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Cubic CaSiO; perovskite is amajor phase in subducted oceanic crust, where it forms at
adepth of about 550 kilometres from majoritic garnet*>*, However, its rheological
properties at temperatures and pressures typical of the lower mantle are poorly

known. Here we measured the plastic strength of cubic CaSiO; perovskite at pressure
and temperature conditions typical for asubducting slab up to a depth of about

1,200 kilometres. In contrast to tetragonal CaSiO,, previously investigated at room
temperature®*, we find that cubic CaSiO; perovskite is a comparably weak phase at the
temperatures of the lower mantle. We find that its strength and viscosity are
substantially lower than that of bridgmanite and ferropericlase, possibly making
cubic CaSiO; perovskite the weakest lower-mantle phase. Our findings suggest that
cubic CaSiO, perovskite governs the dynamics of subducting slabs. Weak CaSiO,
perovskite further provides amechanism to separate subducted oceanic crust from
the underlying mantle. Depending on the depth of the separation, basaltic crust could
accumulate at the boundary between the upper and lower mantle, where cubic CaSiO,
perovskite may contribute to the seismically observed regions of low shear-wave
velocities in the uppermost lower mantle>®, or sink to the core-mantle boundary and
explain the seismic anomalies associated with large low-shear-velocity provinces
beneath Africa and the Pacific™’.

CaSiO; perovskite is expected to be the third most abundant phase
inthe Earth’s transition zone and lower mantle, where it may account
for up to 25 vol.% of subducted basaltic crust and up to 10 vol.% of a
pyrolitic mantle?. Direct evidence for its existence has recently been
reported from analysis of inclusions in superdeep diamonds'®".
At295K and high pressure (P), CaSiO, perovskite has atetragonal crystal
structure, but undergoes a phase transition to a cubic structure with
increasing temperature (T), stabilizing the cubic phase along a typical
mantle geotherm®”>3, It has been inferred that the elastic properties of
cubic CaSiO, perovskite might explain regions of reduced shear-wave
velocities in the uppermost lower mantle® as well as some of the unique
seismic properties of the large low-shear-velocity provinces (LLSVP)
that are observed by seismology in the deep lower mantle””.
Although recent works have successfully measured elastic-wave
velocities of cubic CaSiO; perovskite at high pressure and high tem-
perature®’, experimental information onits rheology is absent. Previ-
ous studies of the deformation behaviours of CaSiO; are limited to its
tetragonal polymorph at room temperature>*, owing to experimental
difficulties preventing access to mantle-like P-T conditions. These
works suggest that CaSiO; perovskite is characterized by a high plastic
strength, exceeding that of MgSiO; bridgmanite, the dominant phase
in the Earth’s lower mantle. Early computational work, however, pre-
dicted that the lattice friction, that is, the Peierls stress, of the (110)
{1-10} slip system in cubic CaSiO; perovskite is almost zero™, which

appears incompatible with a very large plastic strength. Theoretical
work further suggested that the Peierls stress increases with struc-
tural distortionsin perovskite-structured materials®. The deformation
behaviour of cubic CaSiO, perovskite might thus markedly differ from
that of its tetragonal counterpart.

Here we synthesized and deformed cubic CaSiO; perovskite
at 1,150 £ 50 K (Fig. 1) in a recently developed high-pressure and
high-temperature apparatus' coupled to synchrotron-based radial
X-raydiffractionat the Extreme Conditions Beamline, P02.2,at PETRAIII,
DESY, Hamburg, Germany. High-pressure lattice strains, Q(hkl), were
extracted from the recorded diffraction images by fitting the experi-
mental observations using the programme MAUD (see Methods),
where hkirefers to the Miller indices of the respective lattice planes.
The deviatoric stress t supported by the sample was calculated from
the average of measured lattice strains, (Q(hkl)), using the identity
t=6{Q(hkl))G, where the high-pressure shear modulus, G, at 1,150 K
was taken from ref.’. Texture development was observed in CaSiO,
perovskite throughout the experiment. The observation of texture
development, as well as plasticity modelling, shows that plastic defor-
mation occurredinthe sample (Extended Data Figs. 3,4) and measured
stresses can thus be treated as approximations for the plastic strength
ofthe sample”. The observed texture strength in our high-temperature
experiments is slightly higher than in previous experiments at room
temperature®, possibly a result of the lower strength of the sample.
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Fig.1|Deviatoricstress measuredin cubic CaSiO; perovskite at
lower-mantle pressuresand T =1,150 + 50 K. Texturedevelopmentis
observed from 39 GPa (see Methods), indicating plastic flow. Open symbols
denote datathat have been collected shortly after synthesis and have been
excluded fromthe strength calculation. The size of the experimental errors,
propagated from the uncertainties in measured Qvalues, isindicated by the
barinthelowerright corner. Theinset showsatypical diffraction pattern
collected afterinsitu high-pressure, high-temperature synthesis of cubic
CaSiO; perovskite in the diamond-anvil cell showing Debye rings of cubic
CaSiO; (denoted by arrows) and platinum (all other rings). Strong XRD
contributions related to the diamond-anvils have been masked (white dots/
stripes).

