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Abstract We examine the patterns of radial anisotropy in global tomography images of the mantle
transition zone near subducted slabs in the western Pacific. Fast SV velocity anomalies are observed in
this region, which are compatible with anisotropy due to lattice-preferred orientation in wadsleyite. Using
mineral physics reports of the dependency of the strength of radial anisotropy on water content in
wadsleyite, we estimate the water content in the transition zone near subducted slabs from the tomography
images. We find that fast SV anisotropy anomalies over ~1.5% observed beneath subduction zones in the
western Pacific are compatible with a low water content (smaller than ~3,000 ppm H/SI), notably beneath
the Tonga-Kermadec trenches, the Philippines, and the Sumatra trench.

Plain Language Summary Tectonic plates plunge into the mantle at trenches, carrying water
from the oceans. Some of this water may go down to the mantle transition zone between 410- and 660-km
depth, where minerals have a large water storage capacity. In this study, we use observations of seismic
anisotropy, the directional dependency of seismic wave speed, which is sensitive to the water content in the
mantle transition zone. We find that the mantle transition zone beneath some subduction zones is drier than
previously thought.

1. Introduction

The mantle transition zone (MTZ) has been suggested to play a key role in the mixing between the upper
and lower mantle and in the cycling of fluids and volatiles in the Earth's deep interior (e.g., Hirschmann,
2006). The dominant mineral phases in this region, wadsleyite and ringwoodite, have a great capacity to
store water up to 3 wt. % (e.g., Kohlstedt et al., 1996; Smyth, 1987), making the MTZ a potential water reser-
voir (e.g., Bercovici & Karato, 2003). On the other hand, many subducting slabs stagnate in the MTZ (e.g.,
Fukao & Obayashi, 2013), which suggests that the MTZ is a boundary layer in mantle convection.
Therefore, it is crucial to understand the properties of the MTZ in order to constrain mantle convection
and evolution.

Seismic anisotropy has been observed in both the uppermost and lowermost mantle (e.g., Nowacki et al.,
2011; Silver, 1996), which is compatible with the idea that strong anisotropy should develop at boundary
layers in the mantle (Montagner, 1998). When interpreted together with information from mineral physics,
radial anisotropy can in particular provide information on vertical versus horizontal mantle flow by linking
the seismic observations to anisotropy due to the lattice-preferred orientation (LPO) of mantle minerals (e.g.,
Chang et al., 2014; Montagner, 1998). In addition, shape-preferred orientation (SPO) due to the alignment of
cracks, melts or alternating layers with large velocity contrasts can be another source of radial anisotropy
(Backus, 1962). Compared to the upper and lowermost mantle, radial anisotropy in the MTZ has been less
studied. Some early seismic tomography studies have highlighted that the MTZ is anisotropic (e.g.,
Beghein & Trampert, 2003; Montagner & Kennett, 1996; Visser et al., 2008), but others showed little or no
anisotropy in this region (e.g., Beghein et al., 2006; Panning et al., 2010) or suggested that the observed radial
anisotropy is not robust (e.g., Kustowski et al., 2008; Moulik & Ekstrom, 2014). More recently, there has been
a renewed interest in mapping radial anisotropy in the whole mantle (see e.g., the review by Chang et al.,
2014) and a number of studies even suggested the presence of azimuthal anisotropy in the MTZ (e.g.,
Schaeffer et al., 2016; Yuan & Beghein, 2013, 2014).
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In this study, we investigate the patterns of radial anisotropy in the MTZ
1.05 1.10 in recent global tomography models, notably in the SGLOBE-rani model

100

(Chang et al., 2015). Specifically, we focus on the MTZ beneath subduc-
tion zones in the western Pacific, since the data coverage is best for this

200

region and strong anisotropy is likely to be observed there due to slab-
induced strain (e.g., Faccenda, 2014a). We perform a series of robustness
tests of the observed anisotropy features in the MTZ, which enables their

physical interpretation in terms of LPO of the dominant minerals in the
MTZ, notably wadsleyite. Furthermore, the water content of the MTZ is

inferred from the strength of the observed radial anisotropy using experi-

300

400 /

mental results from mineral physics on wadsleyite.

