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Review Article
Heterogeneity and anisotropy in the lithospheric mantle

Andréa Tommasi *, Alain Vauchez

Géosciences Montpellier, Université de Montpellier & CNRS, CC 60, Place E. Bataillon, 34095 Montpellier cedex 5, France
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The lithospheric mantle is intrinsically heterogeneous and anisotropic. These two properties govern the reparti-
tion of deformation, controlling intraplate strain localization and development of new plate boundaries. Geo-
physical and geological observations provide clues on the types, ranges, and characteristic length scales of

Metasomatism heterogeneity and anisotropy in the lithospheric mantle. Seismic tomography points to variations in geothermal
gradient and hence in rheological behavior at scales of hundreds of km. Seismic anisotropy data substantiate an-
isotropic physical properties consistent at scales of tens to hundreds of km. Receiver functions imply lateral and
vertical heterogeneity at scales <10 km, which might record gradients in composition or anisotropy. Observa-
tions on naturally deformed peridotites establish that compositional heterogeneity and Crystal Preferred Orien-
tations (CPOs) are ubiquitous from the mm to the km scales. These data allow discussing the processes that
produce/destroy heterogeneity and anisotropy and constraining the time scales over which they are active.
This analysis highlights: (i) the role of deformation and reactive percolation of melts and fluids in producing com-
positional and structural heterogeneity and the feedbacks between these processes, (ii) the weak mechanical ef-
fect of mineralogical variations, and (iii) the low volumes of fine-grained microstructures and difficulty to
preserve them. In contrast, olivine CPO and the resulting anisotropy of mechanical and thermal properties are
only modified by deformation. Based on this analysis, we propose that strain localization at the plate scale is,
at first order, controlled by large-scale variations in thermal structure and in CPO-induced anisotropy. In cold
parts of the lithospheric mantle, grain size reduction may contribute to strain localization, but the low volume

of fine-grained domains limits this effect.
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1. Introduction

Tectonic plates are dominantly composed of peridotites — the litho-
spheric mantle. The shallowest and coldest part of this layer is, in most
cases, the strongest part of the plates. It plays therefore an essential role
in plate tectonics. For simplicity sake, the lithospheric mantle is usually
defined as a stable, homogeneous and isotropic layer. Geophysical ob-
servations show nevertheless that the lithospheric mantle is neither ho-
mogeneous nor isotropic. Seismic tomography models highlight a
strong heterogeneity in seismic velocities at depths between 50 and
150 km (e.g., Trampert and Van Der Hilst, 2005; Ritsema et al., 2011;
Debayle and Ricard, 2012; Simmons et al., 2012; Obayashi et al.,
2013). These velocity contrasts reflect, to the first order, lateral varia-
tions in the thermal structure of the mantle at scales ranging from
tens to hundreds of km. Seismic refraction/reflection data, receiver
function analysis, or waveform modeling predict still sharper (at the
scale of a few km or even less) contrasts in elastic properties, which
may result from variations in composition or in the deformation fabric
within the lithospheric mantle. Splitting of teleseismic shear waves
and the azimuthal anisotropy of Pn and Rayleigh wave velocities indi-
cate that seismic anisotropy is ubiquitous in the shallow mantle
(e.g., Montagner, 1998; Savage, 1999; Smith and Ekstrom, 1999). This
anisotropy implies coherent orientation of olivine crystals at scales of
tens to hundreds of kilometers, formed in response to active or past de-
formation episodes (e.g., Nicolas and Christensen, 1987; Savage, 1999;
Silver et al,, 1999; Vauchez and Nicolas, 1991).

Heterogeneity and anisotropy are fundamental properties that mod-
ify the mechanical response of rocks to applied forces and thus shape
the strain field. They also affect the propagation of seismic waves as
well as thermal and electrical conduction. Heterogeneity arises from
spatial variations in composition or physical parameters. It may be ther-
mal, corresponding to either a lateral variation in the stationary geo-
thermal gradient or local, transient changes of the geotherm due to
advective processes or enhanced heat production. Compositional het-
erogeneity arises from changes in the mineralogical composition or
from more subtle variations in the trace-element contents. Among the
latter, only variations in the hydration state of olivine may significantly
affect physical properties. Heterogeneity may also be structural, arising
from a spatial variation in the microstructure of the rock, such as gradi-
ents in grain size, changes in the crystallographic or shape preferred ori-
entations, or in the spatial arrangement of the rock-forming minerals. If
any of these heterogeneities result in significant variation in the rheo-
logical properties of the lithospheric mantle, it may trigger strain
localization.

Anisotropy, on the other hand, results from a regular arrange-
ment of ‘objects’ with different properties, such as the atomic
bonds in a crystal or, at a larger scale, the repetition of layers of ma-
terials with different composition or structure. Even if produced at
the crystal scale, anisotropy may be transferred at much larger
scales provided the anisotropic objects are themselves arranged in
aregular way. Anisotropy of mechanical properties (and, in an indi-
rect way, thermal properties) changes the strain field produced by
an applied stress, since some directions are easier to deform than
others. It may therefore produce strain localization. The scale of ob-
servation is crucial for discriminating between anisotropy and het-
erogeneity. If the periodicity of the variation in physical parameters
is much smaller than the observation length scale, the medium is
seen as homogeneous, but anisotropic. On the other hand, if the ob-
servation length scale is similar to the one at which the changes in
physical parameters occur, the medium will be described as
heterogeneous.

In this article, we review the geophysical observations that constrain
heterogeneity and anisotropy in the lithospheric mantle. Then, based on
observations on peridotite massifs and xenoliths, we discuss the pro-
cesses that may produce and destroy heterogeneity and anisotropy in
the lithospheric mantle and try to define characteristic spatial and

temporal scales for the various types of heterogeneity and anisotropy
in the lithospheric mantle. Finally, the geodynamical consequences of
the different types of heterogeneity and anisotropy are analyzed.

2. Geophysical observations
2.1. Heterogeneity in the lithospheric mantle

Seismology samples the elastic properties of the lithospheric mantle
over a large range of scales, from the global distribution of seismic
velocities to local contrasts in seismic properties producing seismic con-
versions and reflections. It is therefore our best tool to ‘map’ heteroge-
neity in the lithospheric mantle. However, relating the observed
contrasts in elastic properties to variations in temperature, composition,
or deformation is not always straightforward.

Global seismic tomography models highlight variations of 4+ 7% for
S waves and +3% for P waves between 50 and 200 km depth
(e.g., Debayle and Ricard, 2012; Obayashi et al., 2013; Ritsema et al.,
2011; Simmons et al., 2012; Trampert and Van Der Hilst, 2005). These
large-scale variations in seismic velocities correlate well with the sur-
face heat flow distribution at the global scale (cf. the recent compilation
by Davies, 2013 and the global heat flow database: http://www.
heatflow.und.edu/). This correlation supports that global tomography
models image, to the first order, lateral variations in the thermal struc-
ture of the plates, that is, thermal heterogeneity in the lithospheric man-
tle. They provide consistent 3D representations of cratonic domains,
major continental rifts, and volcanic arcs (Fig.1a).

Depletion in Fe of residual mantle rocks due to partial melting
(or enrichment due to metasomatism) may also enhance (reduce)
seismic velocities (James et al., 2004; Jordan, 1975, 1979; Tommasi
etal., 2004). Compositional heterogeneity is not often invoked to ex-
plain velocity anomalies at the scale of hundreds to thousands of km,
because petrological processes have usually smaller characteristic
spatial length-scales (cf. Section 3.2). However, in cratonic roots,
low temperatures and Fe-depletion add up to produce high seismic
velocities, but low densities (Baptiste and Tommasi, 2014; James
et al., 2004; Jordan, 1979). The opposite effects of Fe-depletion on
seismic velocity and density make the joint analysis of gravity and
seismic data a powerful tool for discriminating between thermal
and compositional heterogeneity in the lithospheric mantle
(e.g., Afonso et al., 2008; Tesauro et al., 2014).

Regional scale tomography models better define the geometry of the
velocity anomalies, as, for instance, the broadening and intensification
of the low anomaly associated with the East African rift approaching
the Afar region (e.g., Bastow et al., 2008). They also provide evidence
for smaller wavelength (tens to hundreds of km) variations in seismic
velocities superposed to the large-scale structure. Such variations in
seismic velocities were imaged, for instance, in the lithospheric mantle
beneath Australia (Fig. 1b; Fishwick et al., 2005) and the Baltic shield
(Fishwick et al., 2005; Pedersen et al., 2013). They might have a compo-
sitional origin, as suggested for the relatively lower velocities observed
beneath the Bushveld complex in the Kaapvaal craton (Fouch et al.,
2004; James et al., 2001). Small-scale heterogeneities were also imaged
in the broad low velocity domain beneath the Afars, where they were
interpreted as due to the presence of melts (Hammond et al., 2014).
Analysis of Vp/Vs ratios obtained from joint P- and S-wave tomography
may further constrain compositional heterogeneity in the lithospheric
mantle. For instance, the association of low Pn velocities and low Vp/
Vs ratios in the mantle lid beneath Sierra Nevada implies a composition-
al origin for the observed velocity reduction (Buehler and Shearer,
2014).

Seismic refraction/reflection data, receiver function analysis, and
waveform modeling point to sharp contrasts (at scales of a few km or
even less) in elastic properties within the lithospheric mantle.
Shallowly dipping reflectors have been observed at various depths in
the lithospheric mantle. The best studied among these reflectors are


http://www.heatflow.und.edu/
http://www.heatflow.und.edu/

a P-wave velocity
@ sub-Moho
depths

5000 km
+2.7%
79 8 81 82 83kmss
s 3SV(%)
8
ey 6
_____ ! ) 4
/\J\\_: T ‘ 0
-2
-4
e -6
100 km -8
depth 1000 km
C
200 km
d DRUM (migrated)
OIF &
5s
<«LCsz
Moho
> <« Moho
10s
Flannan
10 km
YFIannan

Fig. 1. Seismological observations of heterogeneity in the mantle at different spatial scales.
(a) P-wave velocity variations at sub-Moho depths in the global P-wave tomography
model by Simmons et al. (2012). (b) S-wave velocity variations at 100 km depth in a re-
gional surface-wave tomography model of Australia (Fishwick et al., 2005). The major
contrast is observed between the Paleozoic domains of eastern Australia (outlined by a
white dashed line) and the domains characterized by Archean or Proterozoic crust expo-
sures (outlined by black dashed lines), but significant variations in the intensity of the
anomalies exist even within each of these domains. (c) Intralithospheric mantle disconti-
nuities (X1, X2, X3) inferred from coupled receiver function and SKS splitting data analysis
in the Rae craton, northern Canada (Snyder et al., 2013). (d) The Flannan mantle reflector
sampled by the DRUM reflection profile in the North Sea; OIF: Outer Island Fault, LCsz:
low-angle lower crust shear zone (Reston, 1993).

the Flannan reflector in the shallow mantle beneath the North Sea
(Reston, 1990) and the “8° seismic discontinuity”, which is marked by
strong scattered reflections from a low velocity zone below ca. 100 km
depth in North America and Eurasia (Thybo and Perchuc, 1997). Mid-
lithospheric velocity discontinuities (Fig. 1c) are also often detected in
PS receiver function data, in particular beneath cratons (e.g., Abt et al.,
2010; Bostock, 1997, 1998; Ford et al., 2010; Rychert and Shearer,
2009; Wittlinger and Farra, 2007). Finally, scattering of guided waves
in old oceanic lithosphere domains might be explained by a layered
structure with dimensions of ~10 km in the horizontal direction and
<1 km in the vertical direction in at least the top 40 km of the plate
(Furumura and Kennett, 2005; Shito et al., 2013).

The physical causes for such sharp changes in elastic properties are,
however, still poorly constrained. Both compositional gradients and
changes in anisotropy due to superposition of structures formed in re-
sponse to different flow fields have been proposed, but, if the range of
variation of composition and seismic anisotropy is constrained based
on observations in natural peridotites, the resulting contrast in seismic
velocities is often too low to explain the seismological observations. Al-
ternative interpretations are the presence of small melt fractions or var-
iations in the hydration degree in the mantle. Attenuation should be
more sensitive to these two parameters, as well as to grain size
(Aizawa et al., 2008; Jackson et al., 2002). Attenuation models detailing
the structure of the lithospheric mantle are, however, still rare. Most
studies focus on subduction zones, with significant attenuation ob-
served in the wedge and beneath the arc (Abers et al., 2014). The litho-
spheric mantle is usually characterized by low attenuation, but some
variation in both Qp and Qs within the subcontinental lithospheric man-
tle is proposed in attenuation tomography models in the Himalayas
(Sheehan et al., 2014).