In Fig. 2, we compare the here-derived high-temperature strength
of cubic CaSiO; perovskite to previously derived values for (Mg,Fe)O
ferropericlase™ and bridgmanite'®?, as well as to reported strengths
at room temperature>**2, We note that almost all shown values have
been determined by radial X-ray diffraction in a diamond-anvil cell,
permitting a direct comparison. Remarkably, cubic CaSiO, perovskite
ischaracterized by ahigh-temperature plastic strength thatis substan-
tially lower than thatreported for bridgmanite and even ferropericlase,
which has previously been regarded as the weakest major lower-mantle
phase?®?*? possibly only rivalled by post-perovskite below approxi-
mately 2,500 km depth®. Notably, the strength of CaSiO, measured
here at1,150 Kis substantially lower than the strength of bridgmanite
previously derived at 2,150 K (at 27.5 GPa)®.

A particularly interesting observation is the large strength con-
trast between tetragonal CaSiO, measured at 295 K (Fig. 2a) and cubic
CaSiO, perovskite at1,150 K (Fig. 2b). Although strengthis expected to
decrease with temperature, the here-observed decrease is much larger
than expected from arise in temperature alone as evident by com-
parison to ferropericlase (Fig. 2). It appears likely that the tetragonal
lattice distortion experienced by CaSiO, perovskite upontemperature
decreaseleadstoanadditionalincreasein strength. This observationis
qualitatively consistent with computational work that predicts that Pei-
erls stressesincrease with lattice distortionsin perovskite-structured
materials®.

We use the here-derived strength values, together with the previous
results showninFig. 2, to estimate the viscosity contrast between cubic
CaSiO; perovskite, bridgmanite and ferropericlase in the lower mantle.
Whereas our measurements have been performed at pressure and
temperature conditions typical for the slab’s interior at shallow
lower-mantle conditions, amajor difference between our experiments
and deformationinthe Earth’s mantleis the strain rate and the magni-
tude of stress. Assuming that the observed rheological behaviour is
governed by a dislocation-dominated process as expected for high
strainratesinboth our experiments and subducted slabsintheEarth’s
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Fig.2|Strength of majorlower-mantle phases at high pressures. a, Strength
values measured at room temperature by previous works. Red, (tetragonal)
CaSiO, perovskite?; orange, Mg, oFe,,SiO; bridgmanite?; blue, (Mg, sFe,,)O
ferropericlase®. b, Here-derived high-temperature strength of cubic CaSiO,
perovskite at lower-mantle pressures (red solid diamonds) compared to the
strength of (Mg, sFe,,)O measured at 1,150 K (blue solid circles)'® and the stress
measured onbridgmanite deformed as part of amulti-phase assemblage at
1,000 K atcomparably low strains, probably representing alower bound to the
high-temperature strength of bridgmanite (open squares)®. The solid orange
square denotes the strength of bridgmanite at 2,150 K, taken fromref. 2° (the
maximum measured stress for bridgmanite in their run‘gamma25’). Errors
reported onthestrength values fromliterature are typically on the order of the
symbolsizes (below1-2 GPa), except for the data point for bridgmanite from
ref.?%, wherealargererrorisreported. Best-fitlines are shown along with their
95% confidence range. Given the limited amount of high-temperature

data, the strength of bridgmanite at1,150 Kwas derived from the data
measured for bridgmanite at 295 K (ref. %) by applying two different
temperature corrections, represented by the shaded region (see Methods).
Eventhough we acknowledge that this procedureis uncertain, the overlap of
our derived range with the available high-temperature datasuggest that it
providesareasonable estimate.

mantle, it can be described by £ =Ac", where ¢ is the strain rate, ois
stress, nis the stress exponent and A is a pre-factor.

