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Abstract Seismic anisotropy can provide unique insights on convection in the upper mantle. Here we
study the link between seismic anisotropy and mantle ﬂow using a non-Newtonian rheology consistent
with deformation by dislocation creep. Using analytical ﬁrst-order ﬂow models underneath a ridge and in
subduction zones, we ﬁnd that ﬁnite strain ellipsoid (FSE) is a robust proxy of seismic anisotropy, both in
terms of orientation and strength, for natural strains smaller than ≈ 1. At larger strains, anisotropy aligns
with the “inﬁnite strain axis” (ISA), deﬁned as the orientation of the long axis of the FSE in the limit of inﬁnite
strain, and its percentage reaches a plateau. Anisotropy aligns with the ﬂow direction only when the product
of the inverse strain rate with the timescale of ISA rotation within the ﬂow is smaller than 0.1.

1. Introduction
Seismic anisotropy in the Earth’s upper mantle is a key tool to infer the geometry and organization of convective ﬂow [e.g., Tanimoto and Anderson, 1984; Montagner, 1994; Savage, 1999]. Olivine is the major and
most anisotropic constituent of the upper mantle, and its compressional wave velocity can vary up to 20%
with direction [Kumazawa and Anderson, 1969; Nicolas and Christensen, 1987]. The hypothesis underlying
the interpretation of seismic anisotropy in terms of mantle ﬂow is that it results from lattice preferred orientation (LPO) of olivine crystals when it is consistent at the (regional) scale of the convective ﬂow. Whereas
olivine crystals are orthorhombic, the seismic anisotropy produced by their LPO is most often described in
terms of hexagonal symmetry (also called transverse isotropy) [e.g., Montagner and Nataf, 1988]. Seismic
observables, such as SKS splitting measurements or surface wave dispersion, can be used to infer the direction of a symmetry axis and a percentage of anisotropy corresponding to the diﬀerence between fast and
slow propagation velocities.
The interpretation of anisotropy can be controversial, depending on various underlying hypotheses on
the relationships between the direction of the LPO and either the ﬂow direction or a direction characteristic of the deformation in the area of interest. For example, recent studies have used the principal axis
of the strain rate tensor [Gaboret et al., 2003], or the absolute plate motion direction [Kreemer, 2009]. The
relationship between anisotropy and deformation in the ﬂow can be made explicit by studying the LPO
development through the deformation of olivine polycrystals. A complete characterization of LPO, hence
of seismic anisotropy, can be obtained using mechanical models of polycrystal deformation, such as the
ones based on the viscoplastic self-consistent theory (VPSC), coupled with a computed mantle ﬂow [e.g.,
Tommasi, 1998; Blackman and Kendall, 2002; Di Leo et al., 2014]. However, a complete forward modeling of
seismic anisotropy is numerically demanding, especially for 3-D and time-varying ﬂows, and simple proxies
remain useful for the interpretation of seismic anisotropy [e.g., Lev and Hager, 2008].
At low strain and for uniform deformation, experiments [Nicolas et al., 1973; Zhang and Karato, 1995] and
theoretical models [Ribe, 1992] showed that LPO (hence seismic anisotropy) can be simply described in
terms of ﬁnite strain, the olivine fast axis being aligned with the long axis of the ﬁnite strain ellipsoid (FSE),
and the percentage of anisotropy being a monotonic function of the ratio of the short and long axes of the
FSE. Based on these results, the FSE has been used as a proxy to interpret seismic anisotropy in terms of
large-scale mantle ﬂow [e.g., Hall et al., 2000; Becker et al., 2006; Li et al., 2014].
At large stain, texture evolution is not only due to internal crystal deformation but also and mainly controlled by dynamic recrystallization (subgrain rotation, grain nucleation, grain boundary migration, and
grain boundary sliding) [Poirier, 1985]. Simple shear deformation experiments showed that dynamic recrystallization makes the LPO rotate from the long axis of the FSE to the direction of shear [Zhang and Karato,
1995; Bystricky et al., 2000]. Kaminski and Ribe [2001, 2002] developed a theoretical model of dynamic
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recrystallization in olivine polycrystals to reproduce the experimental observations, and they extrapolate
their results to viscous mantle ﬂows. They obtained that dynamic recrystallization will tend to align the fast
axis of the olivine crystals with the inﬁnite strain axis (ISA), deﬁned as to the orientation of the long axis of
the FSE in the limit of inﬁnite strain. Kaminski and Ribe [2002] further introduced a dimensionless parameter
that could be used to identify the area in which anisotropy can be simply related to the ﬂow direction. This
parameter, called the grain orientation lag (GOL), is deﬁned as the ratio between the timescale of LPO evolution (which is the inverse of the local strain rate) and the rate of rotation of the ISA along the ﬂow lines. For
values of GOL ≪ 1, the direction of fast propagation in the anisotropic medium is the same as the ﬂow direction. This criterion has been used, for example, to study the relationship between ﬂow models and seismic
anisotropy in the upper mantle [e.g., Conrad et al., 2007; Conrad and Behn, 2010].
The GOL parameter criterion was established by Kaminski and Ribe [2002] using Newtonian ﬂows. This
hypothesis is not fully consistent, as LPO initially arises from plastic deformation of the olivine crystals,
which, by deﬁnition, corresponds to a non-Newtonian (power law) rheology. The aim of the present paper
is to study the relationship between seismic anisotropy, FSE, and ISA in the case of non-Newtonian ﬂows
and to discuss their potential use as proxies of seismic anisotropy. To that aim, we will follow a systematic
approach relying on analytical solutions of the Stokes equations for a power law rheology and in two main
geodynamic environments, underneath mid-oceanic ridges and in subduction zones.