Measurement of electrical conductivity variations using long period
magnetotelluric data is another tool to probe the deep Earth. However,
the sensitivity of this method in the lithospheric mantle is limited by the
fact that the latter is a resistive layer sandwiched between the conduc-
tive lower crust and asthenosphere (Jones, 1999). Lateral and vertical
variations in electrical conductivity by up to 2 orders of magnitude
were nevertheless mapped in the Slave and Kaapvaal cratonic litho-
sphere (Evans et al., 2011; Jones et al., 2001). Large lateral variations
in electrical conductivity have also been observed beneath plate-scale
shear zones with ages ranging from Archean to Cenozoic, such as the
Great Slave and Snowbird tectonic zones in Canada (Eaton et al., 2004;
Jones et al., 2002), the Pernambuco shear zone in northeast Brazil
(Santos et al., 2014), the North Pyrenean fault (Pous et al., 2004), and
the Tien Shan fault in the Himalaya (Bielinski et al., 2003). Yet the elec-
trical conductivity signatures vary. High conductivity domains were im-
aged beneath the North Anatolian fault (Kaya et al., 2013), the Red River
fault system (Pham et al., 1995), and beneath suture zones in Asia and
North America (Dong et al., 2014; Meqbel et al., 2014). In contrast,
high resistivity is associated with the Great Slave shear zone up to
50 km depth (Yin et al., 2014) and with a Neoproterozoic collisional su-
ture in northeast Brazil (Padilha et al., 2014).

Relating variations in electrical conductivity to thermal or composi-
tional heterogeneity in the lithospheric mantle remains difficult. Electri-
cal conductivity of mantle rocks depends exponentially on temperature
(Bradley et al., 1964; Constable et al., 1992). It depends weakly on the
mineralogical composition, but it might (or not) be highly sensitive to
hydrogen incorporated as a trace element in olivine (there is no consen-
sus in the experimental data; cf., Poe et al., 2010; Yoshino and Katsura,
2013; Dai and Karato, 2014). Electrical conductivity also depends on ox-
ygen fugacity (Duba et al., 1974) and on the presence and interconnec-
tivity of minor, but highly conductive phases, like graphite, sulfides, or
melts along grain boundaries (Ducea and Park, 2000; Jones et al.,
2001; Pommier and Garnero, 2014; Sifré et al., 2014; Wang et al.,
2013a). Joint seismic and magnetotelluric surveys may help discrimi-
nating between these effects, since the sensitivities of seismic and elec-
trical properties to each parameter differ.



2.2. Seismic and electrical anisotropy in the lithospheric mantle

A large range of seismological data images the anisotropy of elastic
deformation in the lithospheric mantle. Two types of seismic anisotropy
can be measured: polarization anisotropy and azimuthal or propagation
anisotropy (Crampin et al., 1984). The first results from a variation in
seismic velocities as a function of the polarization direction. It is re-
vealed, for instance, by the splitting of a shear wave into two orthogo-
nally polarized shear waves when it crosses an anisotropic medium.
The second type is defined by the variation of seismic wave velocity
with the direction of propagation. There is a large consensus, based
on surface wave (e.g., Gung et al., 2003; Montagner and Kennett,
1996) and petrophysical data (cf. review in Mainprice, 2007), that
most of the measured anisotropy is located in the upper 250 km of the
mantle, that is, in the lithospheric mantle and in the asthenosphere.
However, deconvolving the contributions of these two layers is not
straightforward.

Anisotropic tomography models based on surface wave data have
been used since the 70s to map anisotropy at different depths in the Pa-
cific (Forsyth, 1975) and, since the 80s, at the global scale (e.g., Nataf
et al.,, 1984). Recent global Rayleigh wave tomographic models show
strong anisotropy (up to 4%) with marked variations in both intensity
and orientation in the upper 150 km of the mantle (e.g., Auer et al.,
2014; Debayle and Ricard, 2013). Regional models highlight marked
variations in the Rayleigh wave fast propagation directions between
the lithospheric mantle and the asthenosphere in Australia (Debayle
and Kennett, 2000), North America (Deschamps et al., 2008; Gung
etal,,2003), and Aegean (Endrun et al., 2011), or within the lithospheric
mantle in cratonic regions (Yuan and Romanowicz, 2010). However,
these models have low resolution (hundreds of km) and may suffer of
a tradeoff between isotropic velocity anomalies and anisotropy.

The analysis of the splitting of teleseismic shear waves, such as SKS,
PKS, and SKKS, is the most direct measurement of the seismic anisotro-
py (Silver and Chan, 1988; Vinnik et al., 1984). Teleseismic shear wave
splitting data are 'point’ measurements; they probe the anisotropy
within a 'conic’ volume with a radius ranging from ca. 50 km at 50 km
depth to ca. 100 km at 250 km depth beneath the station (Alsina and
Snieder, 1995; Riimpker and Ryberg, 2000). The global coverage de-
pends therefore on the deployment of seismometers. It has been signif-
icantly enhanced by the multiplication of seismic deployments in the
last decade and by the development of automated measurement tech-
niques (e.g., Teanby et al., 2004). Recent compilations (Wuestefeld
et al., 2009; Becker et al., 2012; Walpole et al.,, 2014) highlight

nevertheless the very sparse sampling of the southern hemisphere conti-
nents and, hence, of Gondwana-derived terranes (Fig. 2). Analysis of these
data also reveals that seismic anisotropy is the rule, rather than the excep-
tion. Delay times between the fast and slow split waves have a log normal
distribution with mean value of 1.6 s (Walpole et al., 2014). A very small
number of stations in varied geodynamic environments are apparently
isotropic (5-24 within a total of 2016 analyzed stations, depending on
the criteria used for defining the null measurements; Walpole et al.,
2014). Moreover, this apparent isotropy most probably results from
small-scale lateral or vertical variations in anisotropy or to particular fab-
rics (horizontal foliations with [010]-fiber olivine CPO) in the lithospheric
mantle (Vauchez et al,, 2005; Bascou et al., 2008).

The main shortcoming of shear-wave polarization anisotropy mea-
surements is the lack of vertical resolution. They integrate the anisotro-
py along a quasi-vertical path from the core-mantle boundary to the
surface. Determining the depth at which splitting occurs requires excel-
lent back-azimuthal coverage (Riimpker et al., 1999; Silver and Savage,
1994), a condition not fulfilled for most of the Earth surface (cf. Fig. 8 of
Becker et al., 2012). In stations where this condition is fulfilled, the ob-
servations are often better explained by two superposed anisotropic
layers, one corresponding to the lithosphere and the other to the as-
thenosphere, as for instance beneath the San Andreas fault in California
(e.g., Bonnin et al., 2010; Silver and Savage, 1994). In addition, several
experiments have revealed sharp rotations of the fast split shear wave
polarization between stations spaced by a few tens of kilometers
(e.g., Bastow et al., 2008; Heintz et al., 2003), a distance that, considering
the Fresnel zone of the split waves, requires that the main contribution
to the measured anisotropy is in the lithospheric mantle (Alsina and
Snieder, 1995).

The analysis of azimuthal variations of P-wave velocity has been ex-
tensively used to characterize the anisotropy of the lithospheric mantle
since the pioneering analysis of active source experiments in the Pacific
ocean by Hess (1964). Many techniques have been used, including re-
fraction data (e.g., Fuchs, 1977) and P-wave residuals (Babuska et al.,
1984), but most studies focused on Pn waves, which sample specifically
the shallow lithospheric mantle (e.g., Bamford, 1977; Buehler and
Shearer, 2014; Calvert et al., 2000; Fuchs, 1977; Hearn, 1996; Hirn,
1977; Judenherc et al,, 2003; Smith and Ekstrom, 1999). More recently,
anisotropic tomographic inversions of P-wave velocities have been ap-
plied to continental domains. Sharp variations in the fast propagation
direction and up to 3% azimuthal anisotropy were, for instance, modeled
at lithospheric depths beneath North America (Huang and Zhao, 2013).
Seismic anisotropy in the shallow lithospheric mantle is also supported

Il | | |

-150 -100 -50

50 100 150

Fig. 2. Global compilation of teleseismic S-wave splitting data based on the open-access SplittingDataBase at http://splitting.gm.univ-montp2.fr/DB/

(Wuestefeld et al., 2009).
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by coupled inversion of Pn and Sn velocities, which show a clear azi-
muthal dependence of both Pn and Sn velocities with up to 5% azimuth-
al anisotropy in the shallow lithospheric mantle beneath western North
America (Buehler and Shearer, 2014). These data clearly sample the
lithospheric mantle. Their major shortcoming is the tradeoff between
anisotropy and isotropic velocity anomalies, which can only be resolved
if an ideal backazimuthal coverage is available.

Anisotropic receiver functions provide ideally high-resolution (tens
of km) imaging of anisotropy both vertically and horizontally
(Bostock, 1997; Kosarev et al., 1984; Levin and Park, 1997). This method
has, for instance, provided evidence for the presence of multiple dipping
anisotropic layers within the Slave craton (Bostock, 1997) and beneath
the Hudson Bay (Snyder et al., 2013). However, it requires a large num-
ber of earthquake recordings and a good back-azimuthal illumination.
Therefore, long-term deployment of dense arrays and high quality
data are needed. It also needs a simple crustal structure, so that multi-
ples of crustal reflectors do not interfere with mantle reflectors (Farra
and Vinnik, 2000).

An alternative for characterizing the depth variation of anisotropy is
the joint analysis of multiple datasets. In many places, as for instance in
the Betic Cordillera in southern Spain (Buontempo et al., 2008; Calvert
et al., 2000; Diaz et al., 2010), in the Hercynian belt in Brittany
(Judenherc et al.,, 2003), and beneath the Alpine fault in New Zealand
(Scherwath et al., 2002), the direction of fast propagation of Pn-waves
is parallel to the polarization direction of fast split S-waves (Fig. 3).
This supports that both datasets sample anisotropy in the lithospheric
mantle though SKS splitting may also include deeper contributions. Fur-
ther steps in this direction are joint inversions. Inversion of long-period
seismic waveforms constrained by teleseismic splitting data highlights,
for instance, a marked change in fast propagation direction of Rayleigh
waves both within the North American craton (at depths that vary lat-
erally from 50 to 160 km) and at its base (Yuan and Romanowicz,
2010). A layered anisotropic structure has also been proposed for the
Kalahari craton based on the joint analysis of S-receiver functions and
surface-wave anisotropy (Sodoudi et al., 2013). Joint inversion of P-
wave receiver functions and SKS particle motions also allows high-
resolution measurement of anisotropy both laterally and vertically
(Vinnik et al., 2007). However, similarly to ‘traditional’ anisotropic re-
ceiver functions, this type of analysis depends on a good azimuthal
illumination.

Magnetotelluric (MT) surveys are another potential tool to probe an-
isotropy in the lithospheric mantle. Anisotropic electrical conductivity
in the lithospheric mantle with a fast conduction direction subparallel
to the polarization of the fast split S-wave and to the tectonic trend
has been proposed, for instance, beneath the Grenville front (Sénéchal
et al., 1996), the Great Slave shear zone (Eaton et al., 2004), the
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Fig. 3. Pn anisotropy (Calvert et al., 2000) and SKS splitting data (Buontempo et al., 2008;
Diaz etal,, 2010) in the Betic Cordillera, southern Spain. Parallelism between the fast prop-
agation direction of Pn waves and the orientation of the polarization plane of the fast split
S-wave supports seismic anisotropy within the lithospheric mantle.

Appalachians (Wannamaker et al., 1996), the Neoproterozoic belts of
southeastern Brazil (Padilha et al., 2006), and the Variscan belt in cen-
tral Germany (Gatzemeier and Moorkamp, 2005). In contrast, in the
Kaapvaal lithospheric mantle, inferred fast conduction directions are
oblique to the polarization of the fast split S-waves (Hamilton et al.,
2006). The ratio between the highest and lowest conductivities attains
100 in Germany (Gatzemeier and Moorkamp, 2005), but is generally
<10. A major difficulty in these measurements is that azimuthal
variation in the MT response may also result from larger-scale variations
in electrical conductivity (heterogeneity). For instance, recent re-
examination of MT data in the Grenville concluded that the observed
signal records extension of the resistive Archean lithosphere beneath
the Grenville front rather than conductivity anisotropy in the litho-
spheric mantle, which is constrained to be <10% (Adetunji et al,, 2015).

The physical origin of electrical conductivity anisotropy in the litho-
spheric mantle is also strongly debated. The common subparallelism be-
tween fast S-wave polarization and fast conductivity directions suggests
that both anisotropies are produced by deformation. Different processes
have been proposed, from preferred orientation of graphite films along
grain boundaries in foliated peridotites (Ji et al., 1996) to anisotropic
hydrogen diffusion in olivine with faster diffusion parallel to [100]
(e.g., Gatzemeier and Tommasi, 2006). All models have limitations. Ex-
perimental data on the electrical conductivity in hydrated olivine crys-
tals are discordant; some propose that, at mantle temperatures
(>700 °C), anisotropy is very low (Poe et al., 2010; Wang et al., 2006;
Yoshino et al,, 2009), while others point to high anisotropy, with fastest
conduction parallel to [100] (Dai and Karato, 2014). Recent electrical
conductivity measurements on previously deformed, dry, melt-free
synthetic olivine aggregates record an enhancement by a factor 10 in
electrical conductivity parallel to the preexisting shear direction rela-
tively to undeformed samples (Pommier et al., 2015). This anisotropy
is more than three times the one observed in dry olivine crystals at
the same conditions, what lead Pommier et al. (2015) to propose that
the conductivity enhancement results from faster conduction along
preferentially aligned grain boundaries. Yet, shape preferred orienta-
tions in naturally deformed peridotites are too weak (average aspect ra-
tios are usually < 2; e.g., Warren et al., 2008; Frets et al., 2014; Tommasi
and Ishikawa, 2014) to explain the strong anisotropies inferred from MT
data by higher conductivity (due to conductive phases like graphite or
other processes) along aligned grain boundaries.

