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a b s t r a c t 

We present a multi-disciplinary study of the rupture process of deep- and intermediate-depth earth- 

quakes in the subducting slab that develops beneath the Peruvian-Brazilian region. This contemplates the 

understanding of the atomistic fracture mechanism in an olivine model, its energetics budget, and the 

bridging of these results to the available seismic observables. A theoretical description of the stress-strain 

curves for the subducting material is initially provided as a key element to discern whether the rupture 

mechanism changes with depth or not. To this purpose, atomistic modelling was carried out through ab 

initio techniques for the forsterite olivine at different pressure ranges. The achieved stress-strain curves 

were compared to the average moment-scaled functions obtained for 43 intermediate (50 km < h < 

200 km) and very deep earthquakes (500 km < h < 700 km) at the Peruvian-Brazilian subduction zone. 

It is found that at both depths operate a common atomistic rupture mechanism that is based on the glid- 

ing of the {001} crystal planes. Although the velocity of stress release changes with depth, this finding 

helps to clarify the controversial rupture process for very deep earthquakes at subduction zones. Likewise, 

effort s were directed to quantify the total amount of energy freed during an earthquake. Test calculations 

were carried out for several deep earthquakes providing rupture energy of six orders of magnitudes larger 

than the observable radiated seismic energy. This indicates that there might be space for redefining the 

commonly accepted order of magnitude for the seismic efficiency coefficient. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Ocean University of China. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The occurrence of intermediate and deep earthquakes is gen- 

rally explained in terms of the subduction process. The collision 

etween a continental and an oceanic lithosphere plate makes the 

atter dive beneath the warmer and less dense continental plate 

nd sink into the surrounding mantle. The dipping oceanic litho- 

phere drags the rest of the tectonic plate and this represents 

he main cause of the well-known plate motion mechanism. The 

lunging wedge of the oceanic lithosphere experiences a variety of 

eep and intermediate-depth earthquakes. The models used to in- 

estigate the rupture process in such events are generally referring 

o mechanical models that consider the earth as a homogeneous or 

nhomogeneous elastic media, where the atomistic characteristics 
∗ Corresponding author at: Department of Earth’s Physics and Astrophysics, Com- 

lutense University of Madrid, Madrid E-28040, Spain. 
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f the material are not explicitly considered. Hence, both form and 

mount of energy released during an earthquake must be reviewed 

y exploring the possibility of a more complex microscopic mecha- 

ism. Also, it is well known that by increasing depth, both pressure 

nd temperature conditions rise as to provide a viscoelastic media 

hat will unlikely experiment a fragile rupture. This leads to a situ- 

tion where the occurrence of deep and intermediate-depth earth- 

uakes becomes difficult to explain. Besides, the amount of total 

nergy released by an earthquake represents another long-standing 

nsolved question in seismology. From seismograms, it is only pos- 

ible to estimate the radiated seismic energy, which is just a por- 

ion of the earthquake total energy. A not well constrained seis- 

ic efficiency coefficient ( η) is often used to approximate the to- 

al earthquake energy ( Spudich, 1992 ; Guatteri and Spudich, 1998 ; 

anamori et al., 1998 ; Kanamori and Rivera, 2006 ; Terakawa and 

auksson, 2018 ). Kikuchi (1992) reported 0 . 012 ≤ η ≤ 0 . 22 for sev-

ral large earthquakes and stated that deep events have a smaller 

alue than shallow ones. From laboratory experiments and mining- 
of China. This is an open access article under the CC BY license 
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Fig. 1. Periodic crystal structure of olivine ( Pbnm space group setting). While silicon 

atoms are tetrahedrally coordinated by four oxygens (blue polyhedral), magnesium 

atoms are octahedrally coordinated by six oxygens (for clarity, these polyhedral are 

not shown in the figure). This figure was generated by using the VESTA visualization 

software program ( Momma and Izumi, 2011 ). 
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M  
nduced events, McGarr (1994) also specified the hypothesis that 

≤ 0 . 06 . However, due to the general difficulty in accessing the 

bsolute stress, the binding of η to a well-defined range of values 

s hardly accessible through seismology. From this point of view, 

he consideration of an atomistic mechanism may help to shed 

ight on the total energy generated by an earthquake and to bound 

he magnitude of the efficiency factor. 

The faulting mechanism of deep earthquakes is still enigmatic 

nd could differ from that of intermediate and shallow events. 

s such, the rising of pressure and temperature with depth tend 

o inhibit brittle failure and promote ductile flow. Several mech- 

nisms have been proposed so far, including shear thermal in- 

tability ( Ogawa, 1987 ; Kanamori et al., 1998 ), dehydration em- 

rittlement ( Meade and Jeanloz, 1991 ; Silver et al., 1995 ), and 

ransformational faulting ( Green and Burnley, 1989 ; Kirby et al., 

991 ; Green and Houston, 1995 , 1996 ; Ohuchi et al., 2017 ).

ntermediate-depth earthquakes (70 km < depth < 300 km) are 

enerally attributed to dehydration embrittlement ( Kirby et al., 

996 ; Peacock and Wang, 1999 ; Hacker et al., 2003 ; Ohuchi et al.,

018 ) or embrittlement due to dehydration-driven stress trans- 

er ( Ferrand et al., 2017 ), although thermal shear instability has 

lso been suggested as plausible ( Kelemen and Hirth, 2007 ; 

rieto et al., 2013 ; Poli et al., 2016 ). For deep-focus earthquakes 

depth > 300 km), phase transformational faulting and thermal 

nstability have so far gained the most evidence ( Wiens, 2001 ; 

ouston, 2007 ). It has also been suggested that deep earthquakes 

ay have more than one mechanism, depending on the slab con- 

itions ( Frohlich, 2006 ; Houston, 2007 ; Wiens and McGuire, 1995 ; 

iens and Gilbert, 1996 ). However, novel mechanisms or hypothe- 

es such as olivine-to-spinel phase transition in metastable olivine 

 Schubnel et al., 2013 ; Wang et al., 2017 ) continue to emerge in

his active field of research. Also, Liu and Zhang (2015) proposed 

hat internal stress induced by differential shortening of subducted 

rust and mantle is responsible for the depth distribution of deep 

arthquakes. 

Deep earthquakes exhibit diverse characteristics, possibly more 

iverse than shallow/intermediate earthquakes. For example, b - 

alues in Gutenberg-Richter distributions have large regional vari- 

tions for deep-focus events, e.g., b ≈ 0.4 for South America and 

 ≈ 1.2 for Tonga ( Houston, 2007 ; Frohlich, 1989 ; Frohlich and 

avis, 1993 ). About 85% of the rupture velocities for deep earth- 

uakes fall between 0.3V S and 0.9V S (where V S is the shear wave 

peed), a greater range than it is seen for shallow earthquakes 

 Frohlich, 2006 ). Other parameters such as scaled source dura- 

ion, stress drop, and radiation efficiency also show strong vari- 

bility and possible dependences on event magnitudes, depths, 

nd tectonic settings ( Wiens, 2001 ; Frohlich, 1989 ; Houston and 

illiams, 1991 ; Vidale and Houston, 1993 ; Houston, 1993 ; 

ouston and Vidale, 1994 ; Houston et al., 1998 ; Houston, 2001 ; 

oli and Prieto, 2014 , 2016 ). This diversity, while often entangled 

ith limited resolution, is critical in understanding the sensitivity 

f deep earthquake mechanisms to various physical conditions. For 

xample, Wiens (2001) summarized the temperature dependence 

f deep-focus earthquake source parameters and argued in favour 

f thermally controlled mechanisms, such as shear thermal insta- 

ility ( Ogawa, 1987 ). 

