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[1] Seismic anisotropy usually arises fromdifferentmechanisms,
which include lattice or crystallographic preferred orientation
(LPO, CPO), alignment of cracks with or without !uid
inclusions, "ne layering, or partial melting. This makes the
interpretation of anisotropy in terms of “intrinsic” (produced
by LPO, CPO) versus “extrinsic” (produced by other
mechanisms) properties dif"cult and nonunique. The radial
anisotropy in the one-dimensional, global spherically
symmetric reference Earth is usually claimed to be intrinsic.
Here we explore whether the radial anisotropy in one-
dimensional reference Earth models including preliminary
reference Earth model (PREM) and the constrained reference
Earth model ACY400 contains extrinsic anisotropy,
especially in relation to "ne layering. We conclude that as
well as intrinsic anisotropy, extrinsic anisotropy introduced
by "nely layered models, can be considered to explain the
lithospheric anisotropy in PREM, but cannot explain alone
its asthenospheric anisotropy. We also "nd that radial
anisotropy in model ACY400 is mainly intrinsic due to its
petrological constraints. Citation: Wang, N., J.-P. Montagner,
A. Fichtner, and Y. Capdeville (2013), Intrinsic versus extrinsic
seismic anisotropy: The radial anisotropy in reference Earth models,
Geophys. Res. Lett., 40, doi:10.1002/grl.50873.

1. Introduction

[2] Evidence for seismic anisotropy in the Earth’s mantle
has been steadily growing over several decades. Anisotropy
(azimuthal or radial anisotropy) is necessary to explain
various seismological and mineralogical data, and it provides
invaluable information on the geodynamics and rheology of
the Earth. Anisotropy can be produced by multiple physical
processes at different spatial scales !S (Figure 1). It exists
from the microscale (crystal scale) to the macroscale,
where it can be observed by seismic waves that have
wavelengths !W up to hundreds of kilometers. Most minerals
in the Earth’s upper mantle are anisotropic. Figure 1a shows
a single anisotropic olivine crystal (scale <10!6m) [Zhang
and Karato, 1995; Ben Ismaïl and Mainprice, 1998;
Montagner, 1998], and Figure 1b shows the aggregate
(e.g., peridotite) of different minerals such as orthopyroxene
and clinopyroxene [Peselnick et al., 1974; Christensen

and Lundquist, 1982]. Under "nite strain accumulation
[Ribe, 1992], they can obtain a lattice or crystallographic pre-
ferred orientation (LPO or CPO), resulting in large-scale
(>1 km) anisotropy. This can provide fundamental informa-
tion on the structure and the geodynamic processes of the
Earth [Hess, 1964; Peselnick et al., 1974; Christensen and
Lundquist, 1982; Zhang and Karato, 1995; Ben Ismaïl and
Mainprice, 1998; Long and Becker, 2010].
[3] At intermediate scales (10!3–103m), other processes

can also give rise to observed anisotropy. Cracks (with or with-
out !uid inclusions) embedded in rocks can be aligned parallel
to the main compressive stress "eld through the mechanism of
shape-preferred orientation [O’Connell and Budiansky, 1976;
Crampin, 1984; Babuska and Cara, 1991; Hudson et al.,
2001] (Figure 1c), producing anisotropy when their averaged
scale is much smaller than the seismic wavelength.
[4] Seismic waves are sensitive to anisotropy at even larger

scales. A purely isotropic layered medium with an average
layer thickness that is much smaller than the seismic wave-
length will be equivalent to a vertical transversely isotropic
(VTI) medium [Backus, 1962], a phenomenon called the
long-wavelength equivalent effect (Figure 1d). This can oc-
cur, for example, in a laminated structure, such as sedimen-
tary deposits with "ne layers, or in a marble-cake model
[Allègre and Turcotte, 1986] with superposition of various
elongated strips of mantle materials. Partial melting
[Kawakatsu et al., 2009] can also have a signi"cant role in
the study of seismic anisotropy. It takes place when materials
of the layered Earth have different melt temperatures and re-
!ects the geodynamics of the Earth (Figure 1e). It is mainly
affected by temperature and pressure and then can be related
to phase changes (for example, from solid phase to liquid
phase) [see Turcotte and Schubert, 2002].
[5] Therefore, seismic anisotropy can result from LPO or

