over a
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wide range of values (Supplementary Tab. 1). We found that the absolute numbers of mantle
viscosities depend strongly on the values of the input parameters. In contrast, the change of
viscosity in the upper 900 km of the lower mantle is always between 2 and 2.5 orders of
magnitude and is therefore a very robust finding (Supplementary Tab. 1). Calculations were
performed for single-phase ferropericlase with a typical lower mantle composition of
(Mgo sFep2)O and MgSiOs bridgmanite. Lower mantle viscosities in large strain regions were
then derived from the single-phase viscosities assuming a lower mantle assemblage of 80% by
volume of MgSiO; and 20% by volume of (Mg sFe(,)O. Calculated viscosities are shown in

Supplementary Fig. 4.

Burgers vector b: We use <110> for MgSiO; bridgmanite** and 1/2<110> for ferropericlase®.
We use high-pressure single-crystal x-ray diffraction compression data of iron-bearing
MgSiO; (ref. 44) along with computed linear thermal expansion coefficients™ to calculate the

variation in length of the burgers vector along a geotherm®',

Peierls stress 7: We assume that values of flow strength derived from rXRD experiments at
high-pressure and 300 K can be used to approximate the value of the Peierls stress*®**’. We
used data for (MgosFep,)O from our experiments to 96 GPa and employed a linear
extrapolation of our data above 65 GPa to cover the pressure range to 136 GPa. For MgSiO;
bridgmanite, we employed previously published data to 32 GPa (ref. 29), extrapolated by

using either a linear or exponential function.

Stress exponent n: We use n = 3.5 for MgSiO; bridgmanite based on creep experiments of

analogue materials (e.g. ref. 48) and n = 4 for ferropericlase™.

Shear modulus G: The values for the shear modulus along the geotherm were taken from

recent computational studies on MgSiOs (ref. 49) and (Mg 79Feo21)O (ref. 50).
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Lattice diffusion coefficient D, (P, T): Lattice diffusion of Si should control creep in MgSiO3
bridgmanite as it is typically the slowest diffusing species in silicates®. To derive D,(P,T) for
MgSiO; bridgmanite, we use the pre-exponential factor for Si diffusion in MgSiO; from ref.
51 (Dp=2.7x 10™°m?/s), a constant g = 14 (ref. 51) and previously published data for 7, pj(P)
(ref. 52). We tested a wide range of published melting curves for bridgmanite™ >, but effects
on calculated viscosities for the two-phase assemblage are negligible (<0.1 Log units at 700
km depth). The diffusion of oxygen should be the appropriate diffusion coefficient for
dislocation creep56 in (Mg, Fe)O. To derive D (P,T) for (MgsFey2)O, we use the pre-
exponential factor Dy for O self-diffusion in MgO (D¢=9.05 x 10® m?s) (ref. 57). The
constant g = 11 was derived from equation (4), where the activation enthalpy H of MgO at 0
GPa was taken from a computational study57. The room pressure melting temperature 7, zp (0
GPa) was assumed to be 2508 K for (Mg sFeo2)O based on experimental work>®. The range
of tested values for g (Supplementary Tab. 1) accounts for variations in published H-values

. . 575960
between recent theoretical studies®”>”

and an assumed uncertainty of the 7, zp (0 GPa) of
200 K. T, rp(P) was derived from the melting curve of MgO (ref. 61), where correction for
20% at. Fe was done by multiplying T)e0(P) with 0.75 based on high-pressure melting

experiments on (Mg,Fe)O (ref. 58).

Density contrast o: The density contrast between bridgmanite and ferropericlase along a
geotherm was derived from recent computational data®® for (Mg9Fe ;)0 and iron-bearing

bridgmanite®.

Stress o: For an IWL microstructure an iso-stress condition applies. We assume a stress range
of 5-20 MPa, on the order of stresses where a transition from diffusion to dislocation creep

should occur in the lower mantle®®,
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Modelling the potential effect of the iron spin crossover on the viscosity structure of the
lower mantle:

The potential effect of the iron spin crossover on oxygen diffusivities in ferropericlase was
modelled by assuming that the increase of diffusion rates directly scales with the decrease of
bulk modulus and reaches a maximum when the bulk modulus has its lowest value. We
assumed that diffusion is enhanced by a factor of 11-30 (ref. 63). The depth-dependent bulk

modulus was taken from an experimental study64. Results are shown in Supplementary Fig. 4.