In consequence, understanding the rupture mechanism of 

arthquakes inside a subducting slab requires a thorough knowl- 

dge of the mineral physics of the sinking material as well as 

hat of the surrounding media. We hereby assume that the min- 

ral olivine ( Fig. 1 ) is the primary component of the Earth’s up-

er mantle and thus of the subducting lithosphere. This min- 

ral is a magnesium iron silicate with formula (Mg 2 + , Fe 2 + ) 2 SiO 4 ,

here the ratio of magnesium to iron varies between the two 

nd-members of the solid solution series: The Mg-end-member 

orsterite (Mg 2 SiO 4 ) and the Fe-end-member fayalite (Fe 2 SiO 4 ). As 
2 
epth increases, the abundant mineral olivine undergoes several 

hase changes ( Moore and Smith, 1969 ; Baur, 1972 ). Transitions 

n (Mg, Fe) 2 SiO 4 , from the α (olivine) phase to the β (wads- 

eyite) phase and from β to γ (ringwoodite), are believed to oc- 

ur near 410 km and 520 km, respectively, under normal man- 

le conditions, accounting for the well-known seismic discontinu- 

ties at those depths ( Katsura and Ito, 1989 ; Bina, 1991 ). Inside the

elatively cold subducting slab, however, the phase change from 

livine to wadsleyite may be delayed, allowing the α-(Mg, Fe) 2 SiO 4 

o persist metastably into a high-pressure stability field ( Sung and 

urns, 1976 ). Previous studies indicate that metastable (Mg 1.8 Fe 0.2 ) 

iO 4 olivine could survive to depths greater than 500 km in the 

old interior of rapidly subducting slabs of the old lithosphere 

 Rubie and Ross, 1994 ). Interesting seismic evidence for such a 

etastable Olivine Wedge (MOW) in subducting zones like the Pa- 

ific slab under the Japan Sea was also provided ( Jiang et al., 2008 ;

awakatsu and Yoshioka 2011 ; Shen and Zhan, 2020 ). The MOW 

ight act as a low-density material, reducing the descent veloc- 

ty of the slab ( Kirby et al., 1996 ). Lower plunging rates would 

llow slabs to warm and metastable wedges to thermally erode 

 Marton et al., 1999 ). The persistence of metastable olivine (i.e., a 

ort of cold olivine) to depths greater than 400 km in subduct- 

ng slabs has strong implications for the generation of deep-focus 

arthquakes. 

In this work, we study the atomistic mechanism of intermedi- 

te and deep earthquakes in the Peruvian-Brazilian region ( Figs. 

 and 3 ), which is a subduction zone associated with the con- 

act between the Nazca and the South America Plates. The sub- 

uction extends from 8 °S to 20 °S along with Peru and shows a 

onvolute rupture characteristic. It starts at the Peru-Chile Trench 

ocated offshore near the west of Peru ( Fig. 2 ) with a conver- 

ence rate of about 7.0–8.5 cm/yr along an azimuth of 80 °N 

 Minster and Jordan, 1978 ; DeMets et al., 2010 ; Somoza and 

hidella, 2012 ; Stein et al., 1986 ; DeMets et al., 1990 , 1994 ;

rgus and Heflin, 1995 ; Norabuena et al., 1998 ; Angermann et al., 

999 , 1999 ; Kendrick et al., 2003 ). The two main characteristics 

f this subduction area are the alternative regions of normal and 

at subduction and the absence of earthquakes in the depth range 

rom 300 to 500 km. From 3 °S to 15 °S the Nazca plate subducts

t an angle of 30 ° until reaches 100 km depth where it flat- 

ens down for several hundred km. On the other hand, start- 

ng from 15 °S the plate subducts with a continuous dip angle of 

0 ° ( Cahill and Isacks, 1992 ; Hayes et al., 2012 ; Phillips et al.,

012 ; Phillips and Clayton, 2014 ; Kim and Clayton, 2015 ; 

a and Clayton, 2015 ; Bishop et al., 2017 ; Lim et al., 2018 ;
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Fig. 2. Subducting slab made of stable (shallower than ∼400 km depth) and 

metastable (deeper than ∼400 km depth) olivine mineral. 
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Fig. 4. Distribution of epicenters for the period 1990–2020 (magnitudes ≥ 5) taken 

from USGS catalogue, https://earthquake.usgs.gov/earthquakes/search/ ). Green cir- 

cles correspond to shallow earthquakes ( h ≤ 60 km), red to intermediate depth (60 

< h ≤ 350 km) and blue to deep ( h > 350 km). The bathymetry of this figure is 

taken from https://www.gmrt.org/ . 
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utscher et al., 20 0 0 ; Tavera and Buforn, 20 01 ). The age of the

eveloping flat slab was estimated to be 11.2 Myr ( Chlieh et al., 

011 ; Lim et al., 2018 ). The observed seismicity in this region is

 consequence of these plate boundaries. From Fig. 4 we observe 

hat for the period 1990–2020, shallow earthquakes ( h < 60 km) 

re mainly located between the trench and the coast with some 

vents inside the continental plate. A typical feature of this shal- 

ow seismicity is the frequent occurrence of earthquakes with large 

agnitudes (Mw > 7) along the coastline. During the last two 

ecades, six such events have so far occurred (2018, 2014, 2013, 

007, and two in 2001). The most active zone corresponds to 

outhern Peru and northern Chile between 13 °S and 20 °S, while 

eismicity generally decreases when moving up north. Intermedi- 

te depth seismicity (60 km < h < 350 km) is observed parallel 

o the coast and between the Cordillera Occidental and the SubAn- 

ean zone, with maximum activity in the southern Altiplano. The 

ntermediate-depth earthquakes are distributed from 0 °S to 6 °S be- 

ween the coast and the interior of the continent where a maxi- 

um depth of 200 km is reached. In the central region, between 

 °S and 13 °S, a narrow gap of epicenters appears parallel to the 

oastline that may be correlated to the flat subduction in this zone. 
ig. 3. The subduction scheme of the Nazca plate under the South America. PE = Perú, E

avera and Buforn 2001 ). 

3 
rom 13 °S to 20 °S, where the slab subducts with a dipping angle 

f 30 °, the intermediate-depth seismicity is more active, reaching 

epths larger than 200 km. The very deep earthquakes (500 km 

 h < 700 km) are mostly localized within the central region of 

he Peru-Brazil border and Bolivia, somewhere in between 6 °S and 

4 °S. 

The main goal of this work is to study the rupture process of 

eep and intermediate-depth earthquakes along with subducting 

labs. This means understanding the theoretical fracture mecha- 
C = Ecuador, CH = Chile, BO = Bolivia, BR = Brazil, CO = Colombia (modified from 

https://earthquake.usgs.gov/earthquakes/search/
https://www.gmrt.org/
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C

ism and the energetics balance in a forsterite olivine model (or a 

OW model for depths greater than 400 km) with the final aim to 

ridge these results to the available seismic observables. Towards 

his ultimate goal of resolving the nature of the focal mechanism 

n both intermediate and deep earthquakes, we present a multi- 

isciplinary work where observable seismic features are bridged 

o the outcome of quantum-mechanical atomistic calculations. The 

atter methodology provides important microscopic material prop- 

rties that are of fundamental interest in identifying key macro- 

copic fracture features that are directly coupled to seismic ob- 

ervables. As an example, we examine the validity of the faulting 

echanism and the robustness of the cold olivine hypothesis. This 

s accomplished by studying the dependence of the focal mecha- 

ism with depth at the Peruvian-Brazilian subduction zone and ap- 

lying the first-principles stress-strain relationships of the atomistic 

odel to the observed moment rate functions of 43 intermediate 

nd deep earthquakes of this region. 

. Materials and methods 

In this section, we provide the fine-scale physics and struc- 

ure (i.e., the behaviour of electrons, ions, and their assemblies) 

f MOW under shear-stress conditions. It is understood that a 

omplementary description of the same material at a coarse-scale 

ould also be highly desirable. However, it is generally known 

hat mesoscopic and multiscale modelling relies strongly on avail- 

ble experimental data rather than the theory used for the cal- 

ulational scheme ( Fish et al., 2021 ). The lack of such data for

livine at very deep mantle conditions makes it appropriate to fo- 

us first our effort s on the ab initio scale and save the upscale to

 coarser system for possible future works. Likewise, considering 

hat grain size in experimental olivine samples can be of the order 

f μm ( Ferreira et al., 2021 ) and that its unit-cell has an average

ensity of ≈10 23 atoms/cm 

3 , achieving trustable results for aggre- 

ates (i.e., with an accuracy similar to ab initio methods) becomes 

rohibitive even with classical molecular dynamics techniques. The 

ize of the supercell that one must handle to describe a few grains 

ould easily reach the technical limitations imposed by the actual 

omputer power ( ≈10 12 atoms for a simple Lennard-Jones poten- 

ial in exascale computers). Therefore, it is worth remarking that 

ue to the enormous computational complexity involved, multi- 

cale modelling of inter- and intra-granular mechanisms in a poly- 

rystalline olivine aggregate remains nowadays a very challenging 

ask. 

.1. Atomistic structure calculations 

A thorough atomistic study of the elasto-plastic deformations 

n homogeneous solid olivine can help to better understand the 

ontroversial source mechanism that is at the origin of the very 

eep earthquakes. In the following, we start by providing the 

ssential technical details of the chosen atomistic computational 

cheme for assessing the physical properties of olivine. 