CPOwhich is related to the strain "eld; or from the alignment
of cracks, "ne layering, or partial melting, which is related to
the stress "eld. We classify the anisotropy produced by LPO
and CPO as intrinsic anisotropy, while the anisotropy pro-
duced by other mechanisms as extrinsic anisotropy.
Different mechanisms can produce anisotropy at multiple
scales, making the interpretation of anisotropy dif"cult and
nonunique [e.g., Backus, 1962; Fichtner et al., 2013]. In this
paper, we consider the so-called radial anisotropy [Love,
1927; Anderson, 1961], which was made popular by prelim-
inary reference Earth model (PREM) [Dziewonski and
Anderson, 1981]. PREM is a spherically symmetric global
Earth model, and it is described by density, attenuation
values, and "ve elastic constants. The "ve elastic parameters,
A, C, F, N, and L, are related to the velocities of horizontally
and vertically propagating P waves (A = "V2

PH, C = "V2
PV)

and transversely polarized propagating S waves (N = "V2
SH,
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L= "V2
SV), together with three anisotropic parameters: # =N/

L, ! =C/A, and $ = F/(A! 2L) [Anderson, 1961]. Figure 1f
shows the radial anisotropy in the top 200 km of the upper
mantle of the global Earth model—PREM. The radial
anisotropy (since azimuthal anisotropy is averaged out) in
the one-dimensional global reference Earth models such as
PREM is usually claimed to be intrinsic [Estey and
Douglas, 1986; Beghein, 2010]. That is interpreted as being
due to the horizontally oriented minerals (olivine) with
azimuthal anisotropy averaged out, as a result of the
dominant horizontal convective !ow of the Earth. We
propose that "ne layering (related to extrinsic anisotropy) is
also possible for the interpretation of the global-averaged ra-
dial anisotropy in two reference Earth models including
PREM and a constrained reference Earth model—ACY400
[Montagner and Anderson, 1989].

2. The Periodic Isotropic Two-Layered
(PITL) Model

[6] To explore the possibility that "ne layering can explain
the radial anisotropy of the reference Earth, we limit our-
selves to the simplest "nely layered model: the PITL model
[Thomson, 1950; Postma, 1955; Anderson, 1961; Backus,
1962]. The PITL model is assumed to be periodic in the ver-
tical direction, and it consists of alternating isotropic layered
materials (Figure 2). The reason why we chose the PITL
model is that we can derive its "ve independent parameters,
to determine the unique corresponding effective vertical
transversely isotropic (VTI) model that is characterized by
the same number of elastic parameters.
[7] The "ve parameters of the PITL model are the follow-

ing: the thickness proportion of the "rst material, de"ned as
the fraction p1; the square of the ratio of the S wave velocity
to the P wave velocity of each material, %1 and %2; and the
shear moduli of the PITL model, &1 and &2. These effective
elastic parameters connect the averaged stress and averaged
strain of the long-wavelength equivalent VTI model, and
their formula are detailed in Text S1 in the supporting infor-
mation. For example, the parameter N, which is relevant to
the transversely polarized horizontal propagating S wave
velocity (VSH), is given by N= !&"= p1 &1 + (1! p1) &2. It
is the arithmetic average of the shear moduli of the PITL
model over depth. The other four parameters can also be
explained as algebraic combinations of the averages of the
elastic parameters of the PITL model over depths.

[8] Although each layer of the PITL model is isotropic, its
effective medium is anisotropic. An important consequence
of this averaging is that VSH>VSV (implies that # > 1),
which is always the case for the effective model. This means
that it is impossible to explain any observed anisotropy with
# < 1 by using PITL models. More general cases of layered
models, such as nonperiodic media, can be addressed by
homogenization techniques [Allaire, 1992; Capdeville and
Marigo, 2007; Capdeville et al., 2010], but this is beyond
the scope of this study, which attempts to provide an
analytical treatment.