3. Geological observations: processes that form and destroy
heterogeneity and anisotropy in the lithospheric mantle

The study of peridotite xenoliths and massifs allows characterizing
the types and ranges of heterogeneity and anisotropy that actually
exist in the mantle; it is therefore essential for constraining the interpre-
tation of geophysical data. Analysis of the variation of average composi-
tions of peridotites from different geodynamic settings determines the
possible compositional contribution to large-scale seismic anomalies.
Data from xenolith suites and peridotite massifs highlight that composi-
tions vary at scales much smaller than those sampled by geophysical
methods. Petrostructural mapping of peridotite massifs constrains the
relative proportions and spatial arrangements of the different rock
types. It also provides evidence for another type of heterogeneity: vari-
ations in the orientation of the deformation structures and in grain size.
Last, but not least, the study of mantle peridotites brings information on
the thermal, compositional, and structural evolutions through time and
space. It allows therefore unraveling the processes that control the for-
mation and destruction of heterogeneity and anisotropy in the litho-
spheric mantle.

This analysis is nevertheless limited by the size of the samples,
which spans from a few cm? for a xenolith to hundreds of km? for the
largest peridotite massifs, like Ronda in southern Spain or Josephine in
the western USA. The data are also patchy, since the transport of mantle
rocks to the surface depends on eruption of mantle-derived magmas



with fast ascent rates or on tectonic processes leading to emplacement
of mantle slivers into the crust. Peridotite massifs sample essentially
the lithospheric mantle in the vicinity of active plate boundaries. The in-
terior of the plates is only sampled by xenoliths. Another question is
whether these rocks sample the lithospheric mantle or the astheno-
sphere. As the extraction of xenoliths implies in diking, at the time of ex-
traction these rocks were most probably part of the lithospheric mantle,
which is colder and more rigid than the asthenosphere and therefore
more prone to be fractured when submitted to high fluid pressures.
However, xenoliths with asthenospheric geochemical signatures are
observed in some volcanic localities (e.g., Chesley et al.,, 1999). In fact,
although most of the lithosphere is in steady state, with an equilibrium
thickness and thermal structure, phenomena like continental rifting
show that the lithosphere-asthenosphere boundary is not fixed
through time. It can move upwards (downwards) in response to
heating (thermal relaxation and cooling), melt percolation, and defor-
mation. Different features related to the LAB migration are recorded in
peridotite massifs, such as refertilisation by percolating melts in Lherz
(Le Roux et al., 2007), partial melting of a previous lithospheric mantle
in Ronda (Lenoir et al., 2001; Vauchez and Garrido, 2001), or thinning of
the lithospheric mantle by extensional shear zones in Zabargad, Beni
Bousera, Lanzo (Frets et al., 2014; Kaczmarek and Tommasi, 2011;
Nicolas et al., 1987)

3.1. Thermal heterogeneity

In stable domains, the temperature field in the lithospheric mantle is
essentially controlled by the heat flow from the convective mantle,
which depends on the vigor of the convective system. This heat flow
is higher beneath thin lithosphere and may be enhanced by small-
scale convection at the base of the plates (Davaille and Jaupart, 1993;
Doin et al., 1996). Temperatures in the shallow lithospheric mantle
also depend on the efficiency of heat dissipation through the crust
and, hence, on the crustal thickness and heat production. These param-
eters are controlled by plate tectonic processes (deformation and
magmatism) and by erosion; they vary with characteristic times of
300-400 m.y. (Vitorello and Pollack, 1980).

Time scales for re-equilibration of the geotherm in response to
changes in the heat flow from the convective mantle are of several
tens to hundreds of m.y. due to the low thermal diffusivity of olivine
(Gibert et al., 2003, 2005). Thermo-mechanical erosion of the litho-
sphere by small-scale convection atop a mantle plume, subduction
zones, or at the edges of a cratonic root may accelerate this evolution lo-
cally, producing transient high thermal gradients (up to 20 °C/km) in
the deep lithospheric mantle (e.g., Agrusta et al., 2013; Arcay et al.,
2005; Morency et al., 2002). Evidence for these disequilibrium temper-
ature gradients is rare, but 100-200 °C heating of the lithospheric man-
tle above a mantle plume was, for instance, suggested based on garnet
destabilization microstructures in xenoliths from the Labait volcano in
Tanzania (Lee and Rudnick, 1999). Localized shearing in the lithospheric
mantle may also produce high transient thermal gradients at the km
scale. For instance, in the Beni Bousera massif (N Morocco), functioning
of a lithospheric-scale transtensional shear zone resulted in a thermal
gradient of >100 °C/km across the shear zone (Frets et al., 2014).

Beneath continental rifts or volcanic arcs, heat advection by perco-
lating melts may also induce transient heating of the lithospheric man-
tle. If melt percolation leads to refertilisation (pyroxenes or plagioclase
crystallization), as observed in the Lherz peridotite massif (Le Roux
et al,, 2007), latent heating may further contribute to local temperature
increase in the mantle. The size of these melt-related thermal anomalies
depends on the type and scale of the reactive melt percolation process.
Microstructural and petrologic evidence for transient heating associated
with localized melt percolation and shearing in the lithospheric mantle
is observed, for instance, in mantle xenoliths from active sections of the
East African rift (Baptiste et al., 2015) and from the vicinity of the 4°50’
shear zone in Hoggar (Kourim et al., 2015). Finally, metasomatism

leading to crystallization of minerals enriched in radiogenic elements,
such as apatite or phlogopite, may enhance the heat production in the
lithospheric mantle by 0.05 to 0.25 uW-m™~> and trigger the develop-
ment of a local thermal heterogeneity (Neves et al.,, 2008). The length
scale of the resulting thermal anomalies is controlled by the extent of
the metasomatic process, which might affect large volumes atop sub-
duction zones, in particular above flat slabs (Downes et al., 2004; Lee,
2005). Pervasive enrichment in phlogopite is observed, for instance, in
the Finero peridotite massif in the Alps (Zanetti et al., 1999). Metasoma-
tism associated with percolation of small fractions of enriched melts
may also be a common phenomenon in the shallow levels of the litho-
spheric mantle due to progressive enrichment of the melts during reac-
tive transport through the lithospheric mantle (Bedini et al., 1997).
Phlogopite and apatite are widespread accessory mineral in peridotite
xenoliths (cf. review by O'Reilly and Griffin, 2000), but they are often as-
sociated with vein-like structures. Pervasive enrichment is rare. Howev-
er, it is observed in xenoliths from the Middle Atlas in Morocco (Raffone
etal.,2009) or from the Kaapvaal craton (e.g., Dawson and Smith, 1977).
These metasomatically produced thermal heterogeneities may persist
over time scales corresponding to the radiogenic decay of “°K and
2354, which have half-lives on the order of 1.25 G.y. and 700 m.y.,
respectively.

In summary, many processes may produce ‘hot’ domains in the lith-
ospheric mantle. These domains will display lower strength than their
surroundings. The time scales of existence of these soft heterogeneities
depend on their size, their origin, and on the local thermal gradient.
Small thermal heterogeneities survive for very short times, but large
ones may be preserved up to several tens of m.y. For instance, character-
istic times for re-equilibrating the thermal gradient in an aborted rift are
ca. 50 m.y. Moreover, if the crust has been thinned during the extension-
al episode, static thermal reequilibration will lead to an inversion of the
rheological contrast: the soft heterogeneity will become stiff due to
cooler temperatures at the Moho, which will remain shallower than in
the surroundings (Tommasi and Vauchez, 1997). On the opposite, if
the crust has been thickened and heated (as in “hot orogens” for in-
stance), the middle crust may buffer thermal conduction and therefore
maintain an abnormally hot geotherm over tens of m.y. (e.g., Kukkonen
and Lauri, 2009; Whittington et al., 2009).

In contrast, the processes controlling the characteristic time scales of
preservation of cold and stiff domains within a plate remain poorly un-
derstood. The difference in geothermal gradient between Archean cra-
tons and Proterozoic terranes can only be explained by a primordial
and long-lived variation in the lithosphere thickness (Nyblade and
Pollack, 1993). The coherence between Archean ages in the crust and
Re-Os data in peridotite xenoliths in the Kaapvaal, Siberia, Wyoming
and Tanzania cratons corroborates this assumption (Pearson, 1999).
Such time scales are, however, at odds with geodynamical modeling re-
sults, which show that neither the density contrast due to the more re-
fractory nature of the cratonic peridotites, nor the increase in viscosity
due to the lower geotherm suffice to preserve a cratonic mantle root
from recycling in the convective mantle on G.y. time scales (Doin
et al,, 1997). To avoid recycling since the Archean, cratonic roots must
have significantly higher strength than the convective mantle and, pref-
erably, be surrounded by weak continental lithosphere (Lenardic et al.,
2003). On the other hand, there is evidence, as in the eastern part of
the North China, for relatively fast (5-100 m.y.) destruction in Juras-
sic-Cretaceous times of an Archean cratonic mantle root (Griffin et al.,
1998; Menzies and Xu, 1998). These short time spans also are inconsis-
tent with numerical models, in which several hundreds of m.y. are nec-
essary to fully recycle a thick mantle root in the convective mantle
(e.g., Doin et al., 1997; King, 2005; Lenardic et al., 2003).

3.2. Chemical and mineralogical heterogeneity

Orogenic massifs and xenoliths from off-craton continental litho-
spheric mantle have dominantly lherzolitic compositions (cf. reviews



by Pearson et al., 2003; Bodinier and Godard, 2007). Refractory
harzburgitic compositions (<5% clinopyroxene) predominate solely
among cratonic xenoliths equilibrated at low-temperature (<1000 °C)
and in ophiolites, which sample the first kilometers of the oceanic lith-
osphere. Partial melting is a major process in the differentiation of the
lithospheric mantle. It plays an essential role in creating large-scale re-
fractory (Fe-poor, olivine-rich) domains. A variety of geodynamic sce-
narios, ranging from major plume impacts to subduction, were
proposed for the formation of cratonic roots, but all converge on the
fact that extensive partial melting is needed to explain the highly refrac-
tory compositions of cratonic xenoliths (cf. review in Aulbach, 2012).
High melting degrees at ridges also explain the predominance of
harzburgites in ophiolites (Boudier and Nicolas, 1985). On the other
hand, the preponderantly fertile compositions of the Phanerozoic sub-
continental lithospheric mantle and of the deep cratonic and oceanic
lithospheres suggest that either they consist of convective mantle ac-
creted to the lithosphere by cooling or they were refertilized by interac-
tion with asthenospheric melts.

In contrast, within a melting domain, i.e., at shorter length scales
(2km), partial melting homogenizes compositions, since more fertile
domains start melting earlier. During lithospheric thinning, partial
melting may thus create a compositional contrast between the astheno-
sphere, homogenized by melting, and the lithosphere, which may retain
a strong compositional heterogeneity, as observed across the recrystal-
lization front in the Ronda peridotite massif (Lenoir et al., 2001). At
these scales, reactive percolation of melts and fluids through the litho-
sphere (metasomatism) is the most effective process to produce com-
positional heterogeneity in the lithospheric mantle. Metasomatism is
ubiquitous in mantle xenoliths (cf. reviews by Pearson et al., 2003 and
O'Reilly and Griffin, 2013). Its effects range from enrichment in light
rare earth elements contents, crystallization of accessory phases (hy-
drous minerals, apatite...), to significant variations in the mineralogical
composition of the peridotite, due to crystallization of hydrous phases
(amphiboles, phlogopite) or changes in the relative contents of olivine
and pyroxenes in response to refertilisation or dunitization reactions
(e.g., Bedini et al., 1997; Bodinier et al., 1990; O'Reilly and Griffin, 2013).

Development of compositional heterogeneity by reactive melt perco-
lation or partial crystallization of melts is well illustrated in peridotite
massifs and ophiolites, which are usually composed of harzburgites
and/or lherzolites crosscut by dunite bodies and pyroxenite veins. These
compositional variations record reactive percolation of melts; the prod-
ucts of this process are function of the melt (and of the peridotite) compo-
sition and of the pressure and temperature conditions. For instance, the
Lherz and Ronda peridotite massifs display a 1 km thick domain com-
posed by a metric to decametric interleaving of harzburgites and
lherzolites with irregular, but elongated shapes (Fig. 4). This interleaving
records refertilisation of the lithospheric mantle by reactive percolation of
basaltic melts under high temperature and moderate pressure conditions,
which led to formation of lherzolites at the expenses of harzburgites (Le
Roux et al., 2007; Soustelle et al., 2009). Local accumulation of melts dur-
ing this process produced cm-scale pyroxenitic layers with diffuse limits
parallel to the harzburgite-lherzolite contacts (Fig. 4b and d). Indeed,
melt-rock reaction and partial crystallization of melts may explain most
of the cm to tens of cm wide pyroxenite layers (Figs. 4d-f and 6), which
are ubiquitous in peridotite massifs (e.g., Bodinier et al., 1987; Garrido
and Bodinier, 1999) and xenoliths (e.g., Sen, 1988). At low pressures,
refertilisation is characterized by crystallization of secondary plagioclase,
as recorded for instance in Lanzo (Bodinier, 1988; Boudier, 1978;
Kaczmarek and Miintener, 2008; Piccardo et al., 2007), Othrys (Dijkstra
et al., 2001), or in the crust-mantle transition zone in ophiolites
(Boudier and Nicolas, 1995).