2. Radial Anisotropy in the Transition Zone

2.1. Tomographic Models

Depth (km)

500

Several 1-D and 3-D global radial anisotropy models have been
produced in the past 40 years (Figure 1). While there is good consistency
between the large-scale isotropic features in different tomography models

600

(e.g., Chang et al., 2015), global anisotropy images show substantial
PREM (1D) discrepancies. However, recent 3-D global models of radial anisotropy

AK303-F(1D) | 2014), SEMUCB-WM1 (French & Romanowicz, 2014), and SGLOBE-rani

Visser etal. (Chang et al., 2015)—consistently show weak global average anisotropy

— ACY400(1D) —S362WMANI+M (Moulik & Ekstrom, 2014), SAVANI (Auer et al.,
$362WMANI+M in the transition zone. Yet there are still considerable differences in the

700

SAVANI laterally varying anisotropic structure in the models (Figure 2). These

800

SEMUCB-WM1 ¢ discrepancies are likely due to differences in the data sets and in the
=== SGLOBE-rani modeling approaches employed (e.g., regularization and handling of

Figure 1. 1-D depth profiles from preliminary reference Earth model
(PREM,; Dziewonski & Anderson, 1981), ACY400 (Montagner &
Anderson, 1989), and AK303-F (Montagner & Kennett, 1996) and average

crustal structure).

Nevertheless, most of the recent global models share a common feature of
radial anisotropy in the MTZ: the presence of fast SV velocity anomalies

1-D profiles from 3-D anisotropic models from Visser et al.'s (2008) model, ~ near subduction zones. This feature was first reported by Panning and
S362WMANI+M (Moulik & Ekstrom, 2014), SAVANI (Auer et al., 2014), Romanowicz (2006) and has reappeared in other recent tomography mod-
SEMUCB-WM1 (French & Romanowicz, 2014), and SGLOBE-rani (Chang  e]s (Figure 2), except for the S362WMANI + M model. Figure 3a shows

et al., 2015).

several contours of radial anisotropy anomalies in SGLOBE-rani near

subduction zones in the western Pacific at 500-km depth (—1.0, —1.5,

and —2.0% anomalies for orange, purple, and red contours, respectively).
Contour maps from other global anisotropy models are shown in Figure S1. Figure 3b shows a series of
1-D vertical profiles averaged over the —1.0% contoured areas in Figure 3a in solid lines for the global
Earth models considered; for reference, the global 1-D averages of the models are also presented in dotted
lines. Apart from S362WMANI+M, these profiles clearly show the presence of negative anisotropy (i.e., fast
SV anomalies) in the transition zone, with the magnitude of the anisotropy being greatest at ~500-km depth
and then decreasing as we reach the bottom of the transition zone. Remarkably, and as briefly pointed out by
Chang et al. (2015), SGLOBE-rani shows narrow linear fast SV anomalies along subduction zones at 500-km
depth in the western Pacific (Figure 2), which are comparable to the thickness of subducting slabs in the
MTZ. Here we focus primarily on SGLOBE-rani rather than on other tomography models because we know
the full details of its modeling procedure and because it shows a good association between fast SV anisotropy
anomalies and subducted slabs in the MTZ.

Chang et al. (2015) give a detailed description of the construction of SGLOBE-rani, but, for completeness,
here we briefly highlight its main features. First, a massive data set was used in its construction, including
~43,000,000 surface-wave dispersion measurements and ~420,000 body wave travel times. In particular,
over 6,800,000 Rayleigh-wave and ~4,000,000 Love-wave overtone measurements up to sixth order were
employed, which are strongly sensitive to the MTZ. Moreover, body wave travel times are also sensitive
to anisotropy in the MTZ, and therefore, combining both data sets enhances the resolution of
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Figure 2. Depth slices of radial anisotropy <§ = st”) at 400-, 500-, 600-, 700-, and 800-km depth from S362WMANI+M (Moulik & Ekstrom, 2014), SEMUCB-WM1

2
Visy

(French & Romanowicz, 2014), SAVANI (Auer et al., 2014), and SGLOBE-rani (Chang et al., 2015).

anisotropy in the entire MTZ (Figure S2). Second, joint inversions of crustal and mantle structure were
performed to better constrain mantle anisotropy, because crustal structure has a strong influence on
the retrieved radial anisotropy in the mantle (e.g., Bozdag & Trampert, 2008; Chang & Ferreira, 2017;
Ferreira et al., 2010; Marone & Romanowicz, 2007; Panning et al., 2010). In particular, we utilized
short-period fundamental-mode group-velocity data with a period range down to 16 s to constrain the
crust. This is important, since Chang and Ferreira (2017) showed that short-period group-velocity data
with a wave period down to at least 20 s are required to properly treat crustal effects in global radially
anisotropic tomography.