3. The Stable, Long-Wavelength Equivalent
Region (SLWER) Tests

[9] We now investigate whether the radial anisotropy in
the upper mantle of PREM can be explained by stable PITL
models. An elastic model is stable if none of the deformations
have negative internal energy [Backus, 1962; Fichtner et al.,
2013]. For an isotropic model to be stable, its elastic

Figure 1. The existence of anisotropy from the microscale to the macroscale. (a) The anisotropic olivine crystal. (b) The
anisotropic aggregate as an example of CPO. (c) Cracks "lled with !uid inclusions with a symmetry axis. (d) A "nely layered
model that shows seismic radial anisotropy. (e) Seismic anisotropy produced by partial melting at the lithosphere and astheno-
sphere boundary. (f) Radial anisotropy parameters (#, !, and $) in the top 200 km of the upper mantle of PREM. The symbols
!S and !W refer to the spatial scale and the seismic wavelength, respectively.
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Figure 2. An example of the PITL model and its effective
model showing the long-wavelength equivalent effect. (a)
The densities ("= 3 and 3.5 kgm!3), P wave velocities
(7 and 9 km s!1), and S wave velocities (4 and 6 km s!1) of
the PITL model with the fraction p1 = 0.5. (b) The corre-
sponding effective anisotropic parameters #, !, and $. (c) S
wave velocities VSV and VSH and (d) P wave velocities
VPV and VPH of the effective model.
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parameters should satisfy the conditions of & ! 0 and
0 " % =V2

S/V
2
P =&/(!+ 2&) " 3/4. Backus [1962] derived the

necessary and suf"cient conditions to de"ne when a stable
anisotropic model is the long-wavelength equivalent of a
stable isotropic two-layered model. By parameterization of
", A, L, #, !, and $, we apply these sets of conditions to
the PITL model (see equations B4–B7 in Text S2) and de"ne
them as the SLWER.
[10] At each depth from the lithosphere to the astheno-

sphere, we use the values of ", L, A, and $ given in PREM
[Dziewonski and Anderson, 1981] (Figure 3, projections onto
the # and ! plane). Figure 3 shows the possible ranges of #
and ! (for anisotropic models) where there is at least a stable
equivalent PITL model in blue color. The regions where it is
impossible for any equivalent stable PITL model are shown
in light yellow. PREM (red point) is in or close to the stable,
long-wavelength equivalent region in the lithosphere, while
it is further away from the stable, long-wavelength equivalent
region in the asthenosphere (blue region). Therefore, extrin-
sic anisotropy introduced by "ne layering might explain the
lithospheric anisotropy in PREM, in addition to the com-
monly claimed intrinsic anisotropy; while the asthenospheric
anisotropy cannot be explained simply by PITL models.
[11] The radial anisotropy in PREM is claimed to have an

intrinsic origin (related to LPO). In other words, the higher
value of VSH than VSV in PREM is explained by the preferen-
tially horizontal alignment of olivine crystals that arise from
plate motion of the Earth [Dziewonski and Anderson, 1981;

Ekström and Dziewonski, 1998]. At the regional scale, this
appears as the surface wave azimuthal anisotropy due to the
predominant horizontal deformation [Forsyth, 1975;
Montagner and Tanimoto, 1991; Debayle et al., 2005]. At a
global scale, PREM simply averages out the azimuthal an-
isotropy due to its spherical symmetry, which leads to domi-
nant radial anisotropy (with 1< # < 1.1). The corresponding
VTI model cannot be explained by simple petrological
models, such as pyrolite or piclogite [Montagner and
Anderson, 1989]. And the "nely layered model is another
solution to explain the observed anisotropy in the lithosphere
(Figures 3a and 3b). In contrast, the asthenosphere is charac-
terized by vigorous convection with small temperature
heterogeneities but strong deformation, which induces
large-scale LPO. So the anisotropy in the asthenosphere is
probably a mixture of intrinsic and extrinsic anisotropy
(may be related to partial melting) (Figures 3c and 3d).
[12] We also explore the radial anisotropy in another refer-

ence Earth model ACY400 [Montagner and Anderson,
1989]. For this model, we "nd that the radial anisotropy in
both lithosphere and asthenosphere at all depths cannot be
explained by the PITL model (Figure 4). The reason is prob-
ably that the ACY400 model uses petrological constraints
that were derived from petrological mantle models, and its
anisotropy, in particular, favors intrinsic anisotropy.

