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Volterra’s distorsions

Vito Volterra (1860-1940)
Italian mathematician and physicist

Vito Volterra, Sur l'équilibre des corps élastiques
multiplement connexes, 1907



The concept of dislocations

Sir Geoffrey Ingram Taylor Michael PolanyiEgon Orowan

1934
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Dislocations: important parameters

• Elementary amount of shear: 
the Burgers vector

• Dislocation line orientation 
(local)

• Slip plane: contains L and b
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Dislocations: the far field



Elasticity theory
• Screw dislocation
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Dislocations: the far field



• Elasticity theory
• Edge dislocation

Dislocations: the far field



• Elasticity theory
• Edge dislocation

Dislocations: the far field
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Volterra dislocations: the far field



• Mixed dislocation (general case)

Dislocations: the displacement field



Dislocations: observations

• Transmission electron microscopy

Dark Field



• Transmission electron microscopy

Weak-Beam Dark Field

Dislocations: observations



• Transmission electron microscopy

Olivine deformed at 900°C – Sample courtesy S. Demouchy

Dislocations: observations



• Electron Chanelling Contrast Imaging 
(ECCI) in the SEM

Dislocations: observations



• X-ray diffraction peak broadening
analysis (strain anisotropy)

Shear deformation of forsterite – Couvy et al. (2004) Eur. J. Mineral.

Dislocations: observations



• X-ray diffraction peak broadening
analysis (strain anisotropy)

Cordier, Ungár, Zsoldos & Tichy (2004) Nature 428, 837-840

Dislocations: observations
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Volterra dislocations: the core
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Region a

•Compression

•Elasticity

Region b

•Dilation

•Elasticity

Intermediate region (disregistry)

•Non-linear

•Planar !
Important

Modeling dislocations using the 
Peierls-Nabarro model



Sinusoidal
(assumed !)

Modeling dislocations using the 
Peierls-Nabarro model



Generalised Stacking Faults (GSF)

Can be calculated ab initio

Modeling dislocations using the 
Peierls-Nabarro model



Crystal

Dislocation

Slip plane

Shear profilePeierls dislocation

Dislocation core profile

Modeling dislocations using the 
Peierls-Nabarro model



a = 3.905 Å a = 5.52 Å

Testing the Peierls-Nabarro model: SrTiO3

100 010 110 11�0



100 010 100 011 110 001

SrTiO3: generalyzed stacking faults

110 11�0



100 010 110 11�0100 011 110 001

SrTiO3: generalyzed stacking faults



100 010 100 011

110 001 110 11�0



Comparison with HRTEM images

Atomic scale model
Peierls-Nabarro

Courtesy Ferré et al. (2008)

Testing the Peierls-Nabarro model: SrTiO3



Analytical model: Joos & Duesberry (1997)

Dimensionless parameter:

Two cases:

- Narrow cores Γ<<1

- Wide coresΓ >>1

The Peierls-Nabarro model: lattice friction



Edge (GPa)

0.6 0.6 1.2 0.004

Screw (GPa)

0.7 9.9 0.9 0.006

100 010 110 11�0100 011 110 001

SrTiO3: lattice friction



Dislocation line with core spreading

Glide plane

Dislocation core spreading
makes glide easier in this plane

When the core structure determines the glide 
plane



Dislocation line

But glide will be more difficult
in another plane !

Glide plane

When the core structure determines the glide 
plane



“Predicting” slip systems in MgO

B1 cubic crystal structure (space group Fm3�m)

Rock-salt (NaCl) structure. 

Lattice parameter is about 4.21 Å



½<110>{100} 

½<110>{110} 

“Predicting” slip systems in MgO



{100}

{110}

“Predicting” slip systems in MgO with the 
Peierls-Nabarro model



C. Denoual (CEA-DAM)

{110} 

{100} 

Elastic

Inelastic

Inelastic

“Predicting” slip systems in MgO with the 
Peierls-Nabarro Galerkin model



{110}

{100}

0 GPa

0 GPa

Glide in {110}

“Predicting” slip systems in MgO with the 
Peierls-Nabarro Galerkin model
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½<110>{100} 

½<110>{110} 

“Predicting” slip systems in MgO with the 
Peierls-Nabarro Galerkin model



(Mg,Fe)O in the mantle



0 GPa 60 GPa 100 GPa

{100}

{110}

Predicting slip systems in MgO with the Peierls-
Nabarro Galerkin model



100 GPa

Glide in {100}

{110}

{100}

100 GPa

Predicting slip systems in MgO with the Peierls-
Nabarro Galerkin model
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&ε =10−4  s−1; ρ =1012  m−2