2.2. Mineral Physics

Olivine, the dominant mineral in the upper mantle, transforms to wadsleyite at 410-km depth, which in
turn transforms to ringwoodite at 520-km depth. Ringwoodite decomposes at 660-km depth into bridgma-
nite and ferropericlase (e.g., Frost, 2008). If anisotropy in the transition zone is due to the alignment of
intrinsically anisotropic mantle crystals by mantle flow, then the main source of the anisotropy must
be wadsleyite, since other dominant mineral phases in this region (ringwoodite and majoritic garnet)
are weakly anisotropic (e.g., Mainprice et al., 2000). Single-crystal Vs anisotropy of wadsleyite can reach
~9% at a pressure corresponding to 410-km depth (Zhang et al., 2018). Although such single-crystal Vs
anisotropy may hinder the development of anisotropy above 1% globally in the MTZ, LPO may be pro-
duced (Thurel et al., 2003, 2003; Tommasi et al., 2004) in regions subjected to high strain, notably for
shear strains much larger than 0.3 (e.g., Zhang et al., 2018). Wadsleyite is also reported to change its slip
system with water content. Demouchy et al. (2011) first found a change of slip direction in wadsleyite at
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Figure 3. (a) The contours of —1.0, —1.5, and —2.0% perturbations in radial anisotropy at 500-km depth in SGLOBE-rani
are indicated by orange, purple, and red enclosed lines, respectively. (b) Comparison of the average 1-D profiles for the
—1.0% contoured area (solid lines) in (a) and the whole mantle (dotted lines) in the 3-D global models S362WMANI+M
(Moulik & Ekstrom, 2014), SAVANI (Auer et al., 2014), SEMUCB-WM1 (French & Romanowicz, 2014), and SGLOBE-rani
(Chang et al., 2015).

MTZ pressure and temperature from [100] to [001] when going from dry conditions to a water content of
~6000 ppm H/Si. Kawazoe et al. (2013) reported that the dominant slip system of wadsleyite is [001](010),
if the water content is 1,000-3,700 ppm H/Si. Recently, Ohuchi et al. (2014) found that the dominant
slip system of wadsleyite changes from [001](010) to [001](100) if the water content is over 9000 ppm
H/Si (ie., ~540 wt. ppm). A common feature in these different studies is that as the water content
increases, the dominant slip system of wadsleyite seems to transform from [100](010) to [001](010) and
then to [001](100). Nevertheless, the exact amount of water required for each of these transformations
varies from study to study. Importantly, in all these slip systems, horizontal flow may cause negative
radial anisotropy (i.e., faster SV velocity, Vs, > Vg), whereas vertical flow may generate positive
radial anisotropy (i.e., faster SH velocity). Ohuchi et al. (2014) also reported that the strength of radial
anisotropy due to LPO development in wadsleyite aggregates decreases with water content over
3,000 ppm H/Si. Since the experiments of Ohuchi et al. use a wider range of hydrous conditions than
in other mineral physics studies, in this study we wuse their results to interpret the
seismological observations.

There are several other candidates for anisotropy in the MTZ than LPO of olivine polymorphs.
Akimotoite, ilmenite-structured MgSiO;, can be highly anisotropic (Li et al., 2009) at lower transition
zone (LTZ) and uppermost lower mantle conditions. Zhang et al. (2005) reported that, generally, faster
SV velocity is generated from akimotoite by vertical mantle flow, while faster SH velocity is generated
by horizontal mantle flow. Some of the dense hydrous magnesium silicate (DHMS) phases can also be
strongly anisotropic in the MTZ. Representative DHMS phases that are stable at MTZ conditions are
phases B and D. Superhydrous phase B is less anisotropic than wadsleyite, whereas phase D can be more
anisotropic than wadsleyite (Mookherjee & Tsuchiya, 2015). In case of horizontal mantle flow, phase D
produces fast SH velocity (Rosa et al., 2012), similar to akimotoite. Thus, if anisotropy is present in the
LTZ, it may be related to akimotoite, DHMS phase D, or SPO, since the dominant mineral in the lower
part of the transition zone, ringwoodite, is weakly anisotropic. Nevertheless, these are minor phases with
a limited thermal stability field (e.g., Frost, 1999; Pamato et al., 2015) and thus may not lead to large-
scale anisotropy.
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Figure 4. Cross sections across subduction zones in the western Pacific of P-velocity perturbations from GAP_P4 (Fukao & Obayashi, 2013) and perturbations of
the Voigt average isotropy and radial anisotropy from SGLOBE-rani (Chang et al., 2015). Vp and Vg perturbations are measured from the average at each depth,