2. Methods: LPO Evolution in Viscous Non-Newtonian Flows
2.1. Non-Newtonian Corner Flows as Analogue of Mantle Flow in a Subduction Zone
and Beneath a Ridge
Seismic anisotropy is a function of the deformation history of the olivine aggregates integrated along the
ﬂow lines. To assess the relationship between the characteristics of anisotropy and the characteristics of the
ﬂow, we choose an analytical approach and used simple corner ﬂows that (i) encompass some of the main
features of plate driven mantle ﬂows, in subduction zones and below ridges, and (ii) allow a fast calculation
of the LPO evolution. We consider two families of corner ﬂows that are solutions of the Stokes equations for
a viscous ﬂuid and at low Reynolds number [Batchelor, 1967],
∇ ⋅ u = 0,

(1)

∇ ⋅ 2𝜂 e = ∇p,

(2)

where u, e, p, and 𝜂 are the ﬂow velocity, the strain rate tensor, the pressure, and the ﬂuid viscosity, respectively. The Stokes equation is solved for a power law rheology consistent with deformation by dislocation
creep, such that [Ribe, 1989]
(
𝜂 = 𝜂0

I2
e0

) 1 −1
n

,

(3)

where I2 is the second invariant of the stain rate tensor, 𝜂0 is the viscosity at the reference strain rate e0 ,
and n is the stress exponent characterizing the rheology. A Newtonian rheology corresponds to n = 1,
whereas the rheology corresponding to dislocation creep of olivine yields n ≈ 3.5–3.6 [Bai et al., 1991; Jin
et al., 1994]. In the following, we will take n = 3 as an approximation for dislocation creep of olivine in
order to get analytical solutions. Note that this model is an analogue of viscous ﬂow in the mantle and that
further reﬁnements will be necessary to study the “frozen-in” LPO, e.g., through temperature-dependent
viscosity. Because these ﬂows are steady, they may not account for all the deformation patterns in nonsteady
state subduction zones.
The analytical solutions for the (Newtonian and non-Newtonian) ﬂows in polar coordinates (r, 𝜃 ) are
expressed using a dimensionless stream function Ψ = rf (𝜃), such that (ur , u𝜃 ) = U0 (f ′ , −f ), with U0
the velocity of the plate driving the ﬂow [Batchelor, 1967]. The form of the function f (𝜃) depends on the
mechanical boundary conditions and on the exponent of the power law rheology and is written as follows
[Tovish et al., 1978]:
f (𝜃) = A sin 𝜃 + B cos 𝜃 + C sin 𝜃 + D cos 𝜃,
f (𝜃) = A sin 𝜃 + B cos 𝜃 + Ch(𝜃, D),
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Table 1. Analytical Solutionsa for the Stream Function Ψ = rf (𝜃)
Mid-Ocean Ridge
n=1

