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Figure 11. Correlation between the isotropic shear velocities in the re-
cent (right) and earlier (left) generation of models. S40RTS is a degree-40
isotropic shear velocity model (Ritsema et al. 2010) and is an update to
the degree-20 model S20RTS (Ritsema et al. 1999). SAW642ANDb (Pan-
ning et al. 2010) is a whole-mantle anisotropic model and is an update to
SAW642AN (Panning & Romanowicz 2006) using new crustal corrections.

or S362ANI+M. We infer that S362WMANI was overparametrized
given the constraints provided by the data set used in the inversion,
and that it contained spurious structure. This is in agreement with
the conclusions of Kustowski er al. (2008) who selected, based

on resolution tests, the upper-mantle anisotropic model S362ANI
rather than S362WMANI as their preferred model.

The question remains whether the mode-splitting data provide
sufficient constraints on anisotropic structure to give credence to
the anisotropy described by S362ANI+M or S362WMANI+M.
We perform a synthetic test, similar to the one done by Kustowski
et al. (2008) but now including mode-splitting data, to investigate
whether the anisotropic variations in S362WMANI+M could be
obtained through a velocity-anisotropy trade-off and therefore be
spurious. For illustrative purposes, we multiply the isotropic spline
coefficients ¢;; g%‘ngM ANy Dy anarbitrarily chosen and exaggerated
factor of 3. The synthetic data &N are obtained from d5YN = 4(3 x
Cijanwmantin)» Where 4 is the data-kernel matrix. The synthetic
data are inverted for a whole-mantle anisotropic output model in
the same way as we inverted the real data for S362WMANI+M.
The anisotropic structure in the output model is then an artefact and
represents the leakage of the isotropic signal into the anisotropic
part of the model.

Fig. 16 shows the results of this resolution test at a depth of
2800 km in the lowermost mantle. The spurious anisotropic struc-
ture obtained by Kustowski ef al. (2008) had a strong degree-2
component (Fig. 16f), similar to the isotropic variations at this depth
(Fig. 16a). Such trade-offs in degree-2 and other even degrees are
diminished with the use of modes in our inversions (Fig. 16e).
Trade-offs persist in the odd degrees as the self-coupling splitting
observations cannot constrain odd-degree structure. Similar com-
parisons in the uppermost mantle (150 km) and the transition zone
(600 km) show that spurious anisotropic variations are negligible
compared to the variations in S362WMANI+M. We infer from this
experiment that the inclusion of mode-splitting data reduces the
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Figure 12. Power spectrum of shear wave velocity heterogeneity in the recent models S362 ANI+M (this study), S40RTS (Ritsema et al. 2010) and SAW642ANb
(Panning ez al. 2010), plotted using a logarithmic colour scale. The black line in the upper panels denotes the 650-km boundary. Bottom panel shows power on

a linear scale.
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Figure 13. Comparisons between the anisotropic parts (8ag) of whole-mantle anisotropic model S362WMANI+M and the earlier model S362WMANI. (a)
The correlations between the anisotropic variations of the two models at degree-2 and for all degrees. (b) The power of degree-2 variations and the total rms

values of radial anisotropy in the two models.

trade-offs between isotropic and anisotropic structure at the low
and even degrees, especially in the lowermost mantle.

The normal-mode splitting functions included in our modelling
provide constraints only on the even-degree structure. Becker
& Boschi (2002) noted a consistently higher spectral power for
isotropic velocities at even rather than at odd degrees up to de-
gree 12 in S20RTS and suggested that splitting functions could be
the cause of this pattern. The even-degree pattern is also observed
in the recent model S40RTS but not in the isotropic parts of the
models S362ANI+M and SAW642AND (Fig. 17), both of which
include long-period waveforms. It is unclear whether this ‘zebra’
pattern is indeed a real feature of the Earth’s mantle at depths
of ~300-650 km or is caused by the modelling approach and the
resolving power of data. We solve for an upper-mantle anisotropic
model without including the waveforms and by employing the same
weighting of other data sets and regularization as used in construct-
ing S362ANI+M. The power spectrum of the resulting model shows
that the power of the lowest odd-degree structure (degrees 1 and 3)
is diminished in the absence of long-period waveforms. Reduced
power is also seen in the higher odd degrees but is not as sys-
tematic as seen in S40RTS; other choices such as norm damping
versus smoothness damping could perhaps explain the differences
at higher degrees. We infer that the use of long-period waveforms in
S362ANI+M provides odd-degree sensitivity at the longest wave-
lengths not afforded by self-coupled splitting functions.