Predicting slip systems in MgO with the Peierls-
Nabarro Galerkin model



J. Immoor et al. / Earth and Planetary Science 

Letters 489 (2018) 251–257

Experimental evidence
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Dislocation core profile

Stacking
fault

b = b1 + b2

b1 b2

Beyond core spreading: dissociation



Cubic: Fd3m

a = 8.071 Å

Ringwoodite (Mg2SiO4)



Ringwoodite (20 GPa)
(110) plane

Easy shear path along the ½[-110] direction

Ritterbex et al. (2015)Defines the Burgers vector

Ringwoodite: generalyzed stacking faults



Ringwoodite (20 GPa)

Easy shear path along the ½[-110] direction

Ritterbex et al. (2015)

Ringwoodite: generalyzed stacking faults



½ <110>{110}

½ <110>{111}

Ringwoodite: dissociated dislocations



a

c

b

Orthorhombic: Imma

a = 5.7 Å
b = 11.5 Å
c = 8.3 Å

Wadsleyite (Mg2SiO4)



[100](010) screw
Easiest slip system

E. Thurel PhD thesis[100] glide: the shortest lattice repeat (5.5 Å)

Wadsleyite (Mg2SiO4)



E. Thurel PhD thesis

½<111>{101} (7.5 Å) 

Wadsleyite (Mg2SiO4)

½ [111](101)

Partial 1
3 Å

Partial 2
4.5 Å

Stacking fault
35.8 Å

Wadsleyite deformed at 18 GPa - 1600°C

Dissociated 1/2<111> dislocations gliding in {101}

Second easiest slip system
weakest plane
+
Wide dissociation (5-8 b)



[010] dislocations: the largest lattice repeat (11.5 Å)

Wadsleyite (Mg2SiO4)



Wadsleyite (Mg2SiO4)

Peierls model of the edge [010](100) dislocation 
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[010] dislocations: the largest lattice repeat (11.5 Å)



Wadsleyite (Mg2SiO4)

Wadsleyite deformed at 17 GPa - 1500°C
[010] dislocations: the largest lattice repeat (11.5 Å)



Wadsleyite (Mg2SiO4)

[010] dislocations: the largest lattice repeat (11.5 Å)



Wadsleyite (Mg2SiO4)

[010] dislocations: the largest lattice repeat (11.5 Å)



Cubic: Ia3d

a = 11-12 Å

Garnets X3Y2Z3O12



Garnets

<100> dislocations

Experimental deformation: 6.5 GPa, 900 °C

Experimental deformation: 6.5 GPa, 1100 °C

1/2<111> dislocations

V. Voegelé et al. Physics of the Earth and Planetary Interiors

108 (1998) 305–318



Garnets
Eclogites from the Alps

V. Voegelé et al. Physics of the Earth and Planetary Interiors 108 (1998) 319–338



Garnets
Eclogites from the Alps



Garnets
Eclogites from the Alps

V. Voegelé et al. Physics of the Earth and Planetary Interiors 108 (1998) 319–338
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On the formation of arrays of micro-tunnels in pyrope and almandine garnets

Jacques Rabier 1, Ar thur  H. Heuer 2, and Kevin J. Hemker 3,*

1Département Physique et Mécanique des Matériaux, Institut Pprime, CNRS-Université de Poitiers, ISAE ENSMA, BP 30179, 86962  
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Baltimore, Maryland 21210, U.S.A.

Abst r act

A recent paper devoted to unusual fine-scale tubular tunnels found in pyrope and almandine garnets 

suggested that the 5 to 100 μm diameter tunnels were produced by an endolithic organism that is able to 

chemically dissolve and penetrate the mineral, perhaps in search of nutrients. The hypothesized microbial 

boring of the garnets was based on the find i ng of endolithic remains in the tunnels, but boring alone does 

not adequately explain the linear, highly aligned or occasionally branched tunnels that have been imaged. 

We have prepared this short Letter, in the spirit of Occam’s Razor, to highlight the very probable role that 

dislocations play in the creation of such tunnels by preferential etching of a dislocation-rich deformation 

microstructure. The geometrical features of the tunnels possess all the characteristics of classical disloca-

tion substructures that have been observed in natural and synthetic garnets.