In addition, interaction of Si-undersaturated basalts with peridotites
results in crystallization of olivine at the expenses of pyroxenes, forming
dunites (Berger and Vannier, 1984; Kelemen et al., 1990; Morgan and
Liang, 2003; Quick, 1982). Dunites are ubiquitous in shallow sections
of ophiolites (e.g., Dijkstra et al., 2003; Kelemen and Dick, 1995;

Nicolas, 1986; Quick, 1982; Suhr et al., 2003; Tommasi et al., 2006).
They are also common in orogenic massifs, though volumetrically less
important (e.g., Boudier, 1978; Niida, 1984; Shervais, 1978). They
occur most commonly as cm to tens of cm wide bands, but bodies up
to tens of meters wide (Fig. 5) were described in the crust-mantle tran-
sition zone in ophiolites (e.g., Boudier and Nicolas, 1995; Braun and
Kelemen, 2002; Dijkstra et al., 2003; Suhr et al., 2003). Two models
have been proposed to explain their usual planar structure: melt-rock
reaction at the walls of dikes (Nicolas, 1986) or channeled melt flow
due to a reaction-induced permeability increase (Kelemen et al., 1995).

Yet, compositional layering results most often from deformation coe-
val or following reactive melt percolation. Deformation may stretch, fold
and transpose preexisting pyroxenite bands, giving rise to a centimetric
to metric scale compositional banding concordant to the peridotites foli-
ation, as the one that characterizes the upper sections of the Lherz
(Fig. 4e), Beni Bousera (Fig. 6), and Ronda peridotites (Frets et al., 2012;
Kornprobst, 1969; Obata, 1980) and the Horoman massif (Niida, 1984;
Obata and Nagahara, 1987; Toramaru et al., 2001). The most effective
process producing pervasive small-scale compositional layering is never-
theless shear-controlled melt segregation during deformation in the
presence of melt (Holtzman et al., 2003). This process has been proposed
to explain the cm-scale compositional layering marked by plagioclase
and pyroxene enrichment in the crust-mantle transition zone of the
Oman ophiolite and in the Lanzo massif (Higgie and Tommasi, 2012,
2014; Jousselin et al, 2012) and the cm-scale diffuse lherzolite-
websterite layering (Fig. 4e) in the lower section of the Lherz massif (Le
Roux et al.,, 2008). Postkinematic (static) melt migration may also pro-
duce small-scale (mm to cm) compositional layering if the preexisting
peridotite fabric (shape and crystal preferred orientation) controls melt
transport. This phenomenon has, for instance, been invoked to explain
the cm-scale websteritic lenses parallel to the harzburgites' foliation in
the Lherz peridotite massif (Fig. 4c; Le Roux et al., 2008).

Metasomatism may also produce crystallization of hydrous minerals
(amphiboles and phlogopite), but usually in low proportions (<10%).
Local enrichment in hydrous minerals is nevertheless observed within
veins or in low-temperature mylonitic zones, which may have widths
ranging from a few meters to hundreds of meters (cf. reviews by
Drury et al., 1991; Vauchez et al., 2012). Pervasive enrichment in hy-
drous minerals at the hundreds of meters or larger scales is limited to
rare subduction-related peridotite massifs, such as the Finero phlogo-
pite and amphibole-bearing peridotite massif in the Alps (Zanetti
et al., 1999), the Hayachine-Miyamori amphibole-peridotites in north-
east Japan (Ozawa, 1988), and the chlorite-bearing garnet-peridotites
from the Western Gneiss zone in Norway and the Alps, like Alpe
Arami and Ulten (Buiskol Toxopeus, 1977; Medaris, 1980; Rampone
and Morten, 2001). These observations suggest that, except atop sub-
duction zones where pervasive hydration of the peridotites at the km
scale is observed, peridotites with high proportion of hydrous phases
only occur in the vicinity of veins at centimetric to metric scales.

Last but not least, partial melting and metasomatism control the
water content in the nominally anhydrous mantle minerals (olivine
and pyroxenes). Due to the high incompatibility of hydrogen, partial
melting causes dehydration of olivine. Metasomatism may produce ei-
ther hydration or dehydration, depending on the water fugacity in the
melt, the composition of the peridotite, and the pressure and tempera-
ture at which the interaction takes place (Demouchy et al., 2015). By
consequence, water contents in olivine determined by infrared spectros-
copy data on mantle xenoliths show an extreme variability even at a sin-
gle locality (from dry to almost saturated) and do not correlate with the
partial melting degree recorded by the peridotite (cf. data compilations
in Baptiste et al., 2012; Peslier et al.,, 2012; Demouchy et al., 2015).

3.3. Structural heterogeneity

Structural heterogeneity in the lithospheric mantle is produced by
contrasts in grain size or crystal preferred orientations. It arises
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Fig. 4. Compositional heterogeneity in the Lherz peridotite massif (Le Roux et al., 2007, 2008). (a) Petrostructural map outlining the distribution of Iherzolites and harzburgites. (b) Block dia-
gram displaying the metric to decametric scale interleaving of lherzolites and harzburgites. (c¢) Cm-scale pyroxenitic lenses parallel to the foliation in the harzburgites. (d) Pyroxenite bands
paralleling a harzburgite-lherzolite contact. (e) Penetrative pyroxenite layering in the lherzolites distal to the harzburgite bodies. (f) Boudinaged pyroxenite layers in the distal Iherzolites.

essentially from deformation, though grain size reduction may also be
produced by reactions. In this section, we focus on the microstructural
(grain size) evolution. Development of crystal preferred orientations is
discussed in the next section, because it is a key parameter controlling
anisotropy.

During deformation, grain size changes in response to dynamic
recrystallization. Nucleation of new grains, by subgrain rotation or
bulging, produces grain size reduction, which is counteracted by
grain growth through grain boundary migration. The equilibrium
grain size is controlled by the rate of mechanical work and by
the grain growth rate, which depends to the first order on temper-
ature (Austin and Evans, 2007; Rozel et al., 2011). Effective grain
size reduction down to tens of um is therefore limited to zones
deforming under high stress conditions due to high strain rate
and/or low temperature. Indeed, fine-grained peridotites repre-
sent minor volumes of the peridotites exposed at the Earth surface
(cf. review in Vauchez et al., 2012). Peridotite massifs and xeno-
liths show dominantly coarse-grained porphyroclastic or granular
microstructures.

Descriptions of mylonite (partial recrystallization with an average
recrystallized grain size <200 um) and ultramylonite (almost total

recrystallization with an average recrystallized grain size <20 um)
occurrences in peridotite massifs and ophiolites corroborates that
these rocks form essentially during shearing under low-temperature
(<1000 °C; Boudier, 1978; Obata, 1980; Boudier and Coleman, 1981;
Nicolas et al., 1987; Drury et al., 1991; Strating et al., 1993; Vissers
et al., 1995; Van der Wal and Vissers, 1996; Vissers et al., 1997;
Newman et al, 1999; Dijkstra et al., 2004; Michibayashi and
Mainprice, 2004; Toy et al., 2010; Kaczmarek and Tommasi, 2011;
Michibayashi and Oohara, 2013; Frets et al., 2014). These studies de-
scribe three main types of occurrence of mylonitic and ultramylonitic
peridotites. First, kilometric-scale shear zones characterized by a contin-
uous decrease in grain size (Figs. 6 and 7). In these shear zones,
mylonites outcrop in 100-200 m wide domains at the center or at one
of borders of the shear zone (Figs. 6 and 7). Ultramylonites, when pres-
ent, form cm-scale bands parallel or at low angle to the mylonitic folia-
tion (Figs. 7 and 8). Mylonitic and ultramylonitic peridotites also occur
in km-scale networks of anastomozed shear zones 1-10 m wide and
in isolated decametric- to centimetric-scale shear zones. These struc-
tures are characterized by sharp grain size variations (at the cm scale).
They often show mylonitic lenses surrounded by mm to cm-scale
ultramylonite bands.



Fig. 5. Decametric scale dunite bodies in the crust-mantle transition zone of the Oman ophiolite.

Google Earth — DigitalGlobe 2015 image.

Development of mylonitic zones in orogenic peridotites is usually
associated with exhumation of the subcontinental lithospheric mantle
in extensional or transtensional environments, as in Ronda and Beni
Bousera (Frets et al., 2014; Garrido et al., 2011; Soustelle et al., 2009),
Turon de Tecouere (Newman et al., 1999; Vissers et al., 1997), Lanzo
(Boudier, 1978; Kaczmarek and Tommasi, 2011), Erro-Tobio (Strating
et al,, 1993), or Zabargad (Nicolas et al., 1987). In ophiolites, mylonitic
and ultramylonitic zones are related to transform faults or to the
obduction process (Boudier and Coleman, 1981; Boudier et al., 1988;
Dijkstra et al., 2002; Michibayashi and Mainprice, 2004; Prinzhofer
and Nicolas, 1980; Suhr, 1993; Titus et al.,, 2011). In most cases,
deformation occurred under retrogressive conditions, in which
grain size reduction is associated with progressive strain localization.
The garnet and spinel mylonites from Beni Bousera are an exception.
There, shearing resulted in development of a high temperature gra-
dient (>100 °C/km) across the shear zone (Fig. 6); strain localization
in the hot domain of the shear zone allowed for the preservation in
the hanging wall of the mylonitic structures formed during the initial
stages of the shear zone activity at mid-lithospheric depths (Frets
etal, 2014).

Mylonitic microstructures and mm- to cm-scale ultramylonitic
bands are also present in abyssal peridotites dredged along fracture
zones and the Mariana trench (ca. 14% of the total sampled material,
Jaroslow et al., 1996; Warren and Hirth, 2006). These rocks record
low-temperature, high stress deformation, often under hydrated
conditions, in the shallow sub-oceanic lithospheric mantle beneath
transform faults and at trenches. Though rare, peridotite mylonites
and ultramylonites also occur in minor quantities in peridotite xenoliths
suites that sample the lithospheric mantle in: (i) active extensional or
transtensional plate boundaries, like the East African rift (Baptiste
et al, 2015; Kaeser et al., 2006), the Baja California (Basu, 1977;
Cabanes and Mercier, 1988), and Montferrier, S France (Cabanes and
Briqueu, 1987), (ii) convergent plate boundaries, such as the Persani
mountains (Falus et al., 2008) and Oran in Algeria (Zerka et al., 2002),
or (iii) intraplate settings were deformation is associated with reactiva-
tion of preexisting lithospheric-scale faults as the Tanlu fault in NE China
(Xu et al., 1993), the North Middle Atlas Fault in eastern Morocco (El
Messbahi et al., 2015), or the Panafrican 4°50’ shear zone in the Hoggar
massif in Algeria (Kourim et al., 2015).

Rather surprisingly, actual mylonites are not observed among the
xenoliths extracted from the vicinity of the active San Andreas trans-
form plate boundary (Titus et al., 2007). Xenoliths from the neighboring
Mojave region show, however, a variety of microstructures, including

porphyroclastic peridotites and coarse-grained mylonites with recrys-
tallized grain sizes ranging from 300 to 600 um (Behr and Hirth,
2014). This corroborates that, though high strains produce recrystalliza-
tion, high synkinematic temperatures and low stresses limit grain size
reduction. Effective grain size reduction during high-temperature defor-
mation is restricted to kimberlite-borne mylonitic peridotites from cra-
tons (Baptiste et al., 2012; Bascou et al., 2011; Boullier and Gueguen,
1975; Boullier and Nicolas, 1973; Goetze, 1975; Kopylova et al., 1999;
Skemer and Karato, 2008) and to alnoite-borne xenoliths from the
base of the Ontong Java lithospheric mantle (Tommasi and Ishikawa,
2014). However, the formation and preservation of mylonitic micro-
structures at the high equilibrium temperatures recorded by these xe-
noliths (>1300 °C) imply extremely high strain rates (>1078 s=1)
shortly before their extraction, leading most of the previous authors to
interpret these mylonitic microstructures as related to the initial stages
of the extraction of volatile-rich melts from the mantle.