5 DISCUSSION

Overall, our results indicate that mode-splitting data can be fit con-
sistently with other data sets while providing complementary con-
straints on Earth’s structure. Even with the differences associated
with the inclusion of modes, both S362ANI+M and S362ANI pro-
vide similar fits to the other types of data. The isotropic parts of
S362ANI and S362ANI+M are highly correlated (~0.8 or more) at
most depths and the changes due to the inclusion of modes are rather
subtle. Most of the changes are in the amplitudes rather than in the
patterns of heterogeneity. Although not described here, our experi-
ments with the weighting of the mode-splitting data sets reveal that
they indeed trade off with some of the body wave traveltime data
sets. This trade-off is strongest for the SKKS-SKS data set where the
variance reduction reduces from 47.5 per cent with S362WMANI

(Fig. 15) to 42.7 percent with S362WMANI4+M (Fig. 5) when
constraints from mode-splitting data are included.

The mode-splitting data require stronger heterogeneity in the
transition zone, especially for the degree-2 variations (Fig. 18a).
The most distinct features of the transition zone in S362ANI+M
are the ~2-3 per cent faster-than-average velocities beneath major
subduction zones. In particular, the faster-than-average anomalies
associated with the South American subduction zone are more lat-
erally extensive in S362ANI+M than in S362ANI and are similar
to other isotropic shear velocity models that incorporate normal-
mode splitting functions (e.g. Ritsema et al. 2010). These features
extend horizontally for several hundreds of kilometres without con-
tinuing to the lower mantle and have been interpreted as flattening
of slabs (Fukao e al. 2001) or their accumulation in the transi-
tion zone. Such accumulation of slab material could potentially be
explained by chemical buoyancy of the subducted material (Ring-
wood & Irifune 1988), by folding due to viscosity contrasts (Gurnis
& Hager 1988), or resistance due to the endothermic phase change
across the boundary (Tackley et al. 1993).

The change in isotropic heterogeneity across the 650-km dis-
continuity, marked by a distinct decrease in amplitude, is more
abrupt in S362ANI+M than in earlier models with similar verti-
cal parametrizations (e.g. Gu et al. 2001; Kustowski et al. 2008,
Figs 18a and b). We solve for but do not plot the lateral varia-
tions of the 410-km discontinuity as it is very similar to Kustowski
et al. (2008). The SS-precursor data used in our inversions are the
same as in Kustowski ez al. (2008), while the mode-splitting data
have limited sensitivity to topographies of transition-zone discon-
tinuities. Therefore, S362ANI+M shows depressions in the 650-
km discontinuity beneath the slab-like anomalies that are in broad
agreement with other studies (Shearer & Masters 1992; Flanagan
& Shearer 1998; Gu & Dziewonski 2002; Houser et al. 2008a; Kus-
towski et al. 2008). However, the trade-off between velocity and
topography of transition-zone discontinuities (e.g. Gu et al. 2003)
results in slightly perturbed discontinuities to compensate for the
strong velocity heterogeneity in the transition zone (Fig. 18a).
For example, the 650-km discontinuity beneath South America is
further depressed by ~3 km in S362ANI+M as compared with
S362ANI.

Lateral variations in radial anisotropy are imaged in the bound-
ary regions of the Earth’s mantle with varying degrees of robust-
ness. The strongest anisotropic anomalies observed globally in the
uppermost mantle are largely devoid of trade-offs with isotropic
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Figure 14. (a) Anisotropic velocity variations (vsg — vsy)/vs in S362WMANI+M and SAW642AND. Average anisotropy at each depth, as specified in < >,
has been removed to eliminate the contribution from the reference models that are different in the two models. (b) Correlation between S362WMANI+M and
SAW642AND calculated up to spherical harmonic degrees 2 (dashed line) and 8 (solid line). (c) Correlation between isotropic and anisotropic variations in
S362WMANI+M (solid line) and SAW642AND (dashed line) calculated up to spherical harmonic degree 8. The dotted lines in (b) and (c) indicate the 410-
and 650-km discontinuities and the shaded areas indicate correlations lower than —0.3 and higher than 0.3.