n=3

A

0

B
C
D

0
0
−2∕𝜋

Subduction Zone

−C h(𝜋∕2)

n=1
(
)
) (
𝜃0 sin 𝜃0 ∕ 𝜃02 − sin2 𝜃

−C h′ (0)

n=3

( ′ 0 )−1
h (𝜋∕2)
√
3𝜋∕(2 5)

0) (
)
(
𝜃0 cos 𝜃0 − sin 𝜃0 ∕ 𝜃02 − sin2 𝜃
−A

−C h(0)
(
)−1
h(0) sin 𝜃0 − h′ (0) cos 𝜃0 + h′ (𝜃0 )
h(𝜃0 ) = sin 𝜃0 h′ (0) − cos 𝜃0 h(0)

a The function h is the one deﬁned in equation (6). In the case of the non-Newtonian ﬂow analogue to a

subduction zone, D is solution of a transcendental equation.

with

√
h(𝜃) = 27 cos

√
5
(𝜃 + D) − cos 5(𝜃 + D),
3

(6)

where A, B, C, and D are determined from the boundary conditions (Table 1).
Figure 1 shows a few examples of ﬂow lines for the two corner ﬂows and for Newtonian and non-Newtonian
rheologies. The non-Newtonian rheology produces a velocity ﬁeld similar to the one produced with a Newtonian rheology in the two geometries. However, streamlines tend to tighten up with increasing values of
n, leading to stronger velocity gradients close to the plate driving the ﬂow. It is thus likely that the diﬀerences between Newtonian and non-Newtonian cases in terms of seismic anisotropy, which is controlled by
the deformation of the aggregates integrated along the ﬂow lines, are going to be more signiﬁcant than the
diﬀerence between the ﬂow lines themselves.
2.2. Crystal Deformation and Dynamic Recrystallization
LPO evolution in the ﬂows (hence anisotropy) results from the progressive deformation along the ﬂow
lines of the crystal aggregates subject to the local velocity gradient tensor L = ∇u. In the analytical cases
considered here, L is given by
(
)
f + f ′′ 0 1
,
Lr𝜃 =
(7)
0 0
r

Figure 1. Three examples of streamlines in 2-D corner ﬂows taken as ﬁrst-order approximation of (a) a mid-ocean ridge, (b) a subduction zone, and for two diﬀerent rheologies (solid lines: non-Newtonian rheology, n = 3; dashed lines: Newtonian rheology, n = 1). Pole ﬁgures correspond to lower hemisphere projections
of [100] olivine lattice, in multiples of uniform distribution, at three locations along two streamlines in the non-Newtonian ﬂows. Solid lines show the hexagonal
symmetry axis, dashed lines the ISA, and dotted lines the FSE long axis.

HEDJAZIAN AND KAMINSKI

©2014. American Geophysical Union. All Rights Reserved.