A closer analysis of peridotite mylonites and ultramylonites (Figs. 6,
7,8, and 9) highlights that extreme grain size reduction (<50 pm) and
phase mixing are always associated with strongly sutured, interpen-
etrating phase boundaries (in particular between olivine and pyrox-
enes) and with the crystallization of reactional plagioclase or hydrous
minerals (Nicolas et al., 1987; Strating et al.,, 1993; Furusho and
Kanagawa, 1999; Newman et al., 1999; Warren and Hirth, 2006; Toy
et al,, 2010; Kaczmarek and Tommasi, 2011; Hidas et al., 2013; El
Messbahi et al., 2015; Hidas et al., 2015). In mylonites with no evidence
for reactions, recrystallized grain sizes are usually > 100 pm and phase
segregation rather than mixing is the rule (e.g., Behr and Hirth, 2014;
Falus et al., 2008). For instance, in kimberlite-borne peridotite
mylonites, stretching of recrystallized aggregates formed at the ex-
penses of olivine and orthopyroxene porphyroclasts results in a mm-
scale compositional layering (Fig. 9). These observations are consistent
with experimental data on fine-grained olivine-pyroxene aggregates,
which show mineral aggregation in response to deformation by grain
boundary sliding (Hiraga et al., 2013). Numerical models of deformation
of rocks composed by minerals with different strength also show me-
chanical segregation leading to development of a compositional
layering parallel to the shear plane (Dabrowski et al,, 2012). Even in de-
formation experiments in which mm-scale orthopyroxene clasts are
embedded in a fine-grained (<10 pm) olivine matrix, mixing is limited
to the first-neighbors-layer around a few orthopyroxene clasts
(Linckens et al., 2014). Altogether these data suggest that synkinematic
low-temperature reactions, triggered by decompression or interactions
with fluids, are essential to reduce the grain size down to a few microns
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Fig. 6. Geological cross-section of the Beni Bousera peridotite massif in the alpine Rif belt, northern Morocco, showing the variation in lithology as well as the orientation of the foliation and
lineation across a low-angle oblique-slip shear zone accommodating ca. 30 km thinning of the mantle lithosphere (Frets et al., 2014). Upper panels: Field pictures illustrating the pyrox-
enite layering. Lower panels: EBSD-derived phase maps and grain size histograms showing the evolution of the microstructure. In the phase maps, olivine is white, pyroxenes gray, garnet
black, and spinel red; black lines indicate grain boundaries and red lines subgrain boundaries (<15° misorientation). The range of equilibration temperatures for the different microstruc-

tures is indicated at the top left of each map.

and to produce phase mixing in the mantle. The feedbacks between
reactions, grain size reduction and strain localization result never-
theless in these processes being focused in small volumes, typically
a network of multiple ultramylonite bands, usually a few mm wide,
which occur in <100 m wide low-temperature domains of the
shear zones.

These observations provide strong constraints on the preservation of
grain size heterogeneities in the lithospheric mantle. The main process
erasing grain size heterogeneities is grain growth, which is both time
and temperature dependent. In the cold shallow levels of the litho-
spheric mantle, it is sluggish. For instance, at a temperature of 800 °C,
under dry conditions, growth of an olivine grain from a few um to
1 mm sizes requires >1 G.y. (Evans et al., 2001). At higher tempera-
tures, olivine grain growth is fast (Karato, 1989; Toriumi, 1982), unless
slowed down by second-phase pinning. Experiments on well-mixed,
fine-grained olivine-enstatite or olivine-diopside mixtures show that
large pyroxene contents may reduce olivine grain growth rates by up
to a factor 4 (Hiraga et al., 2010; Ohuchi and Nakamura, 2007).

However, in nature, pyroxenes usually have plurimillimetric sizes and
are not homogeneously dispersed in the aggregate, limiting the effect
of pinning. Even in strongly recrystallized mylonites, as the one present-
ed in Fig. 9, the characteristic pinning length will be controlled by the
spacing of the orthopyroxene aggregates, that is >100 pm normal to
the foliation and several millimeters parallel to it. Effective pinning is
therefore restricted to peridotite mylonites or ultramylonites where
synkinematic reactions produced grain size reduction and phase mixing.
However, the latter represent, as discussed above, small volumes of the
lithospheric mantle. Thus, given geological time scales, grain growth is
an effective process. This prediction is corroborated by the predominance
of coarse grain sizes (=1 mm in average) in peridotite massifs and xeno-
liths. Annealed textures and very coarse grain sizes (with olivine
attaining >1 cm in diameter) are particularly common among garnet pe-
ridotites from cratonic environments, which have been stable over very
long time spans (Boyd and Gurney, 1986; Boyd et al., 1997; Kopylova
et al., 1999; Pearson et al., 2003; Vauchez et al., 2005; Baptiste et al.,
2012).
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ultramylonitic bands (UMB); cross-polarized light; ol: olivine, opx: orthopyroxene.

3.4. Anisotropy olivine, which is the volumetrically dominant phase (>60%), is highly
anisotropic for most physical properties. Olivine shows a strong elastic
The main source of anisotropy of physical properties in the litho- anisotropy (Abramson et al., 1997; Kumazawa and Anderson, 1969)

spheric mantle is the preferred orientation of olivine crystals, because and coherent preferred orientation of elastically anisotropic olivine
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Fig. 8. EBSD phase maps of mylonitic peridotites with ultramylonitic bands from the northern Lanzo shear zone (Kaczmarek and Tommasi, 2011). (a) and (c) Low-resolution maps (40 um
step) showing the mylonite microstructure, which is characterized by elongated porphyroclasts and lens-shaped monomineralic aggregates. (b) and (d) High-resolution maps (3 pm step)
of the ultramylonitic bands showing phase mixing, enrichment in secondary plagioclase, clinopyroxene, and amphibole, and sutured interphase grain boundaries.



500um

Fig. 9. EBSD-derived phase map of a kimberlite-borne mylonite from the South African craton (courtesy of Fatna Kourim). Olivine is white, orthopyroxene blue, clinopyroxene yellow, and
garnet is red. Thin black lines mark grain boundaries. This sample was sheared under high stress and high temperature conditions. It shows no evidence of annealing; this suggests that the
rock was extracted rapidly to the surface after deformation, freezing the deformation microstructure. Olivine is almost totally recrystallized, forming a fine-grained matrix, but some
porphyroclasts remain. Orthopyroxene is partially recrystallized. Note that shearing results in development of monomineralic bands of fine-grained olivine and orthopyroxene rather
than a homogeneous mixture of olivine and pyroxene. The pinning length in such a microstructure will be controlled by the spacing of the orthopyroxene aggregates, that is, >100 pm

normal to the foliation and several millimeters parallel to it.

crystals at the tens of km scales may account for most of the seismic
anisotropy detected in the upper mantle (Mainprice, 2007). The
viscoplastic behavior, that is, the ductile deformation by dislocation
creep, and the heat conduction in olivine crystals are also extremely an-
isotropic (Kobayashi, 1974; Durham and Goetze, 1977; Bai et al., 1991;
Chai et al., 1996; Gibert et al., 2005). Experimental data and numerical
models indicate that thermal and viscoplastic anisotropies are also
transferred to the rock-scale by the preferred orientation of olivine crys-
tals (Gibert et al., 2003; Hansen et al., 2012; Knoll et al., 2009; Tommasi
et al., 2001, 2009).

Another important source of anisotropy is aligned fluid and melt
pockets (or layers), but the latter is, as discussed below, both local and
transient in the lithospheric mantle. Compositional layering, which is
often observed in peridotite massifs (cf. Section 3.2), does not produce
significant seismic anisotropy, because the contrast in density and elastic
properties between olivine and pyroxenes is weak (Mainprice, 2007).
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Enrichment in garnet in the pyroxenites enhances this contrast, but not
sufficiently to produce significant anisotropy. In fact, the anisotropy of a
layered peridotite-pyroxenite system tends to be reduced relatively to
the one displayed by a homogeneous anisotropic peridotite, because
garnet-rich pyroxenites usually have very low elastic anisotropy (Fig. 10).

Hydrous minerals, like antigorite, chlorite, phlogopite and amphi-
boles are strongly anisotropic (Bezacier et al., 2010; Christensen,
2004; Kern et al., 1997; Mainprice and Ildefonse, 2009; Mookherjee
and Mainprice, 2014). If they have a preferred orientation, they may
influence the lithospheric mantle seismic anisotropy. However, their
concentrations are usually too low in the lithospheric mantle for over-
coming the olivine-borne signal. Indeed, >10% of oriented antigorite is
needed for dominating the seismic anisotropy of a serpentinized peri-
dotite (Boudier et al., 2010). In the following, we will therefore focus
on the processes producing and destroying crystal preferred orienta-
tions (CPOs) and aligned fluid or melt pockets.
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Fig. 10. Seismic properties of a layered peridotite-pyroxenite system at 980 °C and 2.76 GPa. (a) Density, S and P velocity contrasts for waves propagating normal to the layering (Z direc-
tion). For S-waves, both the fast S1 (thick line) and slow S2 (thin line) velocities are displayed. (b) Evolution of the seismic anisotropy as a function of the proportion of pyroxenite layers.
To maximize the density and velocity contrasts, the peridotite has a refractory composition (76% olivine, 23.5% orthopyroxene, 0.5% spinel) and the pyroxenite is garnet-rich (55% garnet,
44% clinopyroxene, 1% orthopyroxene). Both the peridotite and the pyroxenite are seismically anisotropic (CPO of the samples SAS69 from Tommasi and Ishikawa, 2014 and BB125B of

Frets et al., 2012).



Crystal preferred orientations (CPOs) in mantle rocks are essentially
produced and modified by deformation (cf. the historical review
by Nicolas and Christensen, 1987). They depend on the deformation
kinematics and on how the peridotites deform (active slip systems
and interplay between dislocation glide and other strain accommoda-
tion mechanisms). The main process creating CPO is dislocation glide.
During dynamic recrystallization, nucleation leads to dispersion of the
CPO, while grain growth favors CPO strengthening by selective growth
of crystals with low internal energy (Falus et al., 2011; Guillope and
Poirier, 1979; Lee et al., 2002; Nicolas et al., 1973; Poirier and Nicolas,
1975; Tommasi et al., 2000; Toriumi and Karato, 1985). The effect of
static recrystallization on CPO is still discussed (e.g., Rollett et al.,
2004). Analysis of naturally deformed peridotites displaying variable
degrees of annealing or metasomatism suggests that these processes
have a limited effect on the olivine CPO (e.g., Tommasi and Ishikawa,
2014; Tommasi et al., 2008; Vauchez and Garrido, 2001). However, ex-
tremely annealed peridotites, such as very coarse granular cratonic xe-
noliths, and peridotites enriched in pyroxenes through reactions with
large volumes of fluids or melts often display weak olivine CPO
(Baptiste et al., 2012; Kourim et al., 2014; Soustelle and Tommasi,
2010; Soustelle et al., 2013; Zaffarana et al., 2014). Finally, secondary
crystallization of olivine during reactive melt percolation under static
conditions may lead to dispersion of the olivine CPO (e.g., Tommasi
et al,, 2004).

The study of naturally deformed peridotites constrains the CPOs and,
hence, the associated anisotropy that may exist in the lithospheric man-
tle. Popularization in the last decade of the electron backscattered dif-
fraction (EBSD) technique for measuring crystals orientation resulted
in an exponential increase of measurements of CPO in naturally de-
formed mantle rocks. In addition, the standardization of automated
mapping procedures allows systematic measurement of the orientation
of all rock-forming minerals. This allows an improved estimate of the
anisotropic physical properties, which correctly accounts for the contri-
bution of all rock-forming minerals. The olivine CPO controls neverthe-
less the peridotites anisotropy, since it usually represents > 60% vol. of
the rock (Mainprice, 2007).

The last published compilation of olivine CPO data was based on
measurements on 110 samples (Ben Ismail and Mainprice, 1998). Anal-
ysis of an enlarged dataset (>600 samples), which is part of an ongoing
compilation effort, highlights that olivine CPO of moderate intensity
predominate (Fig. 11), but isotropic peridotites are exceptional. The
strength of the CPO in a peridotite depends on: (i) the finite strain inten-
sity, (ii) the number of active slip systems, (iii) the relative contribution
of dislocation and diffusional processes to deformation, and (iv) the in-
terplay between deformation and the recrystallization processes. The
predominance of moderate olivine CPO in naturally deformed perido-
tites and the slow evolution of the olivine CPO in experiments for
shear strains >5 (Bystricky et al., 2000; Demouchy et al., 2012; Hansen
et al.,, 2014; Zhang and Karato, 1995) suggest that, at high strains, dy-
namic recrystallization effectively counteracts CPO strengthening by
dislocation glide. This hypothesis is also supported by the correlation
between recrystallized grain sizes and CPO strength and by the anti-
correlation between recrystallized volumes and CPO strength (Falus
et al.,, 2011). Deformation partitioned among many slip systems and
predominance of nucleation over growth during recrystallization may
thus account for weak CPO in low-temperature mylonites
(e.g., Boudier and Coleman, 1981; Falus et al., 2011; Frets et al., 2014;
Hidas et al., 2015; Kaczmarek and Tommasi, 2011; Newman et al.,
1999; Précigout and Hirth, 2014). Additional activation of solid-state
or fluid-assisted diffusional processes or grain boundary sliding is, how-
ever, required for producing the almost random CPO that characterizes
most ultramylonites (e.g., Hidas et al.,, 2015; Kaczmarek and Tommasi,
2011; Newman et al., 1999; Précigout and Hirth, 2014; Toy et al.,
2010; Warren and Hirth, 2006).