structure. The ag-axis of dry olivine aligns parallel to flow di-
rection, resulting in vsy > vsy for regions with horizontal flow
and vsy > wvsy for regions with vertical flow (e.g. Nicolas &
Christensen 1987; Mainprice et al. 2000). The features in the shal-
lowest mantle with vsy > vsy should therefore suggest a dominant
alignment of anisotropic crystals arising from horizontal flow in
this ductile region of the mantle (Becker et al. 2008). However, this
simple interpretation is hindered by factors like activation of other
slip systems in wet olivine under high-stress conditions (e.g. Jung &
Karato 2001; Karato et al. 2008; Ohuchi & Irifune 2013), influence
of melt distribution on olivine LPO (Holtzman et al. 2003; Holtz-
man & Kendall 2010) or other potential mechanisms (e.g. Faccenda
et al. 2008; Greve & Savage 2009).

The rms amplitude of anisotropic heterogeneity is smallest in the
mid-mantle (1000-2400 km), and the mode-splitting data favour
an even lower rms anisotropy with S362WMANI+M than was im-
aged in S362WMANI. The absence of large-scale anisotropy in the
mid-mantle could be explained by diffusion creep (Karato 1998),
which would inhibit alignment of minerals in preferred orientations
(Karato 1988). The limited anisotropy detected in the mid-mantle is
also consistent with the largely isotropic behaviour of'its constituent
minerals, perovskite and ferropericlase, at the relevant tempera-
tures and pressures (e.g. Wentzcovitch et al. 2004; Li et al. 2006;
Marquardt et al. 2009).

In the transition zone, there is hardly any agreement (Rg ~ 0.0)
on the anisotropic variations between our whole-mantle anisotropic
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Figure 15. Different data sets and corresponding variance reductions achieved by S362ANI+M (this study) and the models S362ANI and S362WMANI from

Kustowski ef al. (2008). The labels are the same as that of Fig. 5.

model S362WMANI+M and that of Panning et al. (2010). While
Panning et al. (2010) observed large-scale vsy > vsy anomalies
in the transition zone around the Pacific and associated them with
subducting slabs, S362WMANI+M exhibits a variety of features at
such depths. A vsy > vsy anomaly is observed beneath South Amer-
ica which could be related to the subducting plate whose isotropic
signature is imaged down to ~1000 km. Other anisotropic anoma-
lies with vgyy > vgy are observed in the transition zone beneath North
America and the Northwest Pacific. Only wadsleyite, the olivine-
polymorph at 410-520 km, is known to be anisotropic, while its
higher-pressure polymorph (ringwoodite) and majorite garnet are
nearly isotropic at transition-zone conditions (e.g. Zha et al. 1997,
Mainprice et al. 2000). Therefore, the localized anisotropy observed
in S362WMANI+M at the bottom of the transition zone would re-
quire a different mechanism. One mechanism could be the SPO of
laminated garnetite sourced from the oceanic crust of subducting
plates (Karato 1997).

In the lowermost mantle, several circum-Pacific vgy > vgy varia-
tions in S362WMANI+M beneath Western Pacific, Alaska and the
Caribbean are broadly consistent with regional studies (e.g Lay &
Young 1991; Kendall & Silver 1996; Matzel et al. 1996). The small-
scale features beneath the Central Pacific show mixed fast vgy or
vsy, roughly in agreement with regional studies of shear wave split-
ting data (e.g Vinnik ez al. 1995, 1998; Pulliam & Sen 1998). The
large-scale vsy > vsy features may imply vertical flow in the super-
plumes (Panning & Romanowicz 2004), while the circum-Pacific
vsy > vsy features may imply horizontal flow in regions where
subducting slabs reach the CMB. However, such a straightforward

interpretation does not explain the strongest vgy > vsy anomalies
in both S362WMANI+M and SAW642AND observed beneath the
Tonga-Kermadec and New Hebrides trenches, which are at the edge
of rather than being co-located with the Pacific superplume. Fur-
thermore, the experimental results disagree on the slip systems of
post-perovskite (e.g. Merkel et al. 2007; Mao et al. 2010; Miyagi
et al. 2010) as well as the role of partial melt (e.g. Kendall &
Silver 1996; Hirose ef al. 1999), ferropericlase and perovskite (e.g.
Yamazaki & Karato 2002; Mainprice et al. 2008), factors which
influence greatly the interpretation of detected anisotropy in terms
of flow in the lowermost mantle.