The atomic structure of forsterite olivine ( α-Mg 2 SiO 4 ) was stud- 

ed with the VASP code ( Kresse and Furthmüller, 1996 ; Kresse and 

oubert, 1999 ) that solves the Scrhödinger-like Kohn-Sham equa- 

ions according to the formalism the Density Functional Theory 

DFT; Hohenberg and Kohn, 1964 ; Kohn and Sham, 1965 ). The in- 

eraction between the ions and the electrons was described by us- 

ng potentials generated with Blöchl’s Projector Augmented Wave 

PAW) method ( Blöchl, 1994 ). The PAW potentials used to treat 

he valence configuration of Mg, O, and Si were 3s 2 , 2s 2 2p 

4 ,

nd 3s 2 3p 

2 , respectively. The electron-electron interaction was de- 

cribed by using the parametrization of Perdew et al. (1996) for the 

xchange-correlation functional. First-principles calculations were 

ompleted with an energy cut-off of 600 eV for the plane-wave 
4 
asis set and converged with respect to the k -point integration. 

rillouin zone integrals were approximated by using the special k - 

oint sampling of Monkhorst and Pack (1976) with a 13 × 9 × 11 

rid. Finally, it is worth mentioning that before performing any 

pecific calculation on the strained α-Mg 2 SiO 4 model, the struc- 

ural parameters of the unit cell were first optimized at the de- 

ired target pressure. This allowed setting the unstrained system at 

ts ground state energy. In Table 1 , we list the computed equilib- 

ium parameters for two different pressure/depth values with an 

nergy convergence of 0.01 eV/ ̊A. The achieved structural param- 

ters and densities agree rather well with the experimental data 

f Zha et al. (1998) for the natural samples of San Carlos olivine 

(Mg 0.9 Fe 0.1 ) 2 SiO 4 ] and with earlier theoretical studies of forsterite 

 Brodholt et al., 1996 ). 

.1.1. Elastic behaviour 

In what follows we explain how the complete set of elastic con- 

tants ( C ij ) can be computed for a given crystalline material. The 

lastic constants determine the response of the crystal to an ex- 

ernally applied strain and provide information about the bond- 

ng characteristics between adjacent atomic planes, the anisotropic 

haracter of the bonding, and structural stability. The main prob- 

em in estimating elastic constants from first principles is not only 

he requirement of accurate methods for evaluating the total en- 

rgy but also the heavy computations involved in their calculation. 

or low-symmetry systems, the number of independent moduli in- 

reases, and a larger number of distortions is required to calculate 

he full set of C ij . The elastic behaviour of a completely asymmetric 

aterial is specified by 21 independent elastic constants, while for 

n isotropic material this number reduces to two. In between these 

imits, the necessary number is determined by the crystal symme- 

ry ( Nye, 1985 ). For an orthorhombic material like olivine, there 

xist nine independent elastic constants referred to as C 11 , C 22 , 

 33 , C 44 , C 55 , C 66 , C 12 , C 13 , and C 23 . They can be deduced by ap-

lying small strains to the equilibrium lattice and determining the 

esulting change in the total energy ( Mattesini and Matar, 2002 ). 

n this study, the athermal elastic constants of olivine were com- 

uted by employing the computational tool of MedeA (a trademark 

f Materials Design), which uses a symmetry-general formulation 

f the elastic constants from total energy calculations ( Le Page and 

axe, 20 01 , 20 02 ). The stress tensor, i.e., the derivatives of the to-

al energy of the cell with respect to changes of the lattice pa- 

ameters (cell lengths and angles), was computed with the VASP 

ode by means of specific analytic expressions. The achieved C ij at 

wo different pressure/depth values are shown in Table 2 together 

ith their polycrystalline averaged ( Hill, 1952 ), bulk ( B ), shear ( G ),

oung ( E ) moduli, and the compressional ( V P ) and shear ( V S ) ve-

ocities. Errors with respect to experimental data ( Zha et al., 1998 ) 

n the longitudinal moduli ( C 11 , C 22 , C 33 ) are within 1.2–7.0%, in

he shear moduli ( C 44 , C 55 , C 66 ) 0.9–8.4%, and in the off-diagonal

oduli ( C 12 , C 13 , C 23 ) 2.4–9.8%. The aggregate bulk and shear mod-

li calculated from the single-crystal stiffnesses are also in good 

greement with the experimental data of Zha et al. (1998) . 

The analysis of the lattice stability for crystals under con- 

tant hydrostatic pressure was originally proposed by Milstein and 

ill (1979) who showed that the combined incremental potential 

nergy of the crystal and its external loading must be positive for 

mall lattice deformations. The requirement for mechanical stabil- 

ty in an orthorhombic crystal under a hydrostatic pressure P leads 

o the following restrictions on the elastic constants ( Sin’ko et al., 

002 ; Chen et al., 2019 ): 

˜ 

 11 + 

˜ C 22 − 2 ̃

 C 12 > 0 , ˜ C 11 + 

˜ C 33 − 2 ̃

 C 13 > 0 , ˜ C 22 + 

˜ C 33 − 2 ̃

 C 23 > 0 ˜ 

 ii > 0 ( ∀ i = 1 , 2 , · · · , 6 ) , ̃  C 11 + 

˜ C 22 + 

˜ C 33 + 2 ̃

 C 12 + 2 ̃

 C 13 

+ 2 ̃

 C 23 > 0 (1) 
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Table 1 

Optimized olivine PBE-GGA structural parameters at P � = 0 and T = 0 K. For comparison, values 

within round parenthesis refer to the experimental data of Zha et al. (1998) for the natural San 

Carlos olivine at both 5 and 24 GPa. 

Property P = 5 GPa / depth = 155 km P = 24 GPa / depth = 670 km 

Crystal system Orthorhombic Orthorhombic 

Space group Pbnm (#62) Pnnm (#62) 

Atom type (Wyckoff site) x/ a y/ b z/ c x/ a y/ b z/ c 

Mg 1 (4a) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Mg 2 (4 c ) 0.9906 0.2765 0.2500 0.9885 0.2747 0.2500 

Si (4 c ) 0.4263 0.0943 0.2500 0.4263 0.0955 0.2500 

O 1 (4 c ) 0.7678 0.0918 0.2500 0.7702 0.0912 0.2500 

O 2 (4 c ) 0.2227 0.4452 0.2500 0.2248 0.4413 0.2500 

O 3 (8 d ) 0.2746 0.1641 0.0309 0.2685 0.1671 0.0262 

Cell constants and density 

a ( ̊A) 4.7529 (4.724) 4.6404 (4.613) 

b ( ̊A) 10.1279 (10.065) 9.6648 (9.593) 

c ( ̊A) 5.9540 (5.925) 5.7314 (5.708) 

a, b, g ( °) 90, 90, 90 90, 90, 90 

r (g/cm 

3 ) 3.261 (3.466) 3.636 (3.865) 

Table 2 

Theoretical single-crystal elastic constants and averaged quantities for the cold olivine 

model phase at different pressures/depths. For comparison, experimental data of 

Zha et al. (1998) for the natural San Carlos olivine are shown at both 5 and 24 GPa. 

Elastic constant P = 5 GPa / depth = 155 km P = 24 GPa / depth = 670 km 

C 11 (GPa) 340.89 ± 8.75 (352.8 ± 11.4) 458.95 ± 9.42 (442.2 ± 12.0) 

C 12 82.23 ± 6.19 (91.2 ± 7.6) 150.40 ± 6.66 (138.8 ± 13.0) 

C 13 83.79 ± 6.19 (92.7 ± 7.4) 152.24 ± 6.66 (148.7 ± 8.2) 

C 22 215.34 ± 8.75 (224.2 ± 7.2) 302.22 ± 9.42 (292.0 ± 13.2) 

C 23 86.39 ± 6.19 (95.2 ± 5.2) 152.13 ± 6.66 (161.7 ± 8.2) 

C 33 247.75 ± 8.75 (267.1 ± 8.2) 335.87 ± 9.42 (339.8 ± 10.0) 

C 44 70.18 ± 12.38 (70.8 ± 1.6) 94.35 ± 13.32 (87.6 ± 2.1) 

C 55 82.52 ± 12.38 (85.7 ± 2.3) 98.99 ± 13.32 (102.5 ± 1.7) 

C 66 84.13 ± 12.38 (90.2 ± 2.2) 108.41 ± 12.32 (118.4 ± 3.1) 

B 143.26 (153.5) 219.93 (216.8) 

G 82.81 (85.5) 101.76 (101.2) 

E 208.29 264.48 

θD (K) 773.1 856.3 

V P (km/s) 9.00 (8.79) 10.47 (9.54) 

V S (km/s) 5.14 (4.97) 5.60 (5.12) 
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here ˜ C ii = C ii − P ( ∀ i = 1 , 2 , · · · , 6 ) , ˜ C 12 = C 12 + P, ˜ C 13 = C 13 + 

, ˜ C 23 = C 23 + P . It is worth noting that the two sets of C ii shown

n Table 2 satisfy all the above conditions, indicating that the 

old olivine system is mechanically stable at the investigated pres- 

ures/depths. Therefore, even though olivine is not the most ener- 

etically favoured Mg 2 SiO 4 structure at these depths, it is at least 

 metastable solid-state system. The results shown in Table 2 in- 

icate a general strengthening of the elastic constants with in- 

reasing depth. The same tendency is also observed for the poly- 

rystalline Young, shear, and bulk moduli, as well as for the com- 

ressional and shear velocities. This mechanical trend is in line 

ith the increasing density of olivine with increasing depth (cf. the 

quilibrium density values ( ρ) in Table 1 ). For instance, a measure 

f the stiffness of the solid is given by Young’s modulus, which de- 

nes the ratio between linear stress and strain. As a rule of thumb, 

he larger the value of E , the stiffer is the material. We found that

his magnitude increases with depth just as in the case of B and G .