The analysis of the enlarged olivine CPO dataset also confirms the
predominance of CPO showing marked concentrations of [100] and

[010] (~85% of the analyzed samples, Fig. 11). When the peridotite dis-
plays a shape-preferred orientation, [100] tends to concentrate parallel
to the lineation and [010] normal to the foliation, suggesting dominant
activation of the [100](010) slip system. However, the relative concen-
tration and distribution of [100] and [010] vary, leading to CPO with
[100]-fiber, orthorhombic, or [010]-fiber symmetries (AG-type, A-type
and AB-types of Karato et al., 2008). This variation in the symmetry of
the CPO records changes on the deformation regime or on the relative
activity of the different slip systems (Tommasi et al.,, 1999, 2000). Planar
deformations, like simple shear, result in clear orientations of both the
dominant slip direction and plane. Constrictional regimes produce
strong orientations of the main slip direction (e.g., [ 100]-fiber symmetry
CPO types). Flattening regimes, like transpression, result in dispersion of
the dominant slip direction within the foliation plane, producing CPO
with a [010]-fiber symmetry. However, [010]-fiber olivine CPO may
form in simple shear at low temperature (<1000 °C) through the simul-
taneous activation of [100]{0kl} and [001]{hk0} systems due to high
stress or high pressure conditions (Demouchy et al., 2013, 2014;
Durham and Goetze, 1977; Phakey et al., 1972; Vauchez et al., 2005).
Similarly, [100]-fiber symmetry may also form during simple shear at
high temperature due to activation of [100] glide on multiple slip planes
(Bystricky et al., 2000; Hansen et al., 2014).

The above variations in the CPO symmetry have nevertheless only a
second order effect on the anisotropy of thermo-mechanical properties
of upper mantle rocks. Olivine CPO types that significantly change the
anisotropy of thermo-mechanical properties in the upper mantle are
minor and restricted to specific settings. Olivine CPO characterized by
a concentration of [100] parallel to the lineation and of [001] normal
to the foliation (E-type of Karato et al., 2008) represent ~10% of the sam-
ples (Fig. 11). They are solely observed in harzburgites and dunites de-
formed in presence of hydrous fluids (Hidas et al., 2015; Mehl et al.,
2003; Soustelle and Tommasi, 2010) or melts (Prinzhofer et al., 1980;
Tommasi et al., 2006). Olivine CPO marked by [001] maximum parallel
to the lineation (D- and C-types of Karato et al., 2008) are still rarer
(~5%). They are restricted to high- to ultra-high-pressure peridotite
massifs (e.g., Frese et al,, 2003; Jung et al,, 2013; Mizukami et al.,
2004; Mockel, 1969; Skemer et al., 2006; Wang et al., 2013b; Xu et al.,
2006). This suggests that these CPO probably record subduction-
related deformation rather than a lithospheric evolution.

The systematic observation of olivine CPO in mantle xenoliths and
peridotite massifs and the ubiquity of anisotropy in seismic data sub-
stantiate that strain-induced CPO is a general feature in the lithospheric
mantle. Peridotite massifs show consistent olivine CPO over the km to
tens of km scale and seismic anisotropy data indicate that this consis-
tency may be maintained at even larger scales. Spatial variations in
the strength and orientation of the olivine CPO result from changes in
deformation conditions or in kinematics. Except for the water content,
parameters controlling olivine CPO development (temperature and
pressure) vary gradually within the lithosphere. Thus sharp changes in
the orientation of olivine CPO result mostly from superimposed defor-
mations with different kinematics or under different temperature con-
ditions. Moreover, since olivine CPO is usually not destroyed by static
processes, CPO-induced anisotropy is preserved over very long time
spans in the lithospheric mantle (several G.y. in the cratonic litho-
sphere), unless it is modified by a new deformation.

Very small melt fractions (<2%) may produce much stronger seismic
anisotropy than CPO if the melt is contained in very anisometric (elon-
gated or flattened pockets, Blackman and Kendall, 1997; Mainprice,
1997; Vauchez et al.,, 2000; Kawakatsu et al., 2009; Holtzman and
Kendall, 2010). However, this anisotropy is a transient feature, which
disappears with melt extraction or crystallization. Melts and fluids are
indeed not preserved in the frozen geological record (massifs and xeno-
liths), but their former presence and distribution may be accessed by
the study of the products of their reaction with the peridotite, as
discussed in Section 3.2. Formation of planar dunite bodies marks, for
instance, focused reactional melt transport in the mantle (e.g., Dijkstra
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et al., 2003; Kelemen and Dick, 1995; Nicolas, 1986; Quick, 1982; Suhr
et al., 2003; Tommasi et al., 2006). Anisotropic melt distribution con-
trolled by the deformation in the mantle is indicated by the parallelism
between a diffuse compositional layering (plagioclase or clinopyroxene
enrichment) and the foliation observed locally in the Lherz and Lanzo
orogenic massifs (Higgie and Tommasi, 2014; Le Roux et al., 2008), at
the crust-mantle transition zone in the Oman ophiolite (Boudier and
Nicolas, 1995; Higgie and Tommasi, 2012; Jousselin et al., 2012), or in
mylonitic xenoliths from Morocco (El Messbahi et al., 2015) and Hoggar
(Kourim et al., 2014). These observations support a planar arrangement
of the melt parallel to the shear plane with a periodicity ranging from a
few mm to tens of cm. However, the analysis of neither the microstruc-
tures nor the chemistry of these rocks constrains the instantaneous melt
fraction in these systems, which is an essential parameter to constrain
the associated anisotropy (Mainprice, 2007). Finally, melt extraction
by dikes may also give rise to larger scale (tens of meters or larger) com-
positional layering if the regional stress field controls diking. A preferred
orientation of melt-filled dikes has indeed been invoked to explain the
strong rift-parallel seismic anisotropy in shallow lithospheric mantle
and crust beneath the Afars (Hammond et al., 2014).

4. Consequences for the evolution of the lithospheric mantle and for
plate tectonics

4.1. Thermal heterogeneity

Thermal heterogeneity is very effective in producing strength gradi-
ents due to the exponential dependence of the viscoplastic (ductile) de-
formation on temperature. Lateral variations of the geothermal gradient
within plates are therefore a first order source of rheological heteroge-
neity, controlling strain localization at the plate tectonics scale. The

most obvious thermo-rheological heterogeneities are cratons, with their
thick and cold lithospheric roots. Already in the early 80s, Molnar and
Tapponnier (1981) proposed that variations in the thermal structure,
controlled by the age of the last orogenic episode affecting the crust,
might explain the heterogeneous strain distribution in Asia in response
to the India collision. This hypothesis was corroborated by numerical
models, which showed that an older and stiffer block embedded in a col-
lision zone, such as the Tarim block in the Himalayas, remains roughly un-
deformed and produces strain localization around it (England and
Houseman, 1985; Vilotte et al., 1984). Thermal heterogeneity may thus
explain the general structure of continental plates, which are usually
formed by collisional zones of various ages molding a few cratonic
nuclei. A spectacular example of this process is the fossil Meso- and
Neoproterozoic orogenic belts and the active East African rift that wrap
around the Tanzanian craton in eastern Africa (Fig. 12). Another, less
evident effect of large-scale stiff heterogeneities within continental plates
are stress concentrations at their tips, which, in a compressional field, may
result in development of transpressional shear zones that propagate sev-
eral hundreds of km into the plate interiors (Tommasi et al., 1995;
Vauchez et al., 1998). Such a model may, for instance, explain the
transpressional deformation (Fig. 13) in the Neoproterozoic Ribeira belt
in southeast Brazil (Vauchez et al.,, 1994) or in the Great Slave shear
zone in Canada (Hanmer et al., 1992; Hoffman, 1987). It may also account
for the development of the Baikal rift in a regional compressive setting,
which follows the southern boundary of the Siberian craton (Lesne
et al,, 1997; Petit and Deverchere, 2006).

Soft rheological heterogeneities associated with hotter than average
geotherms may also localize strain. Dunbar and Sawyer (1988) showed,
for instance, that, in a plate submitted to extension, higher temperatures
in the sub-Moho mantle due to local crustal thickening result in local-
ized thinning of the lithospheric mantle. Extensional basins (aborted
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rifts) within a continental plate may also localize subsequent deforma-
tion, if the thermal anomaly produced by the lithospheric thinning is not
completely relaxed (Tommasi et al., 1995). This may explain the devel-
opment of intraplate orogenic belts, such as the High and Middle Atlas
in Morocco, which reactivate transtensional rifts formed during the
opening of the central Atlantic (Beauchamp et al., 1996; Schettino and
Scotese, 2002; Schettino and Turco, 2009). The presence of several soft
heterogeneities in a plate may lead to development of complex systems,
since strike slip shear zones develop to transfer deformation between
the different heterogeneities (Tommasi and Vauchez, 1997; Tommasi
etal,, 1995). Such a model was proposed, for instance, to explain the for-
mation of the Neoproterozoic Borborema shear zone system in NE
Brazil. This system is characterized by an association of E-W dextral
shear zones up to 20 km wide, which branch from a major NE-SW
strike-slip shear zone and terminate in transpressional volcano-
sedimentary belts with orientations ranging from N-S to NE-SW
(Vauchez et al., 1995). An inversion of rheological behavior of an
intracontinental rift, from soft to stiff, due to thermal relaxation
(cooling), may on the other hand explain why older volcano-
sedimentary belts in the same region behaved as stiff structures during
this deformation (Tommasi and Vauchez, 1997). A similar process has
been proposed to explain the strong lateral heterogeneity in the

thermo-mechanical evolution of the Variscan belt in Bohemia (Stipska
etal, 2001).

Interplay between deformation localized in lithospheric-scale weak
rheological heterogeneities (thin spots) and stress concentration in
the upper crust has also been proposed as a possible explanation for
the distribution of intraplate seismicity in South America based on the
spatial relation between seismically active domains and low P-wave ve-
locities at 150-200 km depth (Assumpcdo et al., 2004). Similarly, a
hotter than normal lithospheric mantle has been proposed to account
for the New Madrid Seismic zone in the eastern USA on the basis of sur-
face heat flow data (Liu and Zoback, 1997). The low velocity anomaly
(up to 6%) imaged by P-wave tomography between 80 and 200 km
depth beneath the New Madrid Seismic zone corroborates this model
(Chen et al., 2014).

Weak rheological heterogeneities may also be produced by a slight
enhancement in the heat production due to metasomatism, leading to
enrichment in radiogenic elements in the lithospheric mantle. Numeri-
cal models show that a radioactive heat production of 0.1 (0.25)uW/m>
in a 200 km wide layer between 60 and 80 km depth may result in local
strain rates up to 2 (5) times higher than in the surroundings (Neves
et al.,, 2008). Due to slow radioactive decay, these soft heterogeneities
may be preserved for several hundreds of m.y.
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Neoproteroic belts, to which are superimposed the existing SKS splitting data (Assumpgdo et al., 2006, 2011; Heintz et al., 2003).

Melt percolation may also produce heating and favor strain localiza-
tion, but at much smaller scales and shorter times. Microstructural ob-
servations and thermobarometric data in mantle xenoliths from
beneath the active East African rift in Tanzania (Baptiste et al., 2015)
and the 4°50’ shear zone in Hoggar (Kourim et al., 2015) are consistent
with short-lived melt-related heating events. Advective heating by mi-
grating magmas might affect larger volumes of the lithosphere in case
of continued magmatic activity. Heating of the lithospheric mantle
and crust by migration of hot mantle fluids focused in Precambrian lith-
ospheric shear zones has been invoked, for instance, to explain the shal-
low Curie temperatures, which imply temperatures of >500 °C at depths
of 8-15 km, and high heat flows (60-90 mW m™~2) observed in the in-
cipient Okavango Rift Zone in southern part of the East African rift
(Leseane et al,, 2015). However, though it may be important atop
plumes and in arcs, the actual contribution of heat advection by migrat-
ing melts in heating the lithosphere is still poorly constrained.

Finally, combined perturbations of the thermal and stress fields
within a plate produced by an upwelling plume hitting the lithosphere
may have far field effects. They may work as attractors inducing fast rift
propagation, as during the South Atlantic opening, where the rift prop-
agated rapidly from the Agulhas basin towards the Parana plume fol-
lowing the trend of Neoproterozoic collisional belts (Courtillot et al.,
1999; Lawyer et al., 1985; Tommasi and Vauchez, 2001). A similar evo-
lution occurred in the Gulf of Aden, formed by fast propagation of a new
ridge from the Carlsberg ridge in the Northwest Indian Ocean towards
the Afar plume (Courtillot et al., 1999; Fournier et al., 2010). Although
in a less advanced stage, the propagation of the East African rift towards
the plume currently beneath the eastern boundary of the Tanzanian cra-
ton (Chorowicz, 2005) suggests a similar process.