but radial anisotropy is represented by perturbations from preliminary reference Earth model (Dziewonski & Anderson, 1981). The green and purple lines in

the cross sections of radial anisotropy indicate contours of 0.8% of isotropic P-velocity perturbations from GAP_P4 and 1.3% of isotropic S-velocity perturbations

from SGLOBE-rani, respectively, to match the locations of subducting slabs with patterns of radial anisotropy. The blue arrows and capital letters on top of radial
anisotropy panels represent the direction and behavior (S, stagnating; P, penetrating) of subducting slabs, respectively.

3. Robustness of Radial Anisotropy in the MTZ Beneath the Western Pacific

Figure 4 presents five sets of cross sections of Vg and of radial anisotropy in SGLOBE-rani across subduction
zones in the western Pacific. Additionally, we include Vp cross sections from the model GAP_P4 (Fukao &
Obayashi, 2013), which is an isotropic model with good resolution near subducted slabs. For the five regions
considered, we performed Backus-Gilbert resolution tests, which take into account the inversion's resolution
matrix (Backus & Gilbert, 1968). Within these tests we compute Backus-Gilbert averaging kernels, which
describe the spatial resolving power of our model. Ideally these kernels are delta functions in space.
However, due to incomplete data coverage, regularization, and limitations in model parameterization,
output kernels usually show a broad spatial extent. Figure S3 shows that SGLOBE-rani has very good vertical
resolution for the isotropic structure in the MTZ beneath the western Pacific, showing spike-like Backus-
Gilbert kernels. Regarding anisotropic structure, the kernels are broader, with a width of 600-1,700 km in
the transition zone compared to 300-600 km for isotropic kernels in the same region. Nevertheless, they still
show reasonable resolution in the upper transition zone (UTZ; 410-500 km), with the kernels clearly emer-
ging from the zero line. They also show fair resolution even in the LTZ and in the uppermost lower mantle
depth (600-700 km) beneath cross sections A-a, B-b, and D-d. As a caveat, one should bear in mind that the
Backus-Gilbert resolution kernels do not give a complete picture of resolution; for example, they do not take
into account limitations due to simplifications used in the forward modeling.

The cross sections show fast SH velocity anomalies in the uppermost mantle and in the top of the lower
mantle beneath subducting slabs. In the MTZ, fast SV velocity anomalies are dominant along subducting
slabs and tend to be stronger in the UTZ than in the LTZ in all cross sections of radial anisotropy except
for the cross section D-d. Here a fast SH velocity anomaly is developed, likely due to the interaction between
the Samoan mantle plume and the Tonga-Kermadec slabs (Chang et al., 2016). As shown in the third column
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of Figure 4, there is a strong correlation between the morphology of fast SV velocity anomalies and the shape
of the subducted slabs in the MTZ, which are marked by purple and green contours from the isotropic part of
SGLOBE-rani and from GAP_P4, respectively. In order to check whether this correlation is caused by
trade-offs between isotropic and anisotropic structure, we perform a synthetic resolution inversion test using
only the isotropic part of SGLOBE-rani as the true input model (Figure S4). The exact same procedure and
data coverage used to construct SGLOBE-rani is then utilized to invert for isotropic and anisotropic
structure. We do not observe any strong leakage of isotropic structure into the retrieved anisotropy in the
MTZ, which gives confidence that the observed anisotropic anomalies are not an artifact. We also test the
possibility of leakage of anisotropic structure in the uppermost mantle to the MTZ (Figure S5). In this case,
we use the whole isotropic part and the uppermost mantle anisotropic part of SGLOBE-rani down to 330 km
as the true input model. The results show negligible leakage (< 0.5%) of uppermost mantle anisotropy into
the MTZ. Finally, we examine the trade-offs between anisotropy in the UTZ and in the LTZ by conducting
the same test as in Figure S5, but now using as input model the anisotropic structure in SGLOBE-rani down
to 590-km depth (Figure S6). Figure S6 shows only weak smearing at 600-km depth from anomalies at
shallower depth.

For the slabs stagnant in the MTZ shown in cross sections A-a, B-b, and D-d, fast SV velocity anomalies
seem to be elongated, whereas for the slabs penetrating into the lower mantle shown in cross sections
C-c and E-e, we observe more localized anomalies near the slabs. As seen in the 1-D average profiles shown
in Figure 3b, the strength of the fast SV velocity anomalies along subducted slabs tends to show maxima in
the UTZ, decreasing abruptly in the LTZ. Thus, there is a clear depth dependency of radial anisotropy
within the MTZ.