Keywords: Garnets, dislocations, etching, tunnels

Int r oduct ion

The intricate and beautiful X-ray computed tomographic im-

ages recently published by Ivarsson et al. (2018) contain clear 

evidence of highly aligned parallel tunnels that originate at the 

mineral surface and extend into the interior, see, for example, 

Figure 1. These tunnels form highly regular miniature palisades 

in some regions; in others, they exist as more chaotic branched 

networks with kinks and junctions with uniquely prescribed 

angles. The networks of curvilinear, branching, and anastomos-

ing (interconnected) tunnels were interpreted as evidence that 

these tunnels are independent of crystallography, thus providing 

an indirect foundation for the authors’ hypothesis of biological 

tunneling (Ivarsson et al. 2018). Unfortunately, this interpretation 

completely misses the striking geometric similarities between the 

tunnels in these tomographic images and published observations 

and understanding of dislocation microstructures in both natural 

and synthetic garnets [see, for example, Rabier (1995, 1979); Ra-

bier et al. (1976a, 1981); Garem et al. (1982); Rabier and Garem 

(1984); Allen et al. (1987); Karato et al. (1995); Blumenthal and 

Phillips (1996); Voegelé et al. (1998a, 1998b)].

As is well known, dislocations are prominent in virtually all 

crystalline materials. Dislocation generation, multiplication, and 

motion are widely recognized as a common deformation response 

of crystalline materials to externally applied shear stresses and have 

been extensively observed and characterized in metals and alloys, 

minerals, ceramics, and semiconductors. The absence of disloca-

tions in the pyrope and almandine garnets under discussion, if true, 

would be remarkable.

Here, we briefly review and discuss dislocations in garnets, tun-

nel formation due to abiogenic etching of dislocations in minerals, 

and the similarities between the geometry of dislocation substruc-

tures and the intricate tunnels and networks observed in these pyrope 

and almandine garnets (Ivarsson et al. 2018).

Disl ocat ions in gar nets

The relationship between dislocations and plasticity in garnets is 

well established. Synthetic garnets of technological interest such as 

Y3Al5O12 (YAG, yttrium aluminum garnet), Y3Fe5O12 (YIG, yttrium 

iron garnet), and Gd3Ga5O12 (GGG, gadolinium gallium garnet) were 

first studied by Rabier and colleagues (Rabier et al. 1976a; Rabier 

1979) and have exceptional plastic properties compared to other ox-

ide crystals (Garem et al. 1982; Rabier and Garem 1984; Blumenthal 

and Phillips 1996). Likewise, the resistance to plastic deformation in 

natural garnets is significantly greater than that of most other minerals 

of the Earth’s mantle (Karato et al. 1995; Voegelé et al. 1998a). This 

is related to the very large Burgers vectors of dislocations in garnets 

and to a “corrugated” oxygen sublattice, which promotes very high 

atomic-level friction stresses on moving dislocations.

The description of the garnet structure in terms of coordination 

polyhedra, so common in the mineralogical literature, has proven to 

be very useful in understanding dislocation properties in synthetic 

garnets (Rabier et al. 1976b). The garnet structure can be regarded 

as a body-centered cubic (bcc) lattice with a very large unit cell. The 

edge of the bcc unit cell is of order 1.2 nm, whereas most common 

minerals have considerably smaller unit cells. Thus, the magnitude 

of the smallest perfect unit Burgers vector, b = ½<111>, is about 

1.0 nm. This results in a very large strain energy, proportional to Gb2 

per unit length of dislocation (G is the elastic shear modulus). The 

strain energy of a dislocation can be lowered by spreading of its core 

and by dissociation of the parent dislocation into partial dislocations 

that bound a planar stacking fault. The dissociated configuration 

is glissile as long as it remains on the glide plane, but it becomes 

sessile when reconfigured off of the glide plane (Garem et al. 1982; 

Blumenthal and Phillips 1996).

American Mineralogist, Volume 106, pages 1026–1029, 2021

0003-004X/21/0006–1026$05.00/DOI: https://doi.org/10.2138/am-2021-7939       1026 
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Int r oduct ion

The intricate and beautiful X-ray computed tomographic im-

ages recently published by Ivarsson et al. (2018) contain clear 

evidence of highly aligned parallel tunnels that originate at the 

mineral surface and extend into the interior, see, for example, 

Figure 1. These tunnels form highly regular miniature palisades 

in some regions; in others, they exist as more chaotic branched 

networks with kinks and junctions with uniquely prescribed 

angles. The networks of curvilinear, branching, and anastomos-

ing (interconnected) tunnels were interpreted as evidence that 

these tunnels are independent of crystallography, thus providing 

an indirect foundation for the authors’ hypothesis of biological 

tunneling (Ivarsson et al. 2018). Unfortunately, this interpretation 

completely misses the striking geometric similarities between the 

tunnels in these tomographic images and published observations 

and understanding of dislocation microstructures in both natural 

and synthetic garnets [see, for example, Rabier (1995, 1979); Ra-

bier et al. (1976a, 1981); Garem et al. (1982); Rabier and Garem 

(1984); Allen et al. (1987); Karato et al. (1995); Blumenthal and 

Phillips (1996); Voegelé et al. (1998a, 1998b)].