7067

Geophysical Research Letters

10.1002/2014GL061372

which shows that the local deformation at an arbitrary point (r, 𝜃)
corresponds to a simple shear on a
plane normal to the plane (r, 𝜃) and
with a shear direction along 𝜃 . The
deformation produced by the integration of the local deformation along
the ﬂow lines is fully described by the
ﬁnite strain ellipsoid (FSE) [McKenzie,
1979]. Within the FSE framework, a
random distribution of orientations in
a polycrystal aggregate corresponds
to a sphere. The sphere later becomes
an ellipsoid as a function of the
imposed deformation. The relevant
parameters for seismic anisotropy
are the orientation of the long axis
of the FSE, and the natural strain,
E0 = (1∕2) ln(a∕c), with a and c the
lengths of the major and minor axes
of the ellipsoid, respectively.
To further model LPO evolution by
plastic deformation and dynamic
recrystallization in the ﬂows, we
Figure 2. Percentage of anisotropy in the hexagonal medium that best
used D-Rex, the model developed by
ﬁts the local elastic tensor (gray scale map) compared to the natural strain
Kaminski et al. [2004]. In this model,
(level lines) for a power law rheology, with a grain boundary mobility
the LPO evolves by four mechaM∗ = 125, and for (a) a mid-ocean ridge and (b) a subduction zone.
nisms: internal plastic deformation of
the crystals, grain nucleation, grain
boundary migration, and grain boundary sliding. The model parameters are the activity of the slip systems
for olivine and enstatite, a dimensionless nucleation rate, a dimensionless grain boundary mobility, and a
dimensionless activation volume for grain boundary sliding. All the parameters are constrained by comparison with laboratory experiments [Nicolas et al., 1973; Zhang and Karato, 1995; Bystricky et al., 2000]. In
the following, we consider an aggregate of N = 173 ≈ 5000 crystals with 70% olivine and 30% enstatite.
We assume that olivine crystals deform by dislocation creep on three independent slip systems, (010)[100],
(001)[100], and (010)[001]. The respective normalized reference resolved shear stresses are 𝜏0(010)[100] = 1,
𝜏0(001)[100] ∕𝜏0(010)[100] = 2, and 𝜏0(010)[001] ∕𝜏0(010)[100] = 3, which will result in the most common “type A” olivine
LPO [e.g., Karato et al., 2008]. Parameters for dynamic recrystallization are the same as in Kaminski et al.
[2004]. Once the texture evolution has been calculated, the elastic tensor is obtained by a Voigt average and
decomposed in the diﬀerent symmetry classes as in Browaeys and Chevrot [2004]. We then quantify seismic
anisotropy using the hexagonal medium that best ﬁts the full elastic tensor. The hexagonal symmetry axis
corresponds to the direction of fast propagation that we will refer to as “the fast axis” in the following, and
the module of the hexagonal part of the elastic tensor gives the percentage of anisotropy.

3. Results: Deﬁning a Proxy of Seismic Anisotropy in Non-Newtonian Mantle Flows
3.1. The Relationship Between Finite Strain and Seismic Anisotropy
As a ﬁrst step, we evaluate the relevance of FSE as a proxy for seismic anisotropy, since they have been
shown to be closely related in the case of uniform deformations at moderate strain [Ribe, 1992]. We ﬁrst
compare the percentage of anisotropy with the natural strain in the two ﬂows (ridge and subduction zone).
The results, shown in Figures 2 and 3, demonstrate that natural strain provides a satisfying estimate of the
percentage of anisotropy, up to a ﬁnite strain E0 ≈ 1. For a given value of the natural strain smaller than
1, the percentage of anisotropy increases for larger grain boundary mobility. For larger strains, anisotropy
reaches a plateau value of ≈8%. The maximum strain at which the plateau value is reached decreases
with increasing grain boundary mobility. This plateau corresponds to a “steady state” LPO in which the
HEDJAZIAN AND KAMINSKI
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Figure 3. Percentage of anisotropy in the hexagonal medium that best ﬁts the local elastic tensor as function of the natural strain for two extreme values of grain
boundary mobility (gray: M∗ = 50; black: M∗ = 250) and for (a) a ridge and (b) a subduction zone. Each dot on the graph corresponds to a calculation at a grid
point of the model.

orientations of the crystals are distributed around a single average orientation, with a small random
deviation from the average orientation due to grain boundary sliding, and with the fast axis of enstatite
perpendicular to the fast axis of olivine [Kaminski et al., 2004].
We then compare the orientation of the FSE long axis with that of the fast axis of the hexagonal medium
that best ﬁts the elastic tensor. Figure 4 shows the mismatch between the two orientations. At small strains