Comparing the amplitudes of the radial anisotropy anomalies in SGLOBE-rani with standard deviations
from the probabilistic analysis of Beghein et al. (2006), anomalies of around —1.0% in the MTZ are over
one standard deviation in their study. Therefore, anisotropy anomaly contours of —1.0, —1.5 and —2.0% from
SGLOBE-rani in Figure 3a may be beyond the error ranges. This supports the use of the amplitude informa-
tion in SGLOBE-rani in comparisons with mineral physics experimental data, as performed in section 4.1 of
this study.

In order to further quantitatively test the significance of the observed radial anisotropy anomalies in the
MTZ, we performed statistical tests on SGLOBE-rani by comparing it to models obtained by inverting for
isotropic and crustal thickness structure: (i) without allowing lateral variations in anisotropy (model A)
and (ii) allowing lateral variations in anisotropy down to 330 km (model B). Specifically, we performed F
tests by computing

b (r)=*(p)]/ (p=r)
x*(p)/(n—p)

where x? is the misfit function, n is the number of data points used in the inversions, and p, r are the numbers
of model parameters for the two models which are under comparison (p > r). By calculating the integral
probability P«(F;p — r,n — p) we can get the probability of how much the two models are different statisti-
cally (e.g., Bevington & Robinson, 2002). Since errors in the data and in the modeling employed in our inver-
sions are essentially unknown, here we use the sum of the squares of the residuals (variance) as misfit
function x2 (e.g., Forsyth, 1975). The variance reductions of SGLOBE-rani, model A, and model B are
0.763, 0.712, and 0.750, respectively. The probability that the improved fit of SGLOBE-rani compared to
models A and B occurs by chance is less than 1%. Thus, the F tests support the significance of the radial ani-
sotropy anomalies in the transition zone.

F =

@

We also perform a cluster analysis of the radial anisotropy in the MTZ in SGLOBE-rani. Depth slices on a
2° X 2° horizontal grid were assembled from 360- to 700-km depth, at an interval of 10 km. We then
applied the MATLAB implementation of the K-means clustering algorithm (Lekic & Romanowicz,
2011; MacQueen, 1967) to the collection of depth slices. This technique divides the set of radial anisotropy
profiles considered into K groups of similar profiles; in our study K varies from 2 to 4. An iterative
approach is then followed, whereby the squared Euclidean distance metric is used to group the radial
anisotropy profiles according to their similarity. Figure 5 shows the results obtained; different colors
represent various regions identified (blue, red, brown, and orange). We find that the blue regions in
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each map clearly capture the radial anisotropy anomalies along subduc-
tion zones, particularly when k = 3 and k = 4. Thus, these anisotropy
anomalies seem to comprise a statistically distinct group of anomalies
within SGLOBE-rani. Intriguing anisotropy anomalies that are also cap-
tured within this group, such as beneath central Asia, may highlight
past subduction events. However, the limited resolution of SGLOBE-
rani in this region prevents further interpretations (Figure S2). Future
work with additional seismic data is needed to investigate these features
in detail.

4. The Origin of Radial Anisotropy in the MTZ: Water
Content Implications

The observed pattern of negative radial anisotropy (Vs > Vsp) in the
transition zone, with a maximum at ~500-km depth and weak values
at the bottom of the MTZ, conforms well with results from mineral phy-
sics laboratory experiments. As mentioned in section 2.2, wadsleyite, a
dominant mineral in the UTZ, is anisotropic, while ringwoodite and
majoritic garnet, other dominant minerals in the MTZ, are nearly isotro-
pic. Thus, the observed anisotropy is compatible with LPO of wadsleyite.
This is further supported by 3-D numerical models of slab-induced defor-
mation and associated mantle fabrics calculations, which yield values of
radial anisotropy in the MTZ similar to the observations (Faccenda,
2014a). The weak negative anisotropy observed in the LTZ may be due
to smearing effects from the seismic tomography inversions (Figure
S6). It is unlikely that such negative anisotropy in the LTZ is due to aki-
motoite or DHMS phase D, since they would primarily generate faster
SH velocity anomalies when subjected to horizontal strain by subducted
slabs at the bottom of the transition zone (Zhang et al., 2005; Rosa et al.,
2012; see section 2.2). On the other hand, SPO could potentially also con-
tribute to the observed anisotropy, as suggested, for example, by
Nowacki et al. (2015) as a possible explanation to source-side shear-wave
splitting observations. However, recent calculations of radial anisotropy
due to grain-scale SPO in a pyrolitic mantle using a mantle thermody-
namics model suggest modest extrinsic anisotropy (SPO) throughout
the mantle (Faccenda et al., 2019). Thus, our preferred mechanism of
the observed anisotropy in the transition zone is LPO development
in wadsleyite.