As is well known, dislocations are prominent in virtually all 

crystalline materials. Dislocation generation, multiplication, and 

motion are widely recognized as a common deformation response 

of crystalline materials to externally applied shear stresses and have 

been extensively observed and characterized in metals and alloys, 

minerals, ceramics, and semiconductors. The absence of disloca-

tions in the pyrope and almandine garnets under discussion, if true, 

would be remarkable.

Here, we briefly review and discuss dislocations in garnets, tun-

nel formation due to abiogenic etching of dislocations in minerals, 

and the similarities between the geometry of dislocation substruc-

tures and the intricate tunnels and networks observed in these pyrope 

and almandine garnets (Ivarsson et al. 2018).

Disl ocat ions in gar nets

The relationship between dislocations and plasticity in garnets is 

well established. Synthetic garnets of technological interest such as 

Y3Al5O12 (YAG, yttrium aluminum garnet), Y3Fe5O12 (YIG, yttrium 

iron garnet), and Gd3Ga5O12 (GGG, gadolinium gallium garnet) were 

first studied by Rabier and colleagues (Rabier et al. 1976a; Rabier 

1979) and have exceptional plastic properties compared to other ox-

ide crystals (Garem et al. 1982; Rabier and Garem 1984; Blumenthal 

and Phillips 1996). Likewise, the resistance to plastic deformation in 

natural garnets is significantly greater than that of most other minerals 

of the Earth’s mantle (Karato et al. 1995; Voegelé et al. 1998a). This 

is related to the very large Burgers vectors of dislocations in garnets 

and to a “corrugated” oxygen sublattice, which promotes very high 

atomic-level friction stresses on moving dislocations.

The description of the garnet structure in terms of coordination 

polyhedra, so common in the mineralogical literature, has proven to 

be very useful in understanding dislocation properties in synthetic 

garnets (Rabier et al. 1976b). The garnet structure can be regarded 

as a body-centered cubic (bcc) lattice with a very large unit cell. The 

edge of the bcc unit cell is of order 1.2 nm, whereas most common 

minerals have considerably smaller unit cells. Thus, the magnitude 

of the smallest perfect unit Burgers vector, b = ½<111>, is about 

1.0 nm. This results in a very large strain energy, proportional to Gb2 

per unit length of dislocation (G is the elastic shear modulus). The 

strain energy of a dislocation can be lowered by spreading of its core 

and by dissociation of the parent dislocation into partial dislocations 

that bound a planar stacking fault. The dissociated configuration 

is glissile as long as it remains on the glide plane, but it becomes 

sessile when reconfigured off of the glide plane (Garem et al. 1982; 

Blumenthal and Phillips 1996).
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Bridgmanite (MgSiO3)

Orthorhombic: Pbnm

a = 4.775 Å
b = 4.929 Å
c = 6.897 Å



Modelling dislocations at the atomic scale



[100](010)

[010](100)

Hirel et al. (2014)

Screw dislocations

Modeling dislocations in bridgmanite at 30 GPa



Peierls stress

Modeling lattice friction



Hirel et al. Acta Mat 2014

Lattice friction in bridgmanite: influence of P



GEOPHYSICS

Shear deformation of bridgmanite
and magnesiowüstiteaggregates at
lower mantleconditions
Jenni fer Gi r ar d, Geor ge Amulele,* Rober t Far la,†
Anwar M ohi uddin, Shun-i chi r o K arato‡

Rheological propert ies of the lower mantle have strong influence on the dynamics and evolut ion
of Earth. By using the improved methods of quant itat ive deformation experiments at high
pressures and temperatures, we deformed a mixture of bridgmanite and magnesiowüstite
under the shallow lower mantle condit ions.We conducted experiments up to about 100% strain
at a strain rate of about 3 × 10−5 second−1. We found that bridgmanite is substantially st ronger
than magnesiowüstite and that magnesiowüstite largely accommodates the st rain. Our results
suggest that strain weakening and resultant shear localization likely occur in the lower mantle.
This would explain the preservation of long-lived geochemical reservoirs and the lack of seismic
anisotropy in the majority of the lower mantle except the boundary layers.