By computing the B/G ratio, we can further estimate the brit- 

le and ductile behaviour of the polycrystalline olivine system by 

onsidering the shear modulus as the resistance to plastic defor- 

ation and the bulk modulus as the resistance to fracture. Within 

his basic approach, a high (low) B/G ratio becomes associated with 

he ductility (brittleness) of the investigated material. The critical 

umber that separates the ductile and the brittle behaviour was 

xed at about 1.75 by Pugh (1954) . Higher B/G ratios are then as-

ociated with ductility and lower ones to brittleness. Accordingly, 

he cold olivine behaves as a brittle model phase ( B/G = 1.73) at 
5 
ow pressures (e.g., P = 5 GPa), while tends to be more ductile 

 B/G = 2.16) at larger pressure values (e.g., P = 24 GPa). Therefore, 

ithin the elastic limit scenario, the single-crystal cold olivine be- 

omes harder and stiffer with increasing depth, while its ductility, 

s a polycrystalline material, seems to increase. 

Another fundamental parameter that correlates with many 

hysical properties of solids, such as specific heat, elastic constants, 

nd melting temperature is the Debye temperature ( θD ). By making 

se of the simple Debye-Grüneisen model ( Anderson, 1963 ), the 

agnitude of θD can be defined in terms of the mean sound ve- 

ocity ( V m 

) to provide explicit information about lattice vibrations 

 Ibrahim, 1988 ): 

 m 

= 

[
1 

3 

(
2 

V 

3 
S 

+ 

1 

V 

3 
P 

)]−1 / 3 

(2) 

Accordingly, the Debye temperature can be obtained by the fol- 

owing equation: 

D = 

h 

k 

[ (
3 n 

4 π

(
N A ρ

M 

))] 1 / 3 
V m 

, (3) 

here h is the Plank’s constant, k the Boltzmann’s constant, N A the 

vogadro’s number, ρ the density, M the molecular weight, and n 

he number of atoms within the unit-cell. As a general criterion, 

he higher the θD , the greater the thermal conductivity. The cal- 

ulation of θD for olivine at two different target depths ( Table 2 ) 

ndicates a clear increase of θ with increasing pressure/depth. 
D 



M. Mattesini, C.L. Sánchez, E. Buforn et al. Geosystems and Geoenvironment 2 (2023) 100108 

Table 3 

Theoretical anisotropy factor for the cold olivine model at different pres- 

sures/depths. Experimental values of Zha et al. (1998) are shown inside round 

parenthesis. 

Anisotropy factor P = 5 GPa / depth = 155 km P = 24 GPa / depth = 670 km 

A 1 0.667 (0.652) 0.770 (0.723) 

A 2 1.137 (1.139) 1.186 (1.329) 

A 3 0.859 (0.914) 0.942 (1.037) 
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Of special importance for the study of the rupture mechanism 

n materials is the assessment of elastic anisotropy. To evaluate 

his property for olivine we calculated the shear anisotropic fac- 

ors ( A i ) ( Ravindran et al., 1998 ). This provides a measure of the

egree of anisotropy in the bonding between atoms in different 

rystal planes. For the {100} shear planes between the 〈 011 〉 and 

 010 〉 directions, the shear anisotropy factor ( A 1 ) is given by: 

 1 = 

4 C 44 

C 11 + C 33 − 2 C 13 

(4) 

For the {010} shear planes between the 〈 101 〉 and 〈 001 〉 direc-

ions it assumes the form of 

 2 = 

4 C 55 

C 22 + C 33 − 2 C 23 

(5) 

hile for the {001} shear planes between the 〈 110 〉 and 〈 010 〉 di-

ections, this factor becomes: 

 3 = 

4 C 66 

C 11 + C 22 − 2 C 12 

. (6) 

For an isotropic crystal system all the A -factors assume the 

ame unity value ( A 1 = A 2 = A 3 = 1), while any departure from

 represents a measure of the degree of elastic anisotropy. The 

omputed shear anisotropies for olivine are listed in Table 3 . 

he comparison with experimental results from the data of 

ha et al. (1998) shows satisfactory agreement over the investi- 

ated pressure range. As a general tendency, the high-pressure A - 

actors exhibit a slightly larger elastic anisotropy than the low- 

ressure ones. The A 1 shear anisotropy is the most anisotropic fac- 

or at both pressures, while the A 3 is the least one. The closeness 

f the latter parameter to unity at high pressure points to an in- 

rinsic weak anisotropic nature of olivine at the {001}-shear planes. 

his finding is in line with previous experimental ( Mainprice et al., 

005 ; Raterron et al., 2012 ) and theoretical ( Castelnau et al., 2010 )

tudies, which suggested a weak seismic anisotropy for olivine-rich 

ggregates that deform by {001} < hk0 > slip in the upper mantle 

elow 300 km. 

.1.2. Plastic behaviour 

To gain additional insight into the fracture mechanism of the 

OW at the subduction zones, the plastic behaviour of olivine was 

nvestigated at different pressures. Plastic deformation is here han- 

led within the pure crystal approximation (i.e., no grains and no 

acancy concentration-effect) with the aim to monitor the energy 

eleased upon rupture of olivine, from the initial breaking of the 

hemical bonds to the observable seismic energy. Thus, plastic de- 

ormation is treated within the mechanism of dislocation glide. Al- 

hough this approach is in line with several experimental works 

n the deformation of olivine aggregates ( Demouchy et al., 2009 ; 

asc et al., 2019 ), we acknowledge that grain boundaries in olivine 

an amorphize and promote grain-boundary sliding ( Samae et al., 

021 ). While our methodology gives valuable insights into sin- 

le crystal plasticity, it does not account for the latter behaviour, 

here a coarser system must be considered in the theoretical 

odelling. 

The single-crystal plasticity was studied by straining the lattice 

ectors R beyond the elastic limit according to the rule R’ = RD . 
6

ere R’ is a matrix containing the components of the distorted or- 

horhombic lattice vectors and D is the symmetric distortion ma- 

rix, which can assume the following volume conserving mono- 

linic shear strain components: 

 4 = 

⎛ 

⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

1 (
1 − δ2 

)1 / 3 
0 0 

0 

1 (
1 − δ2 

)1 / 3 

δ(
1 − δ2 

)1 / 3 

0 

δ(
1 − δ2 

)1 / 3 

1 (
1 − δ2 

)1 / 3 

⎞ 

⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

(7) 

 5 = 

⎛ 

⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

1 (
1 − δ2 

)1 / 3 
0 

δ(
1 − δ2 

)1 / 3 

0 

1 (
1 − δ2 

)1 / 3 
0 

δ(
1 − δ2 

)1 / 3 
0 

1 (
1 − δ2 

)1 / 3 

⎞ 

⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

(8) 

 6 = 

⎛ 

⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

1 (
1 − δ2 

)1 / 3 

δ(
1 − δ2 

)1 / 3 
0 

δ(
1 − δ2 

)1 / 3 

1 (
1 − δ2 

)1 / 3 
0 

0 0 

1 (
1 − δ2 

)1 / 3 

⎞ 

⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

(9) 

here δ ( Vitos, 2007 ) represents the distortion parameter (i.e., the 

eometrical strain). The D 4–6 shear distortions are the same used 

n Section 2.1.1 to compute the C 44 , C 55 , and C 66 elastic constants 

nder the elastic limit. However, the difference here stands on the 

uch larger values that take the δ parameter (0.0 ≤ δ ≤ 0.9) in 

rder to allow for full stress release upon unit cell distortion. As 

increases, the D 4 matrix operates on the unstrained orthorhom- 

ic lattice by decreasing the angle between b and c lattice vec- 

ors. This kind of distortion establishes a slip system that consists 

f the {010} plane and the 〈 001 〉 direction. The second distortion 

atrix ( D 5 ) instead shrinks the angle between a and c lattice vec- 

ors and activates the {0 01} < 10 0 > slip system. Similarly, the effect

f the D 6 matrix on the orthorhombic lattice diminishes the angle 

etween a and b vectors and drives the {010} < 100 > slip system. 