Figure 4. Evolution of the angle between the orientation of FSE long axis and the hexagonal symmetry axis (gray scale, saturated at 45◦ ) as a function of the
natural strain (given by the contour lines): (a) Mid-ocean ridge and (b) subduction zone. Inconsistent values arise when E0 < 0.1, which is a too small deformation
for the hexagonal symmetry to be a good approximation of the local elastic tensor. Angle between the ISA and the hexagonal symmetry axis (gray scale, saturated
at 45◦ ), as a function of the natural strain (given as contour lines): (c) Mid-ocean ridge and (d) subduction zone.
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(E0 < 0.5), the FSE long axis has the same orientation as the hexagonal symmetry axis. For strains E0 > 0.5,
the accumulated deformation is large enough for dynamic recrystallization to control the evolution of LPO
and the FSE evolution starts to lag behind the LPO. The diﬀerence between the two orientations can be
quite small in the case of a ﬂow in which the direction of shear does not vary much along the ﬂow lines but
can be large in the case of rapid rotation of the streamlines. This is consistent with the results of Faccenda
and Capitanio [2013], who have calculated an average mismatch angle of 22◦ using 3-D dynamic models of
subduction. Where 0.5 < E0 < 1, the diﬀerence remains smaller than 15◦ and the FSE remains an acceptable proxy. For E0 > 1, it may be more relevant to use the ISA as a proxy for the orientation of the fast axis
[Kaminski and Ribe, 2002], as discussed below.
3.2. Direction of Anisotropy and Orientation of the Inﬁnite Strain Axis
In crystal aggregates deformed under uniform simple shear in the laboratory, the long axis of the FSE does
not provide a good proxy for the average orientation of crystals direction of anisotropy because dynamic
recrystallization tends to make the LPO rotate faster toward the shear direction [e.g., Zhang and Karato,
1995]. Numerical simulations of LPO evolution in the case of plane deformations led Kaminski and Ribe
[2002] to propose that at large strain seismic anisotropy will tend to follow the orientation of the long axis of
the FSE that would be reached in the limit of inﬁnite strain, i.e., the ISA.
We calculate the ISA for the two analytical ﬂows using the method described in Kaminski and Ribe [2002],
and we compare its orientation with the direction of the fast axis of the hexagonal medium that best ﬁts
the elastic tensor (Figure 4). At small strains (E0 < 1), the fast axis does not align with the ISA, which is fully
consistent with the previous observation that it is aligned with the long axis of the FSE at small strains. At
strains E0 > 1, dynamic recrystallization controls the LPO evolution and makes the fast axis rotate toward
the ISA rather than to the FSE long axis. Hence, in this second case the ISA is a better proxy than the long
axis of the FSE for the hexagonal symmetry axis. As shown by the comparison of Figure 4, the zones of large
mismatch between the long axis of the FSE and the fast axis of anisotropy correspond to the zones of good
agreement between ISA and fast axis, and vice versa.

4. Discussion
Seismic anisotropy is mainly due to crystal deformation in the convective upper mantle. In this framework, its interpretation in terms of mantle ﬂow is not straightforward because the deformation history can
be much more complex than the local ﬂow characteristics. Our results provide some guidelines for the
interpretation of measured seismic anisotropy.
A ﬁrst method to interpret seismic anisotropy is the forward calculation of LPO evolution in a numerical ﬂow
model proposed for the studied area (e.g., a 3-D dynamic ﬂow in a subduction zone), using a model of plastic deformation, e.g., VPSC if dynamic recrystallization is neglected [Di Leo et al., 2014] or D-Rex if dynamic
recrystallization is taken into account [e.g., Faccenda and Capitanio, 2012, 2013]. The anisotropic signature of
the calculated LPO can then be compared to seismic data in order to constrain model parameters. However,
the required numerical resources may be too large for 3-D ﬂows and/or time-varying ﬂows. In that case, we
propose the following approach: (1) to calculate the FSE (hence the natural strain E0 ); (2) if E0 < 1, to use the
long axis of the FSE as a proxy for the direction of fast axis and the natural stain as a scale for the percentage
of anisotropy; and (3) if E0 > 1, to use the direction of the ISA as a proxy for the direction of fast axis and to
consider that the percentage of anisotropy has reached a plateau value (depending on the hypothesis on
composition and fabric type).
This method takes into consideration the eﬀect of dynamic recrystallization and thus provides a more consistent LPO pattern at high strain by comparison with a method using only the FSE [e.g., Li et al., 2014].
Lev and Hager [2008] introduced a “directors” method which provides a compromise in terms of computational cost between FSE calculation and full mechanical modeling. Their method remains to be tested in
non-Newtonian ﬂows and to be compared to the combined FSE/ISA fast method presented here. We postulate that, in general, uncertainties on model parameters in the upper mantle (e.g., exact slip system activities
or grain boundary mobility) may be too large for a method more complex than FSE/ISA to be required to
interpret seismic anisotropy.
A second method of seismic data interpretation is the inverse approach, in which the direction of fast
propagation determined from ﬁeld measurements is directly taken as the ﬂow direction. This approach is,
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Figure 5. Angle between the hexagonal symmetry axis and the ﬂow direction (color scale, saturated at 45◦ ) as a function of the GOL parameter
(given as contour lines) in (a) a mid-ocean ridge and (b) a subduction zone.