The parameter space explored in the current study is limited; we
do not explicitly consider variations in density and impose a con-
stant relationship between variations in compressional and shear
wave velocities. The gravest normal modes, in particular, have ad-
ditional sensitivity to density variations in the mantle due to the
effects of self-gravitation (e.g. Dahlen & Tromp 1998). Depar-
tures from constant scaling factors have been suggested for the
compressional velocities (e.g. Su & Dziewonski 1997; Masters
et al. 2000a) and density (e.g. Ishii & Tromp 1999) in the deep man-
tle. However, several studies have shown the limited resolution pro-
vided by mode-splitting data to density structure (e.g. Resovsky &
Ritzwoller 1999a; Romanowicz 2001; Kuo & Romanowicz 2002).
We performed additional inversions where density was scaled to
isotropic shear velocity with a constant scaling factor of 0.33. The
correlations for both isotropic and anisotropic variations between
S362WMANI+M and the resulting model were uniformly high
(R > 0.95). This suggests that the patterns of anisotropic shear
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Figure 16. Synthetic resolution test: (a, b) Isotropic and anisotropic variations in the whole-mantle anisotropic model S362WMANI+M at a depth of 2800 km.
(c) Anisotropic variations from S362WMANI obtained without mode-splitting data. (d, e) Isotropic and anisotropic variations obtained by inverting the synthetic
data predicted by the isotropic 3(8vs/vs)s3cawmani+M input model at a depth of 2800 km. (f) Anisotropic variations obtained by inverting all synthetic data
except mode-splitting coefficients. Global averages have been removed before plotting. The spectra of the lateral variations in each figure are plotted as a bar

graph, with even degrees in grey and odd degrees in white.

velocity are not much influenced by whether or not density varia-
tions are accounted for in the inversions. A detailed analysis of the
scaling ratios and their resolution with current data sets will be the
subject of future work.

Limitations of the theoretical approximations used in our mod-
elling is another aspect that is not explored in this study. We include
long-period waveforms in the context of the path-average approx-
imation (e.g. Woodhouse & Dziewonski 1984). Modern numerical
techniques, such as the spectral element method (e.g. Komatitsch
et al. 2002), can theoretically attribute every portion of the seismo-
gram to heterogeneity using adjoint methods (e.g. Tarantola 1984;
Tromp et al. 2005; Liu & Tromp 2006, 2008). Adjoint techniques in
tomography have been implemented at local (Tape ef al. 2009) and

regional scales (Fichtner ez al. 2009; Zhu et al. 2012), while compu-
tational costs have impeded their application at global scales (e.g.
Leki¢ & Romanowicz 2011). Recent theoretical approaches also
take into account volumetric sensitivity for body waves (Dahlen
et al. 2000; Zhao et al. 2000) and surface waves (Li & Romanow-
icz 1995; Marquering et al. 1996; Yoshizawa & Kennett 2002b;
Peter et al. 2007; Lin et al. 2010). Several authors have used such
frequency-dependent sensitivity of body wave traveltimes in tomo-
graphic inversions (e.g. Montelli ez al. 2004a,b; Sigloch et al. 2008;
Tian et al. 2011). Recent tomographic studies using body and sur-
face waves have shown that similar structures can be obtained using
either theory depending on the choices of parametrization and reg-
ularization (Spetzler et al. 2002; Sieminski et al. 2004; Boschi
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Figure 17. (Top panels) The power spectrum of isotropic shear velocities in the mantle down to 800 km for S362ANI+-M, a version of S362ANI+M inverted
without waveform data, and S40RTS (Ritsema et al. 2010). The power spectrum is plotted with a logarithmic scale. (Bottom panels) The variations in power
at a depth of 500 km are shown as a bar graph, with even degrees in grey and odd degrees in white.

et al. 2006; Trampert & Spetzler 2006) and that data coverage may
be more important than a sophisticated theory (van der Hilst & de
Hoop 2005). A more accurate theory is clearly needed for recovering
small-scale heterogeneity (e.g. Tromp et al. 2005; Chen et al. 2007;
Peter & Boschi 2009); we focus on modelling different types of data
to get complementary constraints for large-scale mantle structure.