The achieved theoretical stress-strain curves are shown in Fig. 5 

or two reference pressure values, 5 GPa (red line) and 24 GPa 

blue line). The pressure of 5 GPa is here used to simulate the 

hysical conditions of intermediate earthquakes, while that of 

4 GPa is used for deep events. Two important features are ob- 

erved along the complete stress-strain curves. One relates to the 

aximum amount of stress accumulation permitted by the system 

nder a specific distortion, and this involves the first part of the 

tress-strain curve (i.e., positive slope). The second feature con- 

erns the descending part of the curve (i.e., negative slope) that 

ives specific information about the velocity at which stresses are 

eleased under different shear distortions. For each of the investi- 

ated stress-strain curves ( D 4–6 ) we then try to correlate these fea- 

ures to seismological observations, namely, the shape of the Mo- 

ent Rate Functions (MRF, also called Source Time Functions-STF) 

f intermediate and deep earthquakes. The MRFs give specific in- 

ormation about the seismic radiated energy released by the earth- 

uake. The way these functions were obtained is accurately illus- 

rated in Section 2.2 . 

Our main hypothesis is that different slopes on MRFs for deep 

nd intermediate-depth events can be explained in terms of the 

heoretical stress-strain curves. A direct link is established between 

he second (descending) part of the theoretical stress-strain curves 
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Fig. 5. Theoretical stress-strain curves for the three shear stresses ( D 4 , D 5 and D 6 ). For clarity, only the positive stress components (YZ, XZ, and XY) are shown in this figure. 

Note that when all the six stress components (XX, YY, ZZ, YZ, XZ, XY) are summed up, the resulting theoretical stress drop amounts to 150–200 MPa. 
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nd the first (ascending) part of the MRFs. We here consider that 

he theoretical model mechanism with the faster stress release 

i.e., the stress-strain curve with a larger negative slope) yields a 

ore abrupt start in the MRF curve (i.e., to a larger positive slope). 

he proposed scenario for the rupture process focuses on the ger- 

inal fracture part of the material, where the breaking of chem- 

cal bonds develops for the very first time. Bond breaking takes 

lace along a series of adjacency microscopic single-crystal planes 

hat are displaced one next to the other, just like small pieces 

f a mosaic, to ideally recover the size of the seismic slip plane 

 Section 4 ). Although this process represents an approximation to 

he initial formation of a crack and its subsequent propagation in- 
7 
ide the material, it gives a reasonable estimation of the total en- 

rgy involved in the rupture process. Within such a context, the 

tomistic rupture mechanism with the fastest rate of stress dissi- 

ation should be then manifest seismologically into a more impul- 

ive MRF curve. It is understood that such an assumption holds 

rue only when the chosen event can effectively free the majority 

f accumulated stresses upon rupture of the material. On the con- 

rary, if crack propagation during fracture gets somehow hindered 

y other mechanisms, such as crossing different texture domains 

e.g., fresh versus consolidated material) or experiencing a change 

n the type of lattice preferred orientation, then the proposed hy- 

othesis might break down. In this paper, we assume that the se- 
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Fig. 6. Focal mechanisms of selected earthquakes taken from SCARDEC ( http:// 

scardec.projects.sismo.ipgp.fr/ ). In red intermediate and in blue deep depth events. 

The star symbol represents the 24th August 2018 earthquake. 
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ected 43 earthquakes are all fulfilling the above requirement and 

hat the initial rising segment of their MRF curves represents the 

est zone to look at for atomistic effects. 

Let’s now analyse in detail the main characteristics of the D 4–6 

echanisms. The D 6 shear mechanism (bottom of Fig. 5 ) is the 

east energetic amongst the three types of shear distortions and 

t is nearly pressure (depth)-independent. That is, olivine can ac- 

umulate the same amount of maximum stress (70 GPa) at both 

ressures of 5 and 24 GPa. Stresses are also released in a very sim- 

lar manner (i.e., same velocity), having the two curves at 5 GPa 

nd 24 GPa nearly the same negative slope and shape. Therefore, if 

e hypothetically assume that an olivine fracture occurs via a D 6 

echanism but at different depths of the same subduction slab, 

hen no differences should be observed in the MRFs of interme- 

iate and very deep earthquakes. However, we have not observed 

uch behaviour in the 43 earthquakes that were analysed in this 

ork, as will be shown below in Section 3 . A considerably more 

nergetic shear distortion type is that of D 4 (top of Fig. 5 ). The

aximum amount of stress accumulation for both pressures reach 

he same value of 133 GPa. Notwithstanding, an important discrim- 

nating feature is here found in the second part of the curve, where 

he velocity of stress release is clearly faster for low-pressure con- 

itions. Hence, if the fracture occurs via the same D 4 mechanism 

ut at different depths, the observed MRFs should differ one from 

he other. Specifically, the MRFs of intermediate earthquakes are 

xpected to be more abrupt and impulsive. Finally, the D 5 shear- 

echanism (middle of Fig. 5 ) is by far the more energetic amongst 

he three shear types, and, most important, the two stress-strain 

urves indicate a diverse dependence with depth. At low-pressure 

egimes, the maximum amount of stress accumulation is 143 GPa, 

hile at higher pressures this value increases up to 178 GPa. A 

triking feature is observed in the descending part of the stress- 

train curves. The slope changes considerably for the two pres- 

ure values indicating a faster stress release for the high-pressure 

egime. Consequently, if the olivine’s fracture occurs via the same 

 5 shear-mechanism but at different depths, then deeper events 

hould show a more abrupt start of the MRF curves and a shorter 

uration of the source time function. Because of the larger amount 

f stresses that can be accumulated at larger pressures, deeper 

vents should also liberate more energy per unit area of the frac- 

ure. 

Therefore, differences in the rising part of the MRFs between 

ntermediate and deep earthquakes at a subduction zone must be 

xpected if the fracture occurs via either a D 4 or a D 5 mechanism. 

vents that are originated at different depths without showing any 

iversities in their MRFs can be associated with the less energetic 

nd overall, less discriminating D 6 shear mechanism. Although the 

hole rupture mechanism in olivine is rather complex and should 

ontemplate the here neglected effects of temperature and aggre- 

ates (i.e., a multi-scale approach within the visco-plastic mod- 

lling), we believe that a detailed atomistic study of the elasto- 

lastic deformations in solid olivine might help to better under- 

tand the controversial source mechanism that is at the origin of 

he very deep earthquakes. 

.2. Seismic observables 

The MRF contains information about the slip’s dependence on 

ime and consequently on the rupture process. It may be esti- 

ated by using different data or methodologies, such as inversion 

f body waves at a near field or, back projection, and slip inversion 

n the fault plane. To compare different earthquakes, possible size 

ifferences in the MRFs were accounted for by scaling to a com- 

on scalar seismic moment and time duration. To this purpose, 

e used the methodology proposed by Houston et al. (1998) who 

efine a scaled MRF to a common scalar seismic moment. For an 
8 
-th event with moment M 

i 
0 
, the scaled time t is defined as: 

 = 

(
M 0 re f 

M 

i 
0 

)1 / 3 

τ, (10) 

here τ is the unscaled time and M 0 re f the reference moment 

hich, in our study is 10 19 Nm. The scaled time t allows compar- 

ng the rate of initiation, the relative durations, and the times of 

oment release. The scaled amplitude u i 
scaled 

defines as follow: 

 

i 
scaled ( t ) = 

(
M 0 re f 

M 

i 
0 

)2 / 3 

u 

i ( τ ) , (11) 

here u i (τ ) is the unscaled moment. In order to carry out a com- 

arison between the rupture process of intermediate and deep 

arthquakes, a homogeneous database of the different MRFs is 

eeded. 