Viscosity calculation in low strain areas:
The “background viscosity” ¢ in low strain areas was calculated assuming deformation by

diffusion creep, where the viscosity is given by’

1 Q Dy

u RT h

(10)

with the constant 4 = 13.3 (ref. 3), the molar volume Q, the gas constant R, absolute
temperature 7, and effective diffusion coefficient D.g; and grain size h. Parameters were the
same as for the calculation of viscosity in high strain areas. The grain size was chosen to vary
between 0.1 and 1 mm according to ref. 65. We further assume that D4 is equivalent to the
lattice diffusion coefficient for each phase as lattice diffusion coefficients control diffusion
creep according to ref. 3. Our results for the “background viscosity” are in general agreement
with the viscosities estimated based on first-principle calculations of diffusion rates in silicate
perovskite”.

To obtain bulk viscosities of a two phase aggregate of MgSiO; bridgmanite and

ferropericlase, we again use the approach of ref. 13. Here, we are concerned with viscosities
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in low strain regions and, accordingly, we calculate viscosities for a load-bearing framework

type structure (LBF) by using the identity:

p=0A-b)p,+b (1
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Supplementary Figure 1. MAUD analysis of data collected on (Mg sFe,)O at 75.6 GPa
in ¢cBN. Lower half shows collected data, upper half corresponds to the respective fit.

Corresponding lattice planes of (Mg gsFeo,)O are labelled
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Supplementary Figure 2. Maximum of orientation distribution function of (Mg sFe,)O
in ¢BN gasket. Upon initial pressure increase, the texture strength (maximum in orientation

distribution function ODF) increases with pressure and saturates above 20 GPa. At 40 GPa,

the ODF max drops.
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Supplementary Figure 3. Unit cell volumes of (Mg,Fe)O measured in ¢cBN gaskets as a
function of pressure. (a) Curves for high-spin and low-spin ferropericlase are calculated
using previously reported equation of state parameters (ref. 18). (b) Deviation between
measured unit cell volumes of (Mg,Fe)O in cBN gaskets and MgO. Blue diamonds:
(MgosFep2)O; orange squares: (MgooFeo;)O. Uncertainties are based on an assumed
uncertainty in pressures of 2 GPa. The solid and dashed lines indicate the expected behaviors

of high-spin (Mg 9Fe( 1)O (ref. 18) and (Mgy.s3Fep.17)O (ref. 66).
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Supplementary Figure 4. Calculated viscosity profiles in high strain areas along a
geotherm (ref. 41). Bridgmanite (blue dashed curve), ferropericlase (green dotted curve) and
a typical lower mantle assemblage of 80% by volume of bridgmanite and 20% by volume of
ferropericlase (red solid curve). The grey shaded region indicates the uncertainties in our
viscosity calculations for a lower mantle assemblage assuming a fixed viscosity value at 700
km depth. The hatched region corresponds to the pressure range where the rheology transition
in ferropericlase was observed in our experiments. The shaded regions illustrates a potential
decrease of viscosities related to enhanced element diffusion rates caused by the iron spin

crossover in ferropericlase (refs. 22,63).
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Supplementary Table 1. Parameters used for viscosity calculation. The values given
correspond to the values used for Fig. 3 of the main paper. The effects of variations in input
parameters on the absolute value of viscosity at a depth of 700 km and the change of viscosity

to a depth of 1560 km are summarized.

Increase of Log(u) from  Log(u) at 700 km

Parameter Value Range of input parameters 700 km to 1560 km depth depth
min max min max min max
@ 0.2 0.1 0.3 2.3 2.3 18.4 18.8
bpy 6.x10™ m -30% +30% 2.3 2.3 18.5 18.5
by 5x*10™ m -30% +30% 2.3 2.3 18.5 18.5
Tov exp. fit exp. extrapol. lin. extrapol. 2.3 2.3 18.5 18.5
Ney 35 3 4 2.3 2.3 18.5 18.5
Nep 4 3.5 45 2 25 17.3 19.8
Gpy 100-300 GPa -30% +30% 2.3 2.3 18.5 18.5
Grp 100-300 GPa -30% +30% 2.3 2.3 18.2 18.8
DOp, 2.70E-10 m¥s 2.70E-11 m%s 2.70E-09 m%s 2.3 2.3 18.5 18.5
DO&, 9.05E-08 m%s 9.05E-09 m%s 9.05E-07 m%s 2.3 2.3 17.5 19.5
Ory 14 12 16 2.3 2.3 18.5 18.5
9Fp 11 9 13 2 25 16.8 20.3
Trmpv(P) 3700-5500K -500K +500K 2.3 2.3 18.5 18.5
Tore (P) Tomgo(P) X 0.75 T mgo(P) X 0.6 T, mgo(P) X 0.9 2 25 16.8 20.3
a 0.92-1.03 -30% +30% 2.3 2.3 18.3 18.7
o 10 MPa 5 MPa 20 MPa 2.3 2.3 17.5 19.3
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