4. Discussion

[13] In this study, we have addressed the issue of the petro-
logical and geodynamic interpretations of the observed seis-
mic anisotropy. So far, LPO (related to intrinsic anisotropy)
is the preferred mechanism for explaining the observed an-
isotropy of the Earth especially at large scale. Other mecha-
nisms such as aligned cracks with !uid inclusions and "ne
layering can be considered in the crust or shallow layers of
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Figure 3. The stable long-wavelength equivalent region
test of the radial anisotropy in the lithosphere and astheno-
sphere of PREM. At the depths of (a) 30, (b) 50, (c) 100,
and (d) 150 km, we "x the values of ", L, A, and $ (projec-
tions on the # and ! plane) according to the coef"cients of
the polynomials given in PREM. Red point, the exact loca-
tion of PREM; light yellow region, the ranges where there
is no equivalent PITL model; blue region, the possible ranges
of the anisotropic parameters # and ! that indicate the stable,
long-wavelength equivalent region: light blue region, set 1;
dark blue region, set 2; blue point, set 3 (as described in the
Text S2). Both # and ! vary between 0.8 and 1.2.
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Figure 4. Same as Figure 3 but for the constrained refer-
ence Earth model ACY400 in its lithosphere and astheno-
sphere. At the depths of (a) 46.6, (b) 68.9, (c) 100, and (d)
200 km, we "x the values of ", L, A, and $ given in the
ACY400. Red point, exact location of the ACY400.
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the mantle. Partial melting [Kawakatsu et al., 2009] is mainly
considered in the asthenosphere where rocks are more ductile
due to the high temperature and pressure conditions, but it
can be also taken into account in such regions as mid-ocean
ridges or in deep Earth even as deep as the inner core. The
explanation of the observed seismic anisotropy is quite
nonunique, because it is most of the time produced by a com-
bination of several competing mechanisms, and a sum of in-
trinsic and extrinsic anisotropy. It will be very important to
be able to quantify and possibly separate different effects
(mechanisms of anisotropy, intrinsic versus extrinsic anisot-
ropy) in order to avoid wrong interpretations of anisotropy.
The one-dimensional global PREM has been investigated,
and we have been able to partially discriminate the origins
of anisotropy in its lithosphere and asthenosphere through
the stable, long-wavelength equivalent region (SLWER) test.
While for the constrained ACY400 model, due to the
petrological constrains, its radial anisotropy is dominated by
intrinsic anisotropy (almost excludes extrinsic anisotropy).
[14] To "nd an equivalent "nely layered model such as the

PITL model for PREM is not a simple question even for its
lithosphere. At a depth of 30 km, we try to "nd an equivalent
PITL model for PREM.When considering the "ve elastic pa-
rameters, the corresponding analytical solution is p1 = 0.998
and p2 = 0.002, &1 = 65.226GPa and &2 = 3180.457GPa if &2
&1 is assumed (see equations A1–A7 in Text S1), which is
an unrealistic Earth model. If we just want to explain its
three radial anisotropic parameters (# = 1.0975, ! = 0.96,
and $= 0.9026) at 30 km depth, it is possible to "nd
equivalent PITL models. When p1 = 0.4, "1="2 = 3.3 kg
m!3, Vs1 = 4.5 km s!1 and assuming &2>&1, we get the
other parameters Vp1 = 8.596 km s!1, Vs2 = 3.288 km s!1,
Vp2 = 6.93548 km s!1. The corresponding shear modulus
contrast is ' = (&2/&1) = 0.53, which means a large shear
modulus contrast between the two materials of the PITL.
We list the equivalent PITL models for the radial anisotropy
in the lithosphere of PREM in Table S1. For these equiva-
lent PITL models, the shear modulus contrast ' is between
0.5 and 0.6. Since for purely layered petrological models,
the shear modulus contrast is usually larger than 0.7 [e.g.,
Estey and Douglas, 1986; Allègre and Turcotte, 1986], "ne
layering alone is unlikely to explain the lithospheric anisot-
ropy in PREM, and intrinsic anisotropy should be invoked.
For the asthenosphere of PREM, the equivalent PITL model
for its radial anisotropy will be harder to "nd (Figure 3), and
we suggest that "ne layering is not a suf"cient mechanism
to explain the asthenospheric anisotropy in PREM com-
pared with LPO.
[15] Though we mainly choose the simple PITL model as