The seismological data used are the MRFs from a selection 

f 43 earthquakes taken from the SCARDEC database ( Vallée and 

ouet, 2016 ; Fig. 6 ) that occurred in the Peru-Brazil-Bolivia and 

orthern Chile region for the period 1992 to 2018 with 5.7 ≤ M w 

8.2. Amongst them, 31 correspond to intermediate depth foci 

100 km < h < 350 km, Table 4 ) and 12 to deep foci (500 km

 h < 700 km, Table 5 ). The chosen earthquakes are represen- 

ative of the intermediate and the deep seismicity in this region 

 Fig. 4 ). The SCARDEC database uses an extension of the method 

eveloped by Vallée et al. (2011) . It is a deconvolutive methodology 

hat uses teleseismic body waves to determine the MRF together 

ith other earthquake source parameters (hypocenter, scalar seis- 

ic moment, and fault plane orientation). This method automati- 

ally provides the optimal and the averaged MRFs. 

Since our interest in this study focuses on the global behaviour 

f the source, we have chosen to monitor the shape of the aver- 

ge MRFs instead of the optimal function. We recall that possi- 

le discrepancies between average and optimal MRFs can be due 

http://scardec.projects.sismo.ipgp.fr/
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Table 4 

Intermediate-depth earthquakes occurred in the Peru-Brazil-Bolivia and the north- 

ern Chile regions (1992–2018) selected from the SCARDEC database ( http://scardec. 

projects.sismo.ipgp.fr/ ). 

Date Time Long ( o ) Lat ( o ) h (km) M w 

2018/11/1 22:19:51 −69.266 −19.583 106 6.2 

2018/1/21 1:06:42 −69.445 −18.881 117 6.3 

2017/1/2 13:13:48 −76.368 −4.895 111 5.9 

2016/9/10 10:08:20 −76.954 −5.573 122 6.1 

2015/3/23 4:51:38 −69.166 −18.353 131 6.4 

2012/11/10 14:57:50 −75.071 −8.866 124 6.0 

2012/8/2 9:38:30 −74.259 −8.414 150 6.0 

2012/6/7 16:03:18 −72.413 −15.877 108 6.1 

2012/5/14 10:00:40 −69.591 −17.678 110 6.3 

2011/8/24 17:46:11 −74.530 −7.640 150 7.0 

2011/6/8 3:06:22 −69.518 −17.083 141 6.0 

2011/3/6 12:31:59 −69.360 −18.020 112 6.2 

2010/8/12 11:54:15 −77.310 −1.270 208 7.1 

2010/5/19 4:15:43 −77.541 −5.083 128 6.0 

2009/7/12 6:12:47 −70.440 −15.040 195 6.1 

2008/8/26 21:00:36 −74.380 −7.640 153 6.4 

2008/7/8 9:13:07 −71.750 −15.990 110 6.1 

2007/11/16 3:13:00 −77.840 −2.310 127 6.8 

2005/12/23 21:47:28 −77.520 −1.390 188 6.1 

2005/9/26 1:55:37 −76.400 −5.680 121 7.5 

2005/8/14 2:39:40 −68.980 −19.780 110 5.7 

2005/7/26 14:11:36 −72.962 −15.345 103 5.9 

2005/6/13 22:44:33 −69.200 −19.990 107 7.7 

2001/6/29 18:35:51 −66.250 −19.520 274 6.1 

1999/11/30 4:01:53 −69.170 −18.900 134 6.6 

1999/8/28 12:40:06 −77.550 −1.290 194 6.3 

1998/4/3 22:01:48 −74.240 −8.150 148 6.6 

1997/10/28 6:15:17 −76.680 −4.370 113 7.2 

1995/5/2 6:06:05 −76.920 −3.790 105 6.7 

1994/12/12 7:41:55 −69.600 −17.480 149 6.3 

1992/7/13 18:11:33 −76.600 −3.920 110 6.3 

Table 5 

Deep earthquakes occurred in the Peru-Brazil-Bolivia and the northern Chile re- 

gions (1992–2018) selected from the SCARDEC database ( http://scardec.projects. 

sismo.ipgp.fr/ ). 

Date Time Long ( °) Lat ( °) h (km) M w 

2018/8/24 9:04:08 −70.828 −11.035 625 7.0 

2016/12/18 13:30:10 −70.970 −9.974 636 6.5 

2015/11/26 5:45:18 −71.257 −9.182 611 6.7 

2015/11/24 22:45:38 −70.944 −10.537 619 7.5 

2011/11/22 18:48:16 −65.090 −15.360 568 6.6 

2010/5/24 16:18:29 −71.560 −8.090 581 6.4 

2007/7/21 13:27:04 −71.270 −8.130 637 6.0 

2003/6/20 6:19:38 −71.720 −7.610 562 7.0 

2003/4/27 22:57:44 −71.592 −8.195 570 5.9 

2002/10/12 20:09:11 −71.740 −8.300 534 6.9 

1997/11/28 22:53:41 −68.790 −13.740 615 6.7 

1994/6/9 0:33:16 −67.550 −13.840 664 8.2 
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Fig. 7. Average moment-scaled time functions for 12 intermediate (100–350 km) 

and 31 deep (50 0–70 0 km) depth earthquakes. 

c

i

l

l

T

t

t

3

p

s

d

i

t

o

d

t

i

o

o

t

F

c

c

p

a

p

o

a

u

f

i

r

i

h

e

S

t

o variations in the focal mechanism during the rupture process 

 Vallée and Douet, 2016 ). In addition, the way these functions are 

btained does not bias the global shape of the STF and makes them 

nsensitive to possible outliers ( Vallée and Douet, 2016 ). Finally, 

e have applied the Houston et al. (1998) methodology to our se- 

ection in order to obtain the averaged moment-scaled time func- 

ions ( Fig. 7 ) for intermediate (red curve) and deep (blue curve) 

epth events. Once the moment-scaled time functions have been 

btained for each earthquake, we calculated an averaged MRF for 

ntermediate (100–350 km) and deep (500–700 km) depth events. 

he number of intermediate and deep depth earthquakes is not the 

ame, being 12 for the former and 31 for the latter, respectively. In 

oth cases, we obtained a mean standard deviation of the order 

f ≈10 17 Nm, which is accurate enough to guarantee a qualitative 

ifferentiation of the two curves. The bootstrap methodology was 

lso applied by varying the number of selected events to corrobo- 

ate that the averaged MRFs do keep the same relative shapes. A 
9 
lear difference in the rising part of the MRFs curves (i.e. , the pos- 

tive slope) is found for intermediate and deep events, being the 

atter steeper than the former. This indicates a more abrupt energy 

iberation and thus a faster dissipation of stresses upon rupture. 

he way the results of the atomistic modelling of Fig. 5 are bridged 

o the seismic observables of Fig. 7 is discussed in more detail in 

he following Section 3 . 

. Results 

An important contribution to the understanding of the rupture 

rocess in subducting zones can be achieved by applying the re- 

ults of atomistic simulations to the study of the MRFs of interme- 

iate and deep earthquakes. The key anchor point here is the sim- 

larity found between the shapes of the averaged moment-scaled 

ime functions ( Fig. 7 ) and the theoretical elasto-plastic response 

f olivine under pressure ( Fig. 5 ). Such a correlation is further en- 

orsed by an analogous behaviour found in the duration-scaled 

ime functions. In other words, it becomes possible to achieve crit- 

cal information about the rupture process inside the metastable 

livine wedge at the studied region by looking at the outline shape 

f the observable scaled functions. 

The averaged moment-scaled time functions obtained for the 

wo depth bins (100–350 km and 500–700 km) are shown in 

ig. 7 . If one focuses the attention on the rising part of these 

urves, that is the time window that starts at zero and ends at the 

urve maximum, then a different behaviour is found for the two 

robed depths. Deep events (50 0–70 0 km, blue line) have an aver- 

ged curve with a steeper slope, to indicate a more abrupt and im- 

ulsive energy release for these events. On the contrary, the study 

f intermediate foci earthquakes (100–350 km, red line) yields an 

veraged curve with a smaller slope that suggests a more grad- 

al energy liberation at the source. The faster energy-releasing rate 

ound for deep foci events can be attributed to a brittle-like failure 

n the metastable olivine material, where the discharge of energy 

esults more abruptly than in intermediate earthquakes. As shown 

n Section 2.1.1 , this behaviour can be explained by the pressure 

ardening effect observed in the computed athermal single-crystal 

lastic constants. 