GOL = 2

|f (f ′2 − ﬀ ′′ )|
| ,
|
|f + f ′′ | |f 2 + f ′2 |

however, likely to be valid in
restricted parts of the mantle. As we
have seen, at small strains, the hexagonal axis is indeed aligned with the
long axis of the FSE, which is not
the ﬂow direction. At large strains,
the hexagonal axis is aligned
with the ISA; hence, it will be aligned
with the ﬂow direction if and only
if the ISA itself is aligned with the
ﬂow direction. To test the relationship between hexagonal axis and
ﬂow direction, we use the grain orientation lag (GOL) parameter, deﬁned
by Kaminski and Ribe [2002] as the
ratio between the timescale of rotation of the LPO toward the ISA (which
is the inverse of the local strain rate)
over the timescale for the rotation of
the ISA along the ﬂow lines. According to Kaminski and Ribe [2002],
alignment between the crystals and
the ﬂow direction will occur only
when the GOL parameter is smaller
than 0.5. To conﬁrm this criterion for
non-Newtonian ﬂows, we analytically
compute the GOL parameter,
(8)

and we calculate the angle between the fast axis and the ﬂow direction in the two corner ﬂows. The results
shown in Figure 5 validate the criterion based on the GOL parameter, but with a more stringent condition
than the one proposed by Kaminski and Ribe [2002] for Newtonian ﬂows. In the case of non-Newtonian
ﬂows, the direction of the fast axis and the ﬂow direction will be aligned only when the GOL parameter is
smaller than 0.1. This is only the case close to the plates, i.e., in the narrow regions where the rate of shear
is maximum. We thus suggest that seismic anisotropy is taken as a hint of mantle ﬂow direction only when
the zone seismically sampled is close to a plate (such as under the lithosphere or near a subducting slab)
and has a narrow extent. SKS splitting parameters, which by deﬁnition sample large domains of the upper
mantle, should be interpreted in terms of mantle ﬂow with caution in general.
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The conclusions reached in this paper are based on the model D-Rex developed by Kaminski et al. [2004],
which is still a simplistic model of LPO evolution. Additional parameters are likely to aﬀect the relationship
between seismic anisotropy and mantle ﬂow. One kind of parameter is “external,” like the local presence of
melt or water in the mantle [Holtzman et al., 2003; Jung and Karato, 2001]. A complete forward modeling will
be required to interpret seismic anisotropy in such cases as these parameters may change quite abruptly
the orientation of the fast axis locally [Kaminski, 2006]. A second kind of parameter is more “internal,” e.g.,
pressure and/or temperature, and are related to fabric transition [Mainprice et al., 2005; Jung et al., 2009] or
the relative contribution of dislocation creep and diﬀusion creep. A recent study has shown for example that
diﬀusion creep may generate a nonrandom LPO in olivine aggregate [Miyazaki et al., 2013], hence should be
taken into account in updated models of LPO evolution.
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