E
arth’s large, rocky lower mantle is mostly
composed of (Mg,Fe)SiO3bridgmanite(~70%)
and (Mg,Fe)Omagnesiowüstite (~20%) (and
a few percent of calcium perovskite CaSiO3)
[e.g., (1)]. Many of Earth’s geochemical and

geophysical questions depend strongly on the
rheological propertiesof materials in thisregion.
For instance, geochemical observations suggest
that the lower mantle hosts a large amount of
incompatible elements working as a reservoir of
these elements (2, 3). Thedegreeof preservation
of these reservoirs is controlled by the nature
of mixing or stirring of mater ials (4, 5), which
strongly dependson therheological propertiesof
mater ials in this region. However, very little is
currently known about the rheological proper-
tiesof materials in the lower mantlebecause of
thedifficultiesin quantitativeexperimental studies
of deformation under theconditionsof the lower
mantle.

The main difficulties include the controlled
generation of stress (or strain rate) and reliable
measurements of stress and strain under the
high-pressure and -temperature conditions [e.g.,
(6)]. Consequent ly, previous studies on plastic
deformation of lower mantle minerals were ei-
ther performed at high pressures and low tem-
peratures (7–10), at high pressures and high
temperatures without stress-strain rate control
(11),or on analog materialsat low pressures (12–14).
Applying low-temperatureexperimentsto Earth’s
interior is difficult because rheological proper-
tiesarehighly sensitiveto temperature. Also the
mechanisms by which deformation occurs are
sensitive to temperatureand strain rate, creating
extrapolation issues for both low-temperature
and poorlycontrolled strain-rate(stress) measure-
ments [e.g., (15)] . Furthermore, microstructural
evolution often leads to strain-dependent rheo-
logical behavior,which isparticularly important
for a sample containing two materials with a
large strength contrast (16). The lower mantle
approximates a two-phase mixture (bridgmanite
and magnesiowüstite) with presumably a large
strength contrast [e.g., (13, 17, 18)], and therefore
large strain (>30%) experiments are essential to

sciencemag.org SCI EN CE

Department of Geology and Geophysics, Yale University, New
Haven, CT, USA.
*Present address: Department of Earth and Planetary Sciences,
Macquarie University, Sydney, NSW, Australia. †Present address:
Bayerisches Geoinstitut, Universität Bayreuth, Bayreuth, Germany.
‡Corresponding author. E-mail: shun-ichiro.karato@yale.edu

Girard et al. (2016) Science

Rotational Drickamer apparatus

Yamazaki & Karato (2001)

SEM on deformed sample

Synchrotron: rheological data

27 GPa

2130 K

Experiments under lower mantle conditions



Hirel et al. Scripta Mat (2016)

Edge dislocations

MgSiO3 [110]pc

(001)pc

Dislocations in perovskites



Hirel et al. Scripta Mat (2016)

(-110)

Edge dislocations

SrTiO3 [110]

Dislocations in perovskites





SrTiO3 <110> slip





Hirel et al. Scripta Mat (2016)

Edge dislocations

Brunner et al. (2001)
Gumbsch et al. (2001)

SrTiO3 high temperature: climb dissociation

(1�10)

Glide plane



Hirel et al. Scripta Mat (2016)

Edge dislocations

MgSiO3 high temperature: climb dissociation

MgSiO3 [110]pc

(001)Pc

Glide plane



Hirel et al. (2016)

HT

HT

LT

LT

Climb dissociation in perovskite



Lattice friction in MgSiO3 bridgmanite

Hirel et al. Acta Mat 2014



Post-perovskite (MgSiO3)

Orthorhombic: Cmnm

a = 2.456 Å
b = 8.042 Å
c = 6.093 Å



Post-perovskite (MgSiO3)

Possible Burgers vectors



Post-perovskite (MgSiO3)



Post-perovskite (MgSiO3)

[100] glide: the shortest lattice repeat (2.456 Å)

Screw dislocation



Post-perovskite (MgSiO3)

[100] glide: the shortest lattice repeat (2.456 Å)

Screw dislocation



Post-perovskite (MgSiO3)



Post-perovskite (MgSiO3)



Post-perovskite (MgSiO3)
�
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110  glide: the 2nd shortest lattice repeat (4.2 Å)
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110 11�0 edge dislocation



Post-perovskite (MgSiO3)
�

�
110  glide: the 2nd shortest lattice repeat (4.2 Å)

�

�
110 11�0 edge dislocation



Post-perovskite (MgSiO3)



Notes and thoughts

• Dislocations are two-fold
• Far-field: elasticity
• Near field: atomic configurations

• The dislocation cores control the mobility

• In materials with complex crystal chemistry (and sometimes low symmetries) 
dislocation cores can exhibit various configurations

• Great progress have been made on the modeling side

• Observations are needed
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