According to the study of plastic behaviour provided in 

ection 2.1.2 , the D 5 shear-mechanism (middle panel of Fig. 5 ) is 

he one that best reproduces the seismic observables. As a mat- 

http://scardec.projects.sismo.ipgp.fr/
http://scardec.projects.sismo.ipgp.fr/
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er of fact, this mechanism allows for a larger stress accumulation 

t high-pressure regimes (i.e., the top of the stress-strain curve) 

nd, most importantly, the shape of stress drop after reaching the 

aximum point (i.e., descending part of the stress-strain curve) 

s more abrupt in the high-pressure case. A faster stress release 

s thus found theoretically for the high-pressure case, which is in 

ine with the seismic observations shown in Fig. 7 . Said differently, 

he second part of the blue curve in Fig. 5 (middle panel) has a

ore marked negative slope than the red one. The same happens 

or the blue curve (deep earthquakes) in the first part of Fig. 7 ,

hich has a larger positive slope than the red curve (intermediate- 

epth earthquakes). Because of this observational matching, the D 5 

hear-mechanism can be used to explain why deeper events have 

 more abrupt start in the MRF curves and a shorter duration of 

he source time function. This is the only shear-strain mechanism 

hose stress-response fits the observed MRF curves. Indeed, the 

hape of the descending curves in a D 6 shear-system (bottom panel 

f Fig. 5 ) is almost indistinguishable for the two pressure regimes, 

hile the D 4 strain (upper panel of Fig. 5 ) shows exactly the oppo-

ite behaviour observed through the MRF analysis. As a passing by 

emark, we noticed that all the examined shear mechanisms lib- 

rate a different amount of energy depending on the applied ex- 

ernal pressure. The greater the depth, the higher the energy freed 

pon rupture of the material, and this is in line with the increas- 

ng C ij values with pressure ( Table 2 ). Specifically, for the D 5 shear-

ype the energy released at 24 GPa (5.1911 × 10 −17 J/cell) almost 

oubles the one liberated at 5 GPa (2.6800 × 10 −17 J/cell). 

The selected D 5 distortion matrix involves the gliding of crys- 

al lattice at the {001} slip plane, and this is in good agreement 

ith the more general {001} < hk0 > slip system, that was pre- 

iously targeted ( Mainprice et al., 2005 ; Castelnau et al., 2010 ; 

aterron et al., 2012 ) as the dominant deformation mechanism for 

livine at depths > 65 km. It is worth mentioning that the main 

ovelty introduced in this work consists in having focused the 

earch for the shear system that best matches the MRF curves on 

he unloading stage of the theoretical stress-strain curves. Thus, 

he quest for a characteristic stress-strain feature was conducted 

t the descending part of the curve rather than inspecting the as- 

ending loading stage, which is what has been done in previous 

tudies. The reason for such a choice stands behind the fact that 

he way stresses are released after fracture is more directly con- 

ected to how energy is freed at the source during an event rather 

han to the way stresses are accumulated before fracture. Nonethe- 

ess, it is gratifying to see that different methodologies have led to 

he same atomistic scenario for olivine under shear stress condi- 

ions. 

Besides the attempt made to understand the mechanism of en- 

rgy release during an earthquake, efforts were also directed to 

uantify the total amount of energy freed during the rupture pro- 

ess. In this case, the radiated seismic energy ( E R ) is here used

s a reference seismic observable for theoretical estimations. The 

 R is defined as the wave energy that is transmitted to infinity 

hen an earthquake originated inside an infinite perfectly elas- 

ic medium occurs without loss of energy ( Haskell, 1964 ). Several 

uthors have suggested different methods to obtain the radiated 

eismic energy ( Boatwright, 1980 ; Vassiliou and Kanamori, 1982 ; 

enkataraman and Kanamori, 2004 ). Here we have estimated the 

 R for the deep earthquake that occurred on the 24th August 2018 

M w 

= 7; blue star in Fig. 6 ) by assuming a point source and using

he relationship proposed by Venkataraman and Kanamori (2004) : 

 R = 

(
1 

15 π2 ρα5 
+ 

1 

10 π2 ρβ5 

)
∞ 

∫ 
0 

ω 

2 
∣∣ ˙ M 0 ( ω ) 

∣∣2 
dω (12) 

here the first two terms represent the P-wave and S-wave con- 

ributions, being α the P-wave velocity, β the S-wave velocity and 
10 
the density in the source region. This mathematical relationship 

llows us to calculate the radiated seismic energy at each seismic 

tation from the known source spectrum [ ˙ M 0 (ω) ]. We have se- 

ected 24 teleseismic stations that are not nodal and whose records 

ave amplitude spectra with a signal-to-noise ratio greater than 

.25. The displacement amplitude spectra were corrected by the ra- 

iation pattern, the anelastic attenuation ( t ∗ = 0.3 s; Ye et al., 2013 ;

oli and Prieto, 2016 ), the geometrical spreading, and the free sur- 

ace. To compute the radiation pattern and the geometrical spread- 

ng, we have estimated the focal mechanism from slip inversion of 

ody waves at teleseismic distances ( Kikuchi and Kanamori, 1991 ). 

e have used a density ρ = 3.98 g/cm 

3 , P- and S-wave veloc- 

ty α = 10.21 km/s and β = 5.54 km/s, obtaining a mean radi- 

ted seismic energy of 6 × 10 15 J. This value agrees with the re- 

ults obtained by other authors for earthquakes of the same region 

 Ruiz et al., 2017 ). 

. Discussion 

From an atomistic point of view, the total energy liberated 

pon brittle failure of a bulk (metastable) olivine can be com- 

uted by using the maximum energy value of one of the stress- 

train curves shown in Fig. 5 and multiplying it by a normaliz- 

ng surface factor n o . This factor allows recovering the area of the 

acroscopic seismic slip plane ( S = 1726 km 

2 , obtained from the 

lip inversion of the 24th August 2018 earthquake) by repeating 

any times the microscopic unit cell plane that slips under the ef- 

ect of a given shear. For the three types of shear distortions con- 

idered for olivine ( D 4 , D 5 , and D 6 ) these energy maxima corre-

pond to 183.93 eV, 324.03 eV, and 43.92 eV, respectively. How- 

ver, since the D 5 shear-mechanism is the one that best explains 

he MRF analysis, we then used this energy to address the rupture 

f olivine along the microscopic {001} plane with a surface area of 

 {001} = 5.7806 × 10 −25 km 

2 . Therefore, S {001} represents the area of 

he atomistic {001} shear plane that is theoretically measured right 

efore the breaking of chemical bonds upon distortion of the crys- 

al. A normalizing surface factor ( n o = S / S {001} ) of 2.9858 × 10 27 was

omputed with the aim to extend this microscopic rupture to the 

bservable seismic slip plane of 1726 km 

2 , leading to a reference 

nergy E o of 1.6362 × 10 11 J. This value represents the macroscopic 

nergy release upon the breaking of chemical bonding along the n o 
001} planes during the formation of two separated surfaces. 

However, this is not the only energy portion that can be liber- 

ted during rupture. For a macroscopic solid we need to further 

onsider the releasing of a considerable amount of energy com- 

ng from the distorted yet unbroken layers of material, which are 

ying immediately above and below the line of cut (characterized 

y the reference energy E o ). Such deformed layers will not expe- 

ience the same bond-breaking mechanism that occurs at the line 

f fracture. Instead, their chemical bonds will behave as a sort of 

oaded springs that will promptly liberate their energies to restore 

ack their equilibrium positions. Their degree of distortion, stress 

ccumulation, and therefore the amount of liberated energy, de- 

ends on the distance from the reference plane with energy E o . To 

ccount for such a complex macroscopic scenario within a simpli- 

ed picture, we made use of the layered model shown in Fig. 8 

o represent the rupture process of an earthquake, where the en- 

rgetic of ten different layers ( E o …E 9 ) with thickness d was con- 

idered both above and below the plane of rupture. When all lay- 

rs assume a common thickness of 50 cm and the amount of re- 

eased energy decreases linearly with distance (i.e ., layer E 1 liber- 

tes 90% of E o , E 2 80% and on so on), the total freed energy reaches

.5980 × 10 21 J. By changing the layer thickness down to 10 cm, 

his energy only lowers by one order of magnitude. This energy 

alue can be considered as an atomistic approximation to the total 

upture energy E = E + E + E ( Kanamori and Brodsky, 2004 ;
T R F G 
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Fig. 8. Atomistic layered model for a rupture along the {001} plane. For the sake of simplicity, we assigned the same thickness d to each layer. The plane with reference 

energy E o incorporates the line of fracture (i.e., two surfaces are generated by breaking of chemical bonding), while those immediately above and below are unbroken planes 

having different degrees of chemical bonding distortion. The grade of such a deformation diminishes linearly with the distance from E o . Undamaged planes whose chemical 

bonding are not affected by the line of fracture at E o begins at plane with energy E 9 . 
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anamori and Rivera, 2006 ), where E R is the radiated seismic en- 

rgy, E F is the energy dissipated on the frictional process (mostly 

eat loss) and E G the fracture energy required to generate dam- 

ge (deformations) around the fault. This represents an important 

chievement because although E R and E G can be estimated from 

eismic data, E F cannot be measured directly from seismic wave 

bservations. When comparing this theoretical total energy value 

 E T = E R + E F + E G ≈ 10 21 J) to the observed mean radiated seismic

nergy ( E R ≈ 10 15 J) for the deep earthquake that occurred on the 

4th of August 2018 (M w 

= 7), a difference of six orders of mag-

itudes is found. This indicates that the sum of E F + E G assumes a

ather large value within the whole energy balance. Although the 

eparation between E F and E G is not always clear cut, it is tempt- 

ng to state that a large quantity of energy gets lost by the seismic

aves during the way path to the seismometer. In seismology, a 

ommon way to define the fraction of total energy that is radi- 

ted into seismic waves ( Aki and Richards, 1980 ; Shearer, 2019 ) is

hrough the seismic efficiency factor ( η): 

= 

E R 
E R + E G + E F 

(13) 

Note that the seismic efficiency η should not be confused with 

he radiation efficiency ηR . The first is the ratio of E R to the total 

otential energy change, while the latter it is a different quantity 

hat includes the ratio of E R to the available potential energy ( Ye 

t al., 2016b ). In this work, we use the definition of seismic effi- 

iency because our ab initio methodology provides direct access to 

he total energy of rupture. 