Weused theidentity above, together with the definition of viscosity,
n= 0/2¢ tocalculateviscosity ratios between the major lower-mantle
phases bridgmanite, ferropericlase and CaSiO; perovskite using the
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Fig.3|Depth-dependent viscosity contrast between major lower-mantle
phasesatapproximately 1,150 K. The viscosity contrastisshown for pairs of
mantle phases of viscosity 7,and 17,. Red curve, fc,sio3/Mem; blue curve, ncasios/Neys
black curve, ng,/nz- a, Viscosity contrast calculated under the assumption that
thestrainrateisequalinboth phases. Thisassumptionrepresents the stage of
initial deformation thatis dominated by aload-bearing framework (LBF) of the
harder phase.b, Viscosity contrast calculated for a uniform stress assumption,
representingascenario of progressed deformation that hasled to the
development of aninterconnected weak layer (IWL) of the weak phase.
Calculations have been performed with astress exponent of n =3 (solid curves)
and n=>5(dotted curves).

strength values in Fig. 2b. Initially, we assumed that the strain rates in
all experiments were the same (10™*s™)?? and that samples were
deformed by similar processes and hence are described by the same
stress exponent (3-5). However, deviations from these assumptions
weretested (see Extended Data Table1). Under these assumptions, the
calculated viscosity ratios are independent of the values chosen for
mantle stress and strain rate, and only mildly sensitive to the chosen
stress exponent (Fig. 3, see also Methods).

Figure 3 shows two endmember scenarios. Figure 3a reflects a situ-
ation where the rock deforms as a whole and the strain rate is uni-
form, a situation that is characteristic for aload-bearing framework
(LBF)-type deformation. Figure 3b reflects a situation where strain
partitionsin the weaker phase and stress is equally distributed between
the phases, asituation thatis characteristic for aninterconnected weak
layer (IWL)-type deformation. Cubic CaSiO; perovskite is always the
weakest mantle phase and often shows a viscosity that is several orders
of magnitude smaller than that of bridgmanite and ferropericlase.
At1,000-km depths, corresponding to a pressure of about 40 GPawhere
experimental results for all phases are available, we find cubic CaSiO; to
have aviscosity thatis1.4 to4 orders of magnitude lower as compared
tobridgmanite, and1to 3 orders of magnitude lower than ferropericlase
(for n=3). The viscosity contrast is particularly pronounced for the
IWL scenario, which probably develops in large-strain regions of the
mantle. To test the robustness of our findings, we evaluated the effect
of assuming different experimental strain rates and stress exponents
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for bridgmanite, ferropericlase and CaSiO; perovskite (see Methods).
We found that viscosities consistently increased from CaSiO, perovskite
toferropericlase to bridgmanite for awide range of model parameters.
We note that the calculation of viscosity contrasts by necessity involves
several assumptions and relies on poorly constrained parameters, as
detailed in Methods; future experimental and theoretical work might
aim to better quantify these. The presence of hydrogen in the lower
mantle might further affect the rheological behaviour of CaSiO, per-
ovskite (and bridgmanite), even though a recent study showed that
the effect might be small*.