an example to explore whether "ne layering can explain the
radial anisotropy in PREM and the constrained ACY400
model, the SLWER tests can give us a hint for the key to this
possibility. The structure of the Earth is more complicated,
and a more complex model than the PITL model can lead
to more complex effects, even in the layered case. If the
model is nonperiodic or has different shapes of inclusions,
we have to incorporate more degrees of freedom not just "ve
as in the PITL model.
[16] For regional and global three-dimensional Earth, the

radial anisotropy # below oceanic plates such as the Paci"c
plate and parts of the Indian Ocean is found to be as large
as 10% [Ekström and Dziewonski, 1998] and the azimuthal
anisotropy is relatively small (around 2%–3%) [Forsyth,

1975; Montagner and Tanimoto, 1991; Debayle et al.,
2005]. The amplitudes of the radial and azimuthal anisotropy
in tomographic models were obtained from different types of
data or different parameterization, making their comparison
sometimes problematic. The recent tomographic upper man-
tle model derived by Debayle and Ricard [2013] from global
surface wave data suggest that the amplitude of azimuthal an-
isotropy might have been underestimated (may be up to 4%).
Also, there is a well-known discrepancy between the strength
of azimuthal anisotropy inferred from surface wave models
and observed shear-wave splitting (SKS) delay times
[Becker et al., 2012]. Therefore, to explain this discrepancy
between radial and azimuthal anisotropy, the solution is
nonunique and both intrinsic (LPO) and extrinsic ("ne
layering, partial melting) should be considered.
[17] The amplitude of azimuthal anisotropy provides

strong constraints on the amplitude of radial anisotropy. For
a pyrolite model, with 60% of olivine, while the rest consists
of mixed pyroxenes and garnet, to explain 10% radial anisot-
ropy, at least two thirds of olivine must be perfectly horizon-
tally oriented, the rest being randomly oriented. The
consequence is that with two thirds horizontal alignment of
olivine, the corresponding amplitude of azimuthal anisotropy
should be approximately 6%–8% [Montagner and Anderson,
1989] which is 2 times larger than what is usually observed.
It means that the observed 10% radial anisotropy and 2%
azimuthal anisotropy cannot be simply explained only by
LPO, but additional mechanisms (related to extrinsic anisot-
ropy) are required to explain this discrepancy between the
radial and azimuthal anisotropy.
[18] In this paper, we propose that the observed radial an-

isotropy is a linear combination of intrinsic anisotropy (due
to LPO), and extrinsic anisotropy especially in relation to "ne
layering. Extrinsic anisotropy cannot be ruled out as a possi-
ble and important contributor for explaining the anisotropy in
the upper mantle. For oceanic plates, we analyze that a model
with 50% intrinsic anisotropy and 50% extrinsic anisotropy
can explain at the same time the observed 10% radial anisot-
ropy and 2% azimuthal anisotropy. This model is nonunique,
and a more accurate determination of this percentage must be
based not only on seismological data but also on petrological
constraints. We claim that "ne layering plays an important
role for the explanation of observed seismic anisotropy, be-
cause "nely layered isotropic models can produce signi"cant
amounts of radial and even azimuthal anisotropy by tilted
orientation. We hope to initiate more investigations on the
possibility of "ne layering that can explain both radial and
azimuthal anisotropy, especially in three-dimensional crust
and upper mantle models (at a regional scale), to gain a better
understanding of the mechanisms of anisotropy.
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