The estimation of η is rather challenging from seismic data be- 

ause it strongly depends upon the poorly constrained absolute 

tress level on the fault. Only in the extreme case, when the earth- 

uake releases all the stress on the fault, this parameter can be 

omputed by assuming E F = 0 . The seismic efficiency depends on 

he source parameters and can assume different values for shallow, 

ntermediate, and deep earthquakes. For instance, from laboratory 

xperiments and mining-induced events, McGarr (1994) hypothe- 

ized η ≤ 0 . 06 for small events (1.9 ≤ M ≤ 3.3). Similarly, for the 

trong and deep 1994 Bolivian earthquake (M w 

= 8.3 and 636 km 

epth), Kanamori et al. (1998) suggested that the maximum seis- 

ic efficiency was 0.04. Bearing in mind these values, we calcu- 
11 
ated the efficiency factor for the deep earthquake that occurred 

n the 24th August 2018 (M w 

= 7) by using the atomistic total 

upture energy and the observed mean radiated seismic energy to 

btain: 

= 

E R 
E T 

≈ 10 

15 J 

10 

21 J 
≈ 10 

−6 (14) 

The η value now lowers by four orders of magnitudes. This 

aises firm doubts about the commonly accepted energy budget in- 

olved in intermediate and deep depth earthquakes ( Prieto et al., 

013 ) and, more generally, generates ambiguity about the value of 

he efficiency factor that is normally handled in seismology. Such 

 coefficient could be orders of magnitudes lower than the fre- 

uently accepted values. Besides the uncertainty on the E F energy 

erm, further disagreements could arise from the source model 

hat is used to obtain the radiated seismic energy. In fact, the seis- 

ic rupture model has been proved to be reasonable for shallow 

arthquakes but could lead to an important shortcoming descrip- 

ion in intermediate and deep foci events, as shown by those of 

he Peruvian-Brazilian subduction zone that we investigated in this 

ork. 

Additionally, seismological estimations of the stress drop might 

e also biased by the uncertainly in the observed radiated energy. 

f a considerable portion of the energy liberated by an event gets 

ost during the path toward the seismometer, then the observed 

 R at the Earth’s surface could lead to a shortcoming estimation 

f the stress drop. For deep earthquakes in the Peru region, sev- 

ral authors have obtained a seismic stress drop that ranges be- 

ween 1.0 and 19 MPa ( Poli and Prieto., 2016 ; Ye et al., 2016 b;

uiz et al., 2017 ). Our stress-strain model in Fig. 5 provides a lo- 

al stress drop of 150–200 MPa, which is roughly ten times larger 

han the seismic values found for this region. Nevertheless, in seis- 

ology, it is well-known that the local stress drop obtained from 

ery detailed kinematic source inversions can be much larger than 

he one achieved through an average study of the rupture process 

 Noda et al., 2013 ; Poli and Prieto, 2016 ). For certain deep events

ery high values of stress drop are sometimes observed. As such, 

rieto et al. (2017) have found for an M w 

= 4.8 earthquake at 
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5 km depth a stress drop ranging from 60 MPa to 300 MPa, which

grees rather well with our theoretical estimations. 

. Conclusions 

The occurrence of an earthquake is commonly explained by the 

uilding-up of stresses, their nucleation, and further release within 

ault zones. When the accumulated stress overcomes the resistance 

f the material, then fracture occurs by a sudden release of energy 

hat partly propagates outwardly in the form of elastic (seismic) 

aves. From a classical source theory scenario, the energy balance 

f an earthquake contemplates two main energetic sets, which can 

e separated into local and non-local energy terms. The first set 

efers to the local energy that is explicitly involved in the rupture 

f the material and incorporates the fracture energy, the energy 

ost by friction during plastic processes, and the heat loss at the 

ource. The second set encloses the radiated seismic energy and its 

rictional dissipation, which are non-local energy components as- 

ociated with the transmission of waves all the way through a non- 

erfect elastic medium (i.e., the earth’s interior), from the source of 

he earthquake to the earth’s surface. When attempting to compute 

he energy budget of an earthquake from the recorded seismic 

aves, it is only possible to calculate in detail the non-local seis- 

ic energy radiated by the earthquake, while the local friction, 

hermal and fracture energies can only be approximated by mak- 

ng use of the so-called efficiency factor. Until now, the proposed 

arthquake fracture models are classical mechanical models which 

o not consider the properties of the material at its microscopic or 

tomic level. 

Our study starts from the hypothesis that within the cold 

livine scenario, the atomistic transformational faulting is the 

rincipal mechanism in both deep and intermediate-depth earth- 

uakes. We found that a common D 5 shear-mechanism, that cor- 

esponds to the {0 01} < 10 0 > slip system, could be responsible for

he same source mechanism of both intermediate and deep depth 

vents. This has been applied to the study of 43 intermediate and 

eep earthquakes at the Peruvian-Brazilian subduction zone. Re- 

ults were achieved by conducting a multi-disciplinary study with 

he intent to bridge the available seismic observables (MRF anal- 

sis) to the theoretical atomistic calculations. The uniqueness of 

his work lodge from the searching of the shear system that best 

atches the seismic observables by inspecting the descending part 

f the stress-strain curve rather than focusing the attention on 

he loading stage. The D 5 -based atomistic rupture model indicates 

hat the amount of energy released during fracture increases with 

epth. To this context, it seems logical that deep earthquakes re- 

uire more energy to break the material, even though they radi- 

te the same seismic energy of intermediate events. The amount 

f seismic strain release could be further connected to the type of 

tomistic mechanism involved in the rupture process. According to 

ur results, the strain drop invariance found by Vallée (2013) for 

hallow and deep earthquakes can be explained by a common 

hear rupture mechanism that conserves at different depths. This 

dvances the hypothesis that an identical physical mechanism, 

uch as plastic instability ( Roberts and Turcotte, 20 0 0 ), could be

ccountable for all earthquakes. 

The proposed model is certainly another approximation to the 

omplex rupture process, just like the other mechanical models, 

ut using an atomistic point of view. Test calculations were per- 

ormed for the deep earthquake that occurred on the 24th of Au- 

ust 2018 (M w 

= 7) to give rupture energy of 6 orders of mag-

itudes larger than the observable radiated seismic energy. Al- 

hough it is somehow reasonable that this energy is larger than 

he one achieved with simple mechanical models (kinematic or 

ynamic), this indicates that there might be space to redefine 

he commonly accepted order of magnitude of the seismic effi- 
12 
iency. The latter parameter normally spans between 10 −2 and 

.22 ( Spottiswoode and McGarr, 1975 ; Kikuchi, 1992 ; Wang, 2004 ), 

hile we compute a number that is clearly much lower ( η ≈ 10 −6 ). 

his opens to the possibility that the total energy freed by an 

arthquake is much larger than initially thought, and/or most of 

t gets lost before reaching the earth’s surface. Herewith, we are 

ot inferring that the proposed model performs better than the 

echanical ones, but that it is simply of another type and over- 

ll based on different approximations. With the aim to stimulate 

esearch activities in this field, the problem of energy balance was 

ackled from an unusual microscopic (atomistic) perspective to as- 

ess macroscopic seismic observables. The obtained information 

bout fine-scale physics and structure of the MOW-based materials 

an be further used as a first step towards the complex upscale to 

he continuum system, where grains and defects can be explicitly 

reated inside the material. 
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