The presence of weak cubic CaSiO; perovskite could have
wide-ranging consequences for the dynamics of subducting slabs and
the interpretation of seismic observations. The formation of CaSiO,
perovskite from majoritic garnet, acomparably hard phase?, at around
550 km depth in subducted oceanic crust® will lead to a substantial
weakening of the oceanic crust. Previous works on two-phase defor-
mation of a bridgmanite-ferropericlase assemblage, a proxy for a
lower-mantle rock, have predicted that strain starts to partition into
the weak ferropericlase that can form an IWL network during defor-
mation, thereby substantially lowering the viscosity of the two-phase
assemblage?®?* %% However, the onset of strain localization largely
depends onthe viscosity contrast between the phases and the volume
fraction of the weak phase?. Our results suggest that the viscosity
contrast between bridgmanite and cubic CaSiO; perovskite is sub-
stantially larger as compared to that between bridgmanite and fer-
ropericlase. Moreover, the volume fraction of CaSiO; perovskite in
subducted oceanic crust is larger than the ferropericlase fractionina
pyrolitic lower-mantle rock.

Taking this together, we expect strain localization to occur in sub-
ducted oceanic crust after the onset of cubic CaSiO; perovskite forma-
tion. CaSiO; perovskite gradually forms with depths from majoritic
garnetand its volume fraction continuously increases between about
550 km and 700 km depth?. Deformation of the crust will initially be
governed by a LBF of the hard phase(s), which, depending on depth,
are majoritic garnet, bridgmanite and stishovite®. In this scenario, the
effective viscosity contrast can be approximated by a constant strain
rate assumption (Fig.3a). Withincreasing deformation, strain will start
to partitioninto the weak CaSiO; phase, leading to rock weakening and
initiatinga continuous transition towards adeformationscenario where
stressis equally distributed between all phases (Fig. 3b). The increase
in effective viscosity contrasts between the phases that is caused by
this transition will accelerate strain partitioning, further weakening
the subducted crust.

We expect cubic CaSiO; perovskite to form and strain to build up from
around 550 km depth, and so we speculate that the strain-weakening
effectin subducted oceanic crust will already be sizeable at the time
of bridgmanite and ferropericlase formation ataround 660 km depth
inthe surrounding mantle. The weak layer of subducted oceanic crust
would thus be sandwiched between comparably hard mantle rocks
and could easily be separated from the surrounding mantle by shear
forces®, similar to sediments in the shallower parts of subduction
zones. At depths between 660 km and 720 km, basaltic oceanic crust
is less dense than surrounding mantle®, but below about 720 km—after
garnet has completely dissolved into perovskite-structured phases—
oceanic crust becomes denser than ambient mantle*>*. Depending
onthe depth-dependent buoyancy contrast to the surrounding man-
tle, low-viscosity oceanic crust could thus segregate and accumulate
around 660 km depth’ or migrate towards the core-mantle boundary,
behaving like an ‘upside-down plume’. The low viscosity of cubic CaSiO,
perovskite provides an intrinsic mechanism to separate slab materi-
als and to accumulate recycled oceanic crust either at the boundary
between the upper and lower mantle or at the core-mantle boundary,
where cubic CaSiO; perovskite may contribute to seismically observed
regions of low shear-wave velocities in the uppermost lower mantle’,
aswellasinthe LLSVPs beneath Africa and the Pacific, as hypothesized



earlier’”’. Deep recycling of oceanic crust has further been inferred
to contribute to the geochemical diversity observed in ocean island
basalts at the surface®.

The above-mentioned implications require the presence of cubic
CaSiO; perovskite and hence the tetragonal-cubic transition to occur
attemperatures below the geotherm”. If lower-mantle CaSiO; perovs-
kite contains titanium or aluminium as suggested by the analysis of a
diamond inclusion®, the tetragonal-cubic transition is shifted to higher
temperatures”>%, possibly intersecting a cold subduction geotherm’.
The tetragonal-cubic transition could then lead to sudden changes
of rheological properties, which would affect the dynamic behaviour
ofasubductingslab, possibly leading to slab buckling, delamination or
stagnation. The dependence of this dynamic change on the availability
oftitanium and aluminium could help explain the diverse behaviour of
slabs in the lower mantle®. Details of the interaction of aweak subduct-
ing crust, asindicated by our experiments, with the surrounding mantle
should be explored by future geodynamic modelling, as should be the
effect of the presence of an Al-bearing phase insubducted oceanic crust
that might further complicate slab rheology.
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Methods