4.2. Compositional heterogeneity

In a fully solid mantle — the prevailing state in the lithosphere — the
question is whether the lithological contrasts commonly observed in
peridotite massifs (essentially local enrichment in pyroxenes or olivine)
significantly change the rheology of mantle rocks. In other words, does a
refractory peridotite have a higher strength than a fertile one? Experi-
mental data on olivine-pyroxenes mixtures predict that enrichment in
pyroxene weakens the aggregates (Ji et al.,, 2001; Sundberg and
Cooper, 2008; Tasaka et al., 2013). However, all these experiments

were performed on well-mixed, very fine-grained synthetic aggregates,
that is, on microstructures very different from those commonly ob-
served in naturally deformed peridotites. The extrapolation of these
data to the lithospheric mantle is therefore subject to caution. In perido-
tite massifs, the common boudinaged and folded pyroxenite layers
(Fig. 4f and top panel of Fig. 6) suggest that pyroxenites are more com-
petent than peridotites under a large range of conditions. Based on a dy-
namic instability analysis of folded and boudinaged orthopyroxenite
dykes in the Twin Sister peridotite massif, Tikoff et al. (2010) estimated
that the pyroxenites were ~25 times more viscous than the surrounding
harzburgites. The lack of boudinage in the harzburgite—pyroxenite series
in Oman (Boudier and Coleman, 1981) and in the websterites of the
coarse-granular domains in the Beni Bousera massif (Frets et al., 2014)
suggests that this contrast may decrease at high temperature. Evidence
for a lower strength of pyroxenitic layers in naturally deformed perido-
tites is nevertheless limited to rare kimberlite-borne mylonitic xenoliths,
in which pyroxene-rich layers composed of recrystallized grains a few
microns wide localize strain, but this strain localization is probably due
to the smaller recrystallized grain sizes of pyroxene (Boullier and
Gueguen, 1975). Observations on naturally deformed peridotites also do
not provide any evidence for marked strength contrasts between dunites,
harzburgites, and lherzolites. Layered lherzolite-harzburgite or
harzburgite-dunite series are usually not boudinaged and show no evi-
dence for strain localization across the layering (e.g., Boudier and
Coleman, 1981; Niida, 1984; Tikoff et al., 2010; Tommasi et al., 2006).
Analysis of the microstructures of naturally deformed peridotites also in-
dicates that, except in mylonites deformed under high-stress conditions,
pyroxene crystals are systematically less elongated and less recrystallized
than the surrounding olivine. This suggests that in peridotites olivine
forms a continuous network that accommodates most strain and that
other mineral phases do not play a major role in deformation. Altogether,
observations on naturally deformed peridotites suggest that variations in
the olivine content, though common in the lithospheric mantle, do not re-
sult in significant mechanical heterogeneity.

In contrast, more subtle changes in the peridotites chemistry due to
metasomatism, such as an enhancement in heat-producing elements,
which was discussed in the previous section, or a variation in the hydra-
tion state of olivine, might have a significant effect on the lithospheric
mantle deformation. Dehydration of olivine due to partial melting has,
indeed, often been proposed to account for high viscosities in cratonic



roots (e.g., Doin et al.,, 1997; Lenardic et al., 2003). The actual conse-
quences of hydrogen incorporation on the olivine rheology are, howev-
er, still discussed. Commonly used flow laws predict that hydrogen
incorporation in olivine may result in decrease in strength by up to
two orders of magnitude, with strain rates increasing approximately lin-
early with water concentration (Hirth and Kohlstedt, 2003). These pre-
dictions however should be taken with caution since they are based on
extrapolation of the moderate weakening (up to a factor 2) observed in
deformation experiments on wet olivine single crystals and polycrystals
at 300 MPa (Chopra and Paterson, 1984; Karato et al., 1986; Mei and
Kohlstedt, 2000) to the higher water contents that might exist at higher
pressure in the mantle. High-pressure deformation experiments on hy-
drated olivine single crystals (4740-11,770 ppm wt H,O) show, howev-
er, less than a factor 2 decrease in strength relatively to dry conditions
(Girard et al., 2013; Mackwell et al., 1985). Diffusion experiments
under high-temperature and high-pressure conditions also suggest
that incorporation of hydrogen has a weak effect on Si diffusion in oliv-
ine, which is considered to be the rate-controlling mechanism for both
diffusion and dislocation creep in the mantle (Fei et al., 2013).

Several other issues arise when extrapolating data from deformation
experiments on wet olivine polycrystals to nature. In which form is the
water during the experiments? Is it present only as H" incorporated in
the olivine structure or also as free water along grain boundaries, as sug-
gested by Demouchy et al. (2012). Which is the actual hydration state of
the mantle? The range of water contents measured in natural olivine
crystals (0-200 ppm wt H,0, Peslier et al., 2010; Baptiste et al., 2012;
Doucet et al., 2014) may only produce moderate variations of the peri-
dotite viscosity (less than a factor 10, Hirth and Kohlstedt, 2003).
These data point to another problem in explaining the stability of cra-
tonic roots by dehydration of olivine. The highest water contents in ol-
ivine were measured in mantle xenoliths from the thick and old
Kaapvaal and Siberian cratons. They probably record hydration associat-
ed with the multiple metasomatic events that affected these mantle
roots since their formation (Baptiste et al., 2012; Doucet et al., 2014;
Peslier et al., 2010). Yet, although this hydration must have occurred be-
fore the extraction of the xenoliths by the kimberlitic magmatism in the
Mesozoic, both cratonic roots are still stable.

Magmatic rejuvenation coupled to small-scale convection has been
proposed as an alternative process to explain the rupture of the North
American craton to form the Labrador Sea (Foley, 2008). This model in-
volves a succession of reactive melt percolation events, which progres-
sively modify the composition and density of the lithosphere until a
continuous network of “impregnated or metasomatized” mantle rocks
is formed. It requires multiple focused melt percolation events that
may be spaced by several m.y. It also implies that the resulting change
in physical properties suffices for destabilizing the mantle root. These
two points require further testing.

On the other hand, magmatic refertilization by reactional percola-
tion of basaltic melts, as observed in the Lherz and Ronda peridotite
massifs (Le Roux et al,, 2007; Soustelle et al., 2009), does facilitate melt-
ing at the base of the lithosphere. The presence of melt may locally
weaken the base of the lithospheric mantle. Experimental data show
that a few percent of melt results in reduction by up to a factor 10 in
the strength of the peridotites (Kohlstedt and Zimmerman, 1996).
Melt-induced weakening is also suggested by the localization of shear
zones within dunites in peridotite massifs (Kelemen and Dick, 1995;
Kruckenberg et al., 2013). Upwelling of the lithosphere-asthenosphere
boundary may thus occur through a progression of melt percolation
fronts, followed by deformation and partial melting fronts.

4.3. Variations in grain size

If grain-size sensitive processes play a role in the deformation, vari-
ations in grain size may result in marked strength gradients (Poirier,
1980). Grain size reduction is indeed, together with shear heating, the
most commonly invoked processes to explain strain localization in the

ductile regime (e.g., De Bresser et al., 2001; Kirby, 1985; Platt and
Behr, 2011; Poirier, 1980; White et al., 1980). Localized grain size reduc-
tion is, for instance, at the core of the damage model proposed by
Bercovici and Ricard (2014) to explain the existence of plate tectonics
on Earth. Essential assumptions in this model are that small grain sizes
may be preserved for very long time spans (>tens of m.y.) and that
the volumes of “damaged”, that is, fine-grained rocks are large enough
to produce effective strain localization at the plates scale.

Many models investigated the conditions under which strain locali-
zation by grain size reduction may be effective in the Earth mantle
(e.g., Bercovici and Ricard, 2012; Braun et al., 1999; Kameyama et al.,
1997; Rozel et al., 2011). These models studied the interplay between
grain size reduction by dynamic recrystallization and grain growth
both during and after deformation. They analyzed the dependence of
these processes on the strain rate, the temperature, the mean grain
size, the grain size distribution, and the effect of second (pinning)
phases. A first conclusion was that, in absence of second phases, strain
localization by grain size reduction is restricted to deformation coeval
with cooling (Braun et al., 1999). This prediction is consistent with the
usual association of grain size reduction with strain localization in retro-
grade shear zones. These numerical models also showed that, in an
olivine-only system, preservation of very fine grain sizes for geological
time spans (>m.y.) is limited to cold domains of the lithospheric man-
tle, where the grain growth kinetics is slow (Rozel et al., 2011).

Zener-pinning by second phases (pyroxenes and Al-rich phases in
the lithospheric mantle) may, however, block grain growth even at
high temperatures, favoring the preservation of fine-grained domains
(Bercovici and Ricard, 2012). The efficiency of this process depends nev-
ertheless on the grain size and distribution of the second phase; it is
maximized for homogeneously distributed fine-grained pyroxenes, as
in the synthetic aggregates used in experiments (cf. review by
Herwegh et al., 2011). However, as reviewed in Section 3.3, such micro-
structures are only observed in nature within mm-scale ultramylonite
bands in which synkinematic reactions trigger crystallization of fine-
grained phases. In most peridotites, pyroxene grains or pyroxene-rich
domains show mme-scale spacing (cf. EBSD phase maps in Fig. 6). Even
in mylonitic peridotites, where both phases are largely recrystallized,
shearing results in phase-segregation and the spacing between
pyroxene-rich domains is on average > 100 um (Fig. 9). These observa-
tions suggest that pinning is not an effective process to preserve small
grain sizes for geological times in large volumes of mantle rocks.

In addition, natural observations point to effective grain size reduction
in small volumes of the lithospheric mantle. Peridotite mylonites,
i.e., partially recrystallized rocks with average grain sizes <200 um and
microstructural evidence for dominant dislocation creep, occur essentially
within shear zones with a maximum width of a km (usually < 100-
200 m). These microstructures may be preserved for long time spans
only in the colder, shallowest parts of the lithospheric mantle. The vol-
umes of ultramylonites are even smaller. They are limited to mm to cm-
scale bands spaced by a few cm in mylonitic domains a few meters to
hundred meters wide. Yet reactional ultramylonites are the sole rocks
displaying clear evidence for phase mixing and, hence, in which pinning
may inhibit grain growth over very long time spans. Strain localization
may be associated with the reactivation of these fine-grained domains.
These mylonitic and ultramylonitic zones may also accommaodate signifi-
cant amounts of shear, consistent with plate tectonic slip rates. The open
question is whether their volume and/or spatial distribution (do they
form networks continuous over long enough distances?) suffice to pro-
duce effective strain localization at the plates scale as proposed by
Bercovici and Ricard (2014). In other words, do hundred of meters wide
and a few km long rheological heterogeneities confined to the shallow
part of the lithospheric mantle represent large enough perturbations to
trigger plate scale strain localization? New models considering explicitly
the thermal gradient across a plate, its effect on grain growth, and in
which the effect of grain size pinning is not overestimated are needed
to answer this question.



4.4. Thermo-mechanical anisotropy

Anisotropy associated with coherent preferred orientation of olivine
crystals directly modifies the thermo-mechanical behavior of the man-
tle, since it induces a directional dependence for both elastic and
viscoplastic deformations and for the thermal conduction. Viscoplastic
anisotropy modifies the flow pattern, because deformation in some di-
rections will be easier. Numerical models of the deformation of a ho-
mogenous, but anisotropic plate composed of 100% olivine (Knoll
et al., 2009) show that, depending on the deformation regime and on
how the CPO evolves with strain, viscoplastic anisotropy may produce
hardening (in compression or extension) or softening (in simple
shear). Hardening (increase in yield stress by a factor 2) has also been
documented experimentally by deforming in axial extension olivine
polycrystals previously deformed in simple shear to different strains
(Hansen et al., 2012).

Yet, the lithospheric mantle is not a homogeneous anisotropic medi-
um. As reviewed in Section 2.2, seismic anisotropy data reveal that an-
isotropy is ubiquitous, but the orientation of fast seismic directions
and hence the orientation of the olivine CPO change laterally both at
plate boundaries and within plates (Figs. 2, 3, 12, 13). Lateral variations
in upper mantle viscoplastic anisotropy may control the strain distribu-
tion, because deformation will tend to be focused in domains where the
preexisting olivine CPO (inherited from previous deformation events) is
well oriented to accommodate the present tectonic solicitation. Numer-
ical models of the extensional deformation of a plate containing a planar
domain with a moderate olivine CPO oriented as to simulate a
preexisting continental scale strike-slip shear zone embedded in an ini-
tially isotropic plate show that such structures are reactivated (i.e., they
localize the deformation) when submitted to compression or extension
oblique to their trend (maximum resolved shear stresses on the
preexisting fabric are obtained for compression or extension at 45°;
Fig. 14), but display a stiff behavior for both compression and extension
normal or parallel to the preexisting foliation (Tommasi et al., 2009). A
characteristic feature of the reactivation of these ‘fossil shear zones’ is
that it implies, in its initial stages, a strong component of shearing par-
allel to the foliation in the fossil shear zone (Fig. 14e-g).

The predictions of these models are consistent with observations
suggesting transtension followed by normal extension in many active
or fossil rift systems that formed parallel to ancient collisional belts,
such as the East African rift (Bosworth and Strecker, 1997), the Rhine
graben (Homuth et al., 2014; Schumacher, 2002), and the rifts leading
to the break-up of eastern Gondwana (Jacob and Dyment, 2014;
Powell et al., 1988) and the opening of the North Atlantic (Geoffroy
et al., 1994). These models also explain the common reactivation of
large-scale wrench faults during successive collisional and extensional
episodes. For instance, the Newfoundland-Azores-Gibraltar fault zone,
which acted as a dextral strike-slip boundary during the Hercynian
orogeny (Keppie, 1989), was reactivated as a major transform fault ac-
commodating the differential motion between Africa and Europe during
the opening of the Central Atlantic (Fig. 15). A similar process may ex-
plain the formation of transtensional rifts along the Paleozoic Atlas
belt in Morocco in the same period and their reactivation in compres-
sion during the Neogene to produce the High and Middle Atlas moun-
tains (Beauchamp et al., 1996; Schettino and Scotese, 2002; Schettino
and Turco, 2009).