6 CONCLUSIONS

In this study, (i) we develop a new method to invert jointly four
distinct types of seismic data for anisotropic shear velocities and
discontinuity topographies in the Earth’s mantle while accounting
accurately for the crustal structure. (i) We show that the mode-
splitting data require strong isotropic v heterogeneity in the tran-
sition zone and changes to the Southern Hemisphere in the mid-
to lower mantle. (iii) We report the improved consistency between
recent studies on the long-wavelength isotropic structure, especially
in the transition zone and the lower mantle. (iv) We show that the
data sets used in this study, especially the mode-splitting data, do
not require radial anisotropy in the deep mantle. (v) We demonstrate
that the mode-splitting data suppress spurious anisotropic anoma-
lies in the mid-mantle and reduce even-degree trade-offs between
anisotropic and isotropic variations in the lowermost mantle.

The main outcome of this study is the upper-mantle anisotropic
model S362ANI+M and its isotropic and whole-mantle anisotropic
versions, S362ISO+M and S362WMANI+M. Selecting the more
robust representation of Earth structure requires an integrated anal-
ysis of the data fits, resolution tests and comparisons with other
studies. Fits to the surface wave data are clearly improved by includ-
ing anisotropy in the uppermost ~300 km of the mantle; this result
disfavours purely isotropic variations in the mantle as described by

S362ISO+M. Some anisotropic features in S362WMANI+M be-
low ~300 km are broadly consistent with petrological constraints
and regional shear wave-splitting studies. The reductions in spurious
anisotropy with the addition of mode-splitting data also lend some
credence to these features. However, there is limited agreement be-
tween various studies on anisotropic variations in the mantle. Also,
the bulk of the data sets used in this study does not show apprecia-
ble improvements in fit with the addition of anisotropy in the deep
mantle. We therefore select S362ANI+M as our preferred model in
this study.

Our modelling approach can be readily extended to retrieve
multiresolution models whose long-wavelength components are
compatible with mode-splitting data. Future work on resolving
anisotropic shear velocity will benefit from the further develop-
ment and consideration of toroidal-mode-splitting functions as well
as very-long-period surface wave phase anomalies. Additional con-
straints on anisotropy in the lowermost mantle will also come from
expanded data sets of traveltime measurements of phases such as
SKS and SKKS. With the recent surge in the amounts of different
data (e.g. Ekstrom 2011; Deuss et al. 2013), constraining anisotropic
shear velocity in hitherto undersampled regions of the Earth’s man-
tle may become an attainable goal in the future.
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APPENDIX: PROJECTION MATRIX
BETWEEN SPHERICAL SPLINES AND
HARMONICS

The lateral variations in the Earth’s structure or global data sets such
as surface wave phase velocity maps and normal-mode splitting
functions can be expressed either in terms of spherical harmonics
or localized splines. The selection between the two depends on the
imaging requirements and the coverage of the data. Here, we give
the expressions of the two types of basis functions and the projection

matrix to convert between them. In this study, the model parameters,
c; from eq. (11), are in terms of spherical splines, while the mode-
splitting data are in terms of spherical harmonic coefficients c
from eqs (1) and (2). The splitting functions F(6, ¢) can be denoted
as a complex square-integrable function on the surface of a unit
sphere (0, ¢) with Laplace coefficients v,,. Such functions can
be expressed as

00 1
1//(9’ ¢) = Z Z 1//lm Ylm(es ¢) where 1//-1711 = f YltnwdQs

1=0 m=—1 Q

(A1)

where Y/! are the complex conjugate of the spherical harmonic
functions Y;,,.

Using the spherical harmonic expansions from Dahlen & Tromp
(1998) and eqs (11) and (A1), we can write the equivalent model
coefficients, ¢;,, as

1)
o = / yi mmOdQ =S :c,.j/ms,-(e,@dsz =Y ¢, Py
0 B N
J Q J

Q
(A2)

where P/” is the projection matrix that relates the model coeffi-
cients in spherical splines, c;;, to the equivalent ones in spherical
harmonics ¢;,,. The predictions of the splitting coefficients from
spline parametrized models such as S362ANI are made using this
relation and eq. (1). We perform the integration on the Py term by
specifying on the unit sphere, a grid containing 180 longitudinal
and 90 latitudinal zones.

Since we use real spherical harmonics (e.g Dahlen & Tromp 1998,
Appendix B), ¥ ineqs (Al) and (A2) equal Y}, which are defined

at a location (6, ¢) as
V2X) () cosmp if —1 <m <0,

Y1 (0, ) = | X10(0) if m =0, (A3)
V2X,(0)sinmg  if0<m <1,

where X,(6, ¢) is the associated normalized Legendre function of
degree / and order m. In these equations, the degree / is equivalent
to s and order m to ¢ in eqs (1)—(7).
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