Experimental details

Aresistive-heated diamond-anvil cell (DAC), based on a customized
Mao-Bell-type DAC and designed for radial X-ray diffraction experi-
ments, was used for the experiments'®. Diamonds with culet sizes of
300 pmwere used, together with agasket made of anamorphousboron
epoxy mixture that wasinserted inaKaptonfoil. Aresistive heater that
surrounds the diamond tips was made of two thinflexible graphite layers
thatareintight contact with the diamond anvils. Abeam path was carved
into the graphite sheets'®> to allow X-rays to pass through the heater .
The entire DAC was positioned inside avacuum chamber designed at the
Extreme Condition Beamline (ECB, P02.2) at PETRAIIl of the Deutsches
Elektronen-Synchrotron (DESY)'**, Avacuum of better than10™* mbar
was maintained during the experiment to avoid oxidation of the celland
diamonds, while the outside of the vacuum chamber was kept at low tem-
peratures by awater-cooling system!®$, The starting material was finely
ground powder of CaSiO, wollastonite, containing minor amounts of Al,
Feand Ti(<0.2 at.% according to electron microprobe analysis), mixed
withasmallamount of fine-powdered platinum to determine the experi-
mental pressure, using previously published thermal equation-of-state
parameters®. The sample was heated at a pressure of ~30 GPa until the
appearance of new diffraction ringsindicated the formation of CaSiO,
perovskite (Fig.1). Temperature was increased slowly (hours) to allow
the system to equilibrate and maintain the vacuum. Pressure was then
increased at a constant temperature of 1,150 + 50 K, leading to deforma-
tion of the sample. Temperature was determined as the average of the
measurement of two thermocouples placed between the heater and
below the gasket', with the given uncertainty reflecting the difference
between the two measurements. Pressure was increased remotely using
agas-membrane system and diffraction images were taken after the
pressure stabilized. X-ray diffraction experiments were performed at
the Extreme Conditions Beamline (ECB) PO2.2 at PETRA Il at DESY?%,
X-rays (wavelength of 0.4871 A) were focused to 8 (horizontal) x 3 (ver-
tical) pm?2 (full width at half maximum). The diffraction images were
recorded onaPerkin ElImer XRD 1621 flat panel detector (sample-detec-
tor distance of 410.4 mm), sliced using the Fit2d software*° and analysed
using the software package MAUD* (Extended Data Fig.1). The “radial
diffraction in the DAC” model** was used to fit lattice strains (110, 111,
200, 211 reflections) in CaSiO; perovskite. The E-WIMW model—which
is similar to the WIMV model*, but allows forincomplete and arbitrary
polefigure coverage—was used tofit textures. Cylindrical symmetry was
imposed. The orientation distribution function (ODF) was exported
to BEARTEX* to plot inverse pole figures. Derived lattice strains and
texture evolutionare shownin Extended Data Figs. 2, 3. A clear texture
development is observed throughout the experiment, where texture
strengthincreased from1.5 multiples of random distribution (mrd) after
synthesis to about 1.75 mrd at the highest pressures. It isimportant to
note that both the sample’s strength and texture are derived from the
same set of grains sampled by the X-rays. Itis therefore not possible by
experimental designthat some highly stressed grains that cause texture
development are missing from our strength measurement.

Visco-plastic self-consistent modelling of texture development

We performed visco-plastic self-consistent (VPSC) simulations* to
model slip system activities and to determine the amount of plastic
strain required to reproduce the experimentally measured increase of
texture strength (Extended Data Fig. 4). Simulations were performed
using VPSC version 6 with a tangent approximation for the inclusion
matrix interaction. The starting texture was discretized into 3,000 grains
from the experimentally measured ODF at 31.1 GPa. This was then used
as the starting texture for plasticity simulations. Different amounts of
strainwere applied in the simulation until the texture strength measured
at 52.2 GPawas reproduced by the model. The best-fit model required
20% plastic strain with dominant 110 slip (79% of total strain is on 110).

Modelling of the strength of bridgmanite at 1,150 K and
lower-mantle pressures

In absence of direct measurements of the plastic strength of
single-phase bridgmanite at relevant pressures and high tempera-
tures, we applied a temperature correction to 295-K DAC experi-
ments?'. We used the average value of two different approaches,
where (1) the effect of temperature on the strength of bridgmanite
isassumed to be the same as that measured for ferropericlase, and (2)
the 295-K results were shifted to lower strength values to match those
measured for bridgmanite deformed in a DAC within a multi-phase
assemblage®.