The evolution of the olivine CPO with increasing strain both within
and outside the ‘inherited shear zone’ may, however, result in inversion
of the rheological contrast between the ‘inherited shear zone’ and its
surroundings, leading to strain delocalization (Tommasi et al., 2009).
Comparison of the evolution of the strain rate in three models that
only differ by the initial olivine CPO outside the inherited shear zone il-
lustrates this effect (Fig. 14b-g). Delocalization does not occur in the
model where the initial olivine CPO outside the ‘inherited shear zone’
is oriented with the maximum concentration of [ 100] parallel to the im-
posed extension, because this initial hard orientation is strengthened by

the extension (Fig. 14c and f). In the model with an initially random
olivine CPO, the CPO evolution in both domains result in hardening,
but this evolution is faster in the ‘inherited shear zone’ producing
strain delocalization for extensional strains of 25% (Fig. 14b and e). De-
localization is even faster in the model where the initial olivine CPO
outside the ‘inherited shear zone’ is oriented with the maximum
concentration of [100] normal to the imposed extension, because this
initially hard orientation is unstable (Fig. 14d and g). The CPO reorienta-
tion outside the inherited shear zone results in weakening, whereas the
evolution of the olivine CPO inside the inherited shear zone produces
hardening.

Failed rifts are common in nature, among which many are parallel to
the preexisting fabric of the plate, such as the Mesozoic Tucano-Jatoba
basins in Brazil, which closely follow the N-S archean structures in the
Sdo Francisco craton and the Neoproterozoic East Pernambuco shear
zone north of it (Milani and Davison, 1988). However, many rifts
evolved into successful oceanic basins. This suggests that, in these sys-
tems, either the CPO evolution during extension did not result in an in-
version of the rheological contrasts or other softening processes, such as
shear heating, changes in microstructure, and/or focusing of melts or
fluids into the deformed zones, have been activated to keep the defor-
mation localized into the nascent rift.

Based on these model results and on geological observations,
Tommasi et al. (2009) proposed that lateral variations in mechanical
behavior due to changes in the inherited olivine crystal preferred orienta-
tions within a plate represent a major ‘seed’ process for strain localization.
In contrast to lateral variations of the geotherm, crustal thickness, or dam-
age zones associated with brittle faults that may also seed localization, the
persistence of viscoplastic anisotropy is not limited by heat diffusion, iso-
static re-equilibration, or erosion. As discussed in the previous sections,
olivine CPOs are the rule, not the exception in the lithospheric mantle.
Once formed, CPO is not destroyed, but only modified by new deforma-
tion episodes. The coherence between seismic anisotropy data and the
orientation of crustal structures in geological terranes of different ages, in-
cluding cratons (e.g., Mareschal et al., 1995; Silver and Chan, 1991; Silver
et al,, 2001), corroborates that CPO-induced mechanical anisotropy may
be preserved for billions of years. Viscoplastic anisotropy due to
preexisting crystallographic fabric may therefore be reactivated long
time after the cessation of the deformation event that produced it. It
may thus be the main cause of repeated opening and closure of oceanic
basins along the same suture zones — the Wilson cycles (Wilson, 1966).

However, the models discussed above considered a highly simplified
situation, in which the olivine deformation and the resulting CPO evolu-
tion do not depend on temperature. The conditions implemented in the
models are appropriated to simulate the high-temperature deformation
in the lower part of the lithospheric mantle, but their applicability to
model the deformation in the cold sub-Moho lithospheric mantle is dis-
putable. Experimental data suggest that at temperatures <1000 °C, de-
formation of olivine activates both [100] and [001] glide in multiple
planes (Demouchy et al.,, 2013, 2014; Phakey et al., 1972). This should
result in weaker olivine CPO and reduce the anisotropy. In addition,
the observations reviewed in Section 3.3 suggest that, at low tempera-
ture, deformation in the lithospheric mantle is localized in very small
volumes. These two points are at odds with the seismic anisotropy de-
tected by refraction and Pn studies in most continental domains and,
in particular, beneath major fossil and active strike slip shear zones,
such as the San Andreas and Alpine transform boundaries or the
hercynian South Armorican shear zone (e.g., Bamford, 1977; Buehler
and Shearer, 2014; Calvert et al., 2000; Fuchs, 1977; Hearn, 1996;
Hirn, 1977; Judenherc et al., 2003). Do the seismic anisotropy data
imply that the deformation in these strike-slip zones produced ‘high-
temperature’-type olivine CPO in the shallow lithospheric mantle at
scales of tens of km? Or do they record an older higher temperature lith-
ospheric deformation, the present-day deformation been localized in
volumes too small to be sampled by seismic methods, as suggested by
Behr and Hirth (2014) for the southern California? In the latter case,
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Fig. 14. Numerical models of the extensional deformation of a plate containing an ‘inherited continental scale strike-slip shear’ oriented at 45° to the imposed extension (Knoll, 2009;
Tommasi etal.,, 2009).In (a), (b), and (e), the ‘inherited shear zone’ is embedded in an initially isotropic plate. In (c) and (f), it is embedded in a plate with an olivine CPO of similar strength,
but which is oriented with its [100] maximum concentration parallel to the imposed extension direction. In (d) and (g), the olivine CPO outside the ‘inherited shear zone’ has its [100]
maximum concentration normal to the imposed extension. (a) Shear strain distribution at the end of the simulation: CPO-induced anisotropy results in higher shear strain (strain local-
ization) in the ‘inherited shear zone’. Evolution of the olivine texture within the ‘inherited shear zone’ may be evaluated by comparing the initial (top left) and final (bottom right) textures.
Insert: slip systems in the olivine crystal, ‘easy’ (010)[100] and (001)[100] systems are outlined by dark-gray shading and thicker lines parallel to the slip direction. (b), (c), and
(d) Evolution of the Von Mises equivalent strain rates in the ‘inherited shear zone’ (thick lines) and in the surrounding lithosphere with increasing strain, showing that the evolution
of the olivine CPO in both domains may result in strain delocalisation. Inserts show the initial olivine CPO outside the ‘inherited shear zone". (e), (f), and (g) Evolution of the different com-
ponents of the strain rate tensor with increasing strain. Note the transtensional deformation within the inherited shear zone.

why are the seismic and tectonic observations coherent? These incon- Heat conduction in mantle rocks also is anisotropic; experimental
sistencies highlight our poor knowledge of the deformation in the up- data show that conduction parallel to the lineation is up to 30% faster

permost lithospheric mantle, which hinders a proper representation of than normal to the foliation (Gibert et al., 2003; Tommasi et al., 2001).
this key layer in models. However, heat diffusion is a slow process and this anisotropy does not
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result in highly anisometric thermal anomalies. This process alone can-
not therefore explain the reactivation of the preexisting fabric of the
lithospheric mantle. However, it may assist strain localization due to
viscoplastic anisotropy. A similar effect may be expected from an aniso-
tropic arrangement of melt rich lenses. Since the presence of even small
melt fractions results in weakening of mantle rocks (Kohlstedt and
Zimmerman, 1996; Takei and Holtzman, 2009), a preferred orientation
of melt lenses should result in mechanical anisotropy, leading to a re-
duced shear viscosity parallel to the orientation of the melt lenses
(Holtzman et al., 2012). As discussed in Section 3.4, oriented melt lenses
are produced by either ongoing deformation or anisotropic percolation
along a preexisting foliation. If present, mechanical anisotropy due to
melt alignment will therefore add up to the viscoplastic anisotropy pro-
duced by olivine CPO.

5. Concluding remarks

Joint analysis of geophysical observations and of meso- to micro-
metric scale structures on peridotite massifs and xenoliths indicates
that heterogeneity and anisotropy are ubiquitous in the lithospheric
mantle. Significant effects of heterogeneities and anisotropies on the
physical properties and behavior of the lithospheric mantle are there-
fore expected. Several types and scales of heterogeneity have been
evidenced:

1— Large-scale variations in the geothermal gradient, which may be ac-
companied by a variation in composition, as in the cratons. These
heterogeneities are produced by major geodynamic processes (sub-
duction, rifting, collisions, plume impacts) and are active over
protracted time durations. Some of these thermal heterogeneities,
like the cratons, may remain stable for several G.y., while others,

like aborted rifts, are transient and may be re-equilibrated after a
few tens of m.y. These stiff (cold) or soft (hot) domains, which are
hundreds to thousands of km wide, form a first order mechanical
heterogeneity pattern that controls the strain distribution within
plates.

2— Strong heterogeneity in both major-element and modal composi-
tions occurs at all scales in the lithospheric mantle, starting at the
mm- to m-scale (e.g., the compositional layering observed in most
peridotite massifs). This compositional heterogeneity, which is es-
sentially produced by reactive melt migration in the lithospheric
mantle, is a very long-lived feature. Solely melting produces ho-
mogenization; deformation only decreases the scale of heterogene-
ity. Heterogeneity in the mineralogical composition has
nevertheless a minor effect on the mechanical behavior of the lith-
ospheric mantle, as indicated by the absence of evidence for rheo-
logical contrasts between dunites, harzburgites, and lherzolites in
peridotite massifs. However, it has a strong effect on the melting be-
havior and might indirectly (via localized melting) affect the strain
repartition.

3— Presence of small fractions of melt may result in strong local weak-
ening and in marked seismic and mechanical anisotropy if the melt
is contained in oriented lenses or pockets. However, this melt-
related weakening and anisotropy are transient effects, which dis-
appear with melt crystallization or extraction.

4— Variations on the hydration state of the lithospheric mantle, in par-
ticular H" incorporation in olivine, might also result on rheological
heterogeneity, but the actual effect of hydration on the olivine de-
formation is presently unclear. Moreover, the hydration state of
the lithospheric mantle seems to be not exclusively controlled by
partial melting, but also by exchanges with fluids and melts perco-
lating the lithosphere, which are still poorly understood.

5— Rheological heterogeneity may arise from grain size reduction.
Inherited grain size heterogeneity may thus favor tectonic reactiva-
tion. The key question is whether the volumes of fine-grained peri-
dotites present in the lithospheric mantle suffice to modify the
rheology of the plates. Observations in peridotite massifs indicate
that fine-grained (mylonitic) peridotites are restricted to shear
zones <1 km wide. Further grain size reduction up to a few microns
is reached in still smaller volumes: cm- to mm-wide ultramylonite
bands heterogeneously distributed in the coldest parts (<100 m
wide) of these shear zones. Grain size heterogeneity is destroyed
by grain growth, which depends on temperature, time, and on the
size and distribution of second phases (pinning). Grains sizes
<50 um may only be preserved for several hundreds of m.y. in the
shallow and coldest parts of the lithospheric mantle or within
cm-scale ultramylonite bands in which reactional processes have
produced effective phase mixing allowing for grain boundaries
pinning.

6— Last but not least, another major source of rheological contrast and
hence of strain localization within plates is the variation in the
viscoplastic anisotropy due to lateral changes in the orientation of
the olivine CPO. This anisotropy results in easier shearing parallel
to dominant orientation of the olivine easy slip system, leading to
reactivation of preexisting structures when the resolved shear
stress on their foliation planes is high.

Olivine CPOs are formed and modified by deformation. Since the
mantle has been solid and deforming (either by convection or, at litho-
spheric depths, in response to plate tectonics) for >4 G.y., crystallo-
graphic preferred orientation of olivine and other mantle minerals is
the rule. Thus CPO-induced elastic and viscoplastic anisotropy exists ev-
erywhere. Though CPOs are produced at the rock (polycrystalline aggre-
gate) scale, the length scale at which anisotropy is effective depends on
the scales at which deformation with a similar kinematics occurs. In
other words, it depends on the volumes of lithospheric mantle de-
formed in a consistent way during a tectonic event. The consistency of



shear wave splitting measurements in continental domains suggests
that olivine CPO may have coherent orientations at scales ranging
from tens to hundreds of km. However, seismic anisotropy measure-
ments also record sharp changes in the orientation of anisotropy,
which are associated to superimposed tectonics events or to strain
partitioning at the scale of the tectonic system.

Numerical models, which explicitly consider an evolving mechanical
anisotropy due to olivine CPO in the lithospheric mantle show that:
(i) this anisotropy changes the mechanical response of the plates, lead-
ing to non-parallelism between applied stresses and deformation and to
development of shearing parallel to the preexisting structures trend
and (ii) lateral variations in the orientation and strength of olivine
CPO result in mechanical contrasts, which may seed strain localization.
Different evolution of the olivine CPO with increasing strain in the var-
ious domains of the models may, however, result in inversion of the
rheological contrast, leading to strain delocalization. In nature, howev-
er, activation of other strain localization mechanisms may impede
delocalization.

An open question in predicting mechanical anisotropy in the litho-
spheric mantle is our poor knowledge on how the lithospheric mantle
deforms in convergent or extensional plate boundaries (actual deforma-
tion regime, strain repartition, presence or not of shear zones, and, if yes,
their orientation and kinematics). Using seismic anisotropy data, we
may infer the volumetrically dominant olivine CPO, but not the strain
distribution. Higher strain localization, producing thinner deformed
and, hence, anisotropic domains, is expected in cold parts of the litho-
spheric mantle. In these domains, olivine CPO patterns might therefore
vary over shorter length scales (<1 km). In addition, mylonitic and
ultramylonitic peridotites have dominantly weak olivine CPO and
hence a weak anisotropy, but they may preserve small grain sizes if
temperatures are low. Thus, in cold domains of the shallow lithospheric
mantle, grain size variations might add up to the CPO-induced thermo-
mechanical anisotropy (formed by high-temperature deformation at
deeper levels or frozen in the host-rocks of the low-temperature shear
zones) to produce strain localization.
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