Modelling of the viscosity contrast between lower-mantle
phases

We used our experimental datato calculate viscosity contrasts between
major lower-mantle phases using the identities:

£=Ao" 1

and

n=0/2¢ 2)

Here nis viscosity, £is the strainrate, gis stress, nis the stress expo-
nentand Ais a pre-factor.

The above relations can be combined to calculate the viscosity con-
trast between any two phases (denoted by subscripts) for either a uni-
form stress or uniform strain rate scenario, according to:

n &0 - . .
”—lzﬁog’z m)(for uniform geophysical stress, g,) (3)
2 12

n_ A ()
1) €8
n, A,()

(for uniform geophysical strain rate,&,) (4)

Under the assumptionthat the strainratesinall experiments were the
same and that samples deformed by similar processes and are hence
described by the same stress exponent n, the above equations can be
simplified to:

n
%=(%J (for uniform geophysical stress) (5)
2 2
’Z] 0] . . .
—:G—z(for uniform geophysical strain rate) 6)
y)

To test the effect of this simplification on the here-derived viscosity
contrasts (Fig. 3), we used equations (3), (4) to test the effect of differ-
ent stress exponents for the three mantle minerals and differences in
experimental strainrates over arelevant range. The results are summa-
rized in Extended Data Table 1. We find that cubic CaSiO; consistently
shows alower viscosity thanboth bridgmanite and ferropericlase, often
by several orders of magnitude. It shows a particularly low viscosityin
our uniform stress models.

Data availability

Rawdataweregenerated atthe DeutschesElektronen-Synchrotron (DESY)
and are available at https://doi.org/10.6084/m9.figshare.17287361.
Allderived datasupporting the findings of this study are available within
thearticleand the Extended Data. Source datafor Figs. 2,3 and Extended
DataFig. 2 are provided with the paper.
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Extended DataFig.1|Unrolled diffractionimage. Datawere collected at 52.5 GPaand 1,150 + 50 K (bottom) along with the best-fit model (top). The curvatureis
ameasure of lattice strains and was used to calculate the strength of CaSiO; perovskite.
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Extended DataFig.2|Experimentally derived lattice strains of cubic CaSiO;atatemperature of1,150 + 50 K.Theerrorofthederived lattice strainsis
similar to the symbolsizes, as shownin the lower right corner.
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Extended DataFig. 3| Texture development observed in experiments. Texture strengthisindicated by the colours.100 texture increases with pressure
throughout the experiment, increasing fromabout 1.5 mrd to1.75 mrd, indicating plastic flow.
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Extended DataFig.4|VPSCmodelling of texture development. The measured experimental texture after sample synthesis was used as starting texture. 20% of

plastic strainleads to atexture strength comparable to that measured at 52.2 GPa (see Extended DataFig. 3).
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Extended Data Table 1| Viscosity contrast between CaSiO; perovskite and bridgmanite (left) or ferropericlase (right)

CaSiOs3 perovskite / bridgmanite CaSiOs perovskite / ferropericlase
Npm | Epm (s LOG (Mcasioz/Mem) nep | Epp (s LOG(nCaSiOS/an)
O'g = constant ég = constant O'g = constant ég: constant
3 103-103 | -59t0-3.9 -0.1 to -0.7 3 103-103 | -5.1t0-3.1 -0.5t00.2
4 103-103 | -5.8t0-3.8 -1.5t0-1.0 4 103-103 | -4.8t0-2.8 -1.2t0 -0.7
5 103-103 | -5.8t0-3.8 -1.9to-1.5 5 103-103 | -4.5t0-2.5 -1.7t0-1.3

Contrast is calculated from strength values at 40 GPa and ~1,150K (see Fig. 2b). The effect of varying the stress exponent and experimental strain rate on calculated viscosity contrasts was
tested. In calculating the values in the table, we assumed a stress exponent of 4 and an experimental strain rate of 10™*s™ for CaSiO,. We further fixed the mantle stress to 10 MPa and the mantle
strain rate to 10™s™ for calculations at uniform stress and strain rate, respectively.
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