Nevertheless, we have to bear in mind that global tomography models

Figure 5. K-mean clustering tests for the distributions of radial anisotropy ~ such as SGLOBE-rani have low resolution of ~1,000 km and thus only

at 360- to 700-km depths with K = 2, 3, and 4.

illuminate large-scale Earth structure. Slabs in the LTZ may be possibly
anisotropic due to akimotoite, DHMS phase D, and SPO (e.g., through
hydrated layering), but the length-scale involved is likely much shorter than what can currently be resolved
by global seismic tomography models.

4.1. Water Content in the MTZ

As explained previously, Ohuchi et al. (2014) found that the fabric strength of wadsleyite aggregates
increases with decreasing water content. Figure 6 shows that if the water content is over 5,000 ppm
H/Si, the radial anisotropy is weak (£ = Vg, */Vs” is mostly in the range 0.98-1 in open squares and circles)
and does not seem to depend on water content (see the region highlighted in light orange in Figure 6). In
contrast, if the water content is lower than 5,000 ppm H/Si (see the region highlighted in light blue in
Figure 6), the anisotropy can reach values up to & = 0.96 (i.e., anomalies in radial anisotropy of —4% in open
triangles). This is much larger than the observed radial anisotropy in the tomography models, which
reaches at most ~ —1.3% in the UTZ in average (see Figure 3b and the purple shaded region in Figure 6).

CHANG AND FERREIRA

1195



Geochemistry, Geophysics, Geosystems 10.1029/2018GC008090

1.01
1.00 . N
—r : i_
0991 - :
N > - []
=4 A
Nw» 0.98 1 I
N
0974 — | A
A i Type—I: [001](010)
" A A A Type-I(K13) i
B OO W Type-Ii: [0011(100) |
0.95 .

0 5000 10000 15000 20000
Water content (ppm H/Si)

Figure 6. The strength of radial anisotropy in wadsleyite with respect to the water content in case of horizontal mantle
flow using data from Ohuchi et al. (2014). Type-I and Type-II wadsleyite have dominant slip systems of [001](010) and
[001](100), respectively. We also include data from Kawazoe et al. (2013) indicated by Type-I(K13). Open, translucent, and
solid patterns indicate the strength of radial anisotropy of wadsleyite originally estimated by Ohuchi et al. (2014), with the
dilution effect (wadsleyite: majoritic garnet = 60:40), and with the dilution and the damping effects in tomographic
inversion, respectively. The purple shaded area indicates the range of radial anisotropy in the seismic profiles obtained for
the —1.0% contoured area in Figure 3a. The uncertainties of open points are from the dependencies of Vs and Vgy on the
orientation of the wadsleyite samples.

However, if we take into account the dilution effect due to a pyrolitic mantle composition with 60% of
wadsleyite and 40% volume of majoritic garnet (Irifune & Isshiki, 1998), assuming a linear relationship,
the maximum predicted radial anisotropy anomaly in a UTZ with low water content decreases from —4%
to —2.4%. In addition, one needs to bear in mind that the observed anisotropy in Figure 2 is lower than
the actual mantle anisotropy due to the seismic tomography process, notably because of the
regularization (damping) used to stabilize the tomographic inversions (e.g., Chang et al., 2014). We use
synthetic inversion tests with SGLOBE-rani as a true input model to estimate a damping effect of ~0.6.
In order to estimate this effect we average (i) the output anisotropic anomalies from the synthetic
inversion within the —1.0% contoured area in Figure 3a and (ii) the anisotropic anomalies of SGLOBE-
rani in the same contour. A value of 0.6 is obtained from the ratio of the output and input anomalies.
Applying this damping factor and a possible dilution effect to the results of Ohuchi et al. (2014), Figure 6
suggests that the expected radial anisotropy imaged by seismic tomography in a UTZ with low water
content (3,000 ppm H/Si) may reach up to ~ —1.5% (solid triangles), which is compatible with at least
some of the observations in Figures 2 and 3. Even though the anisotropy anomalies are small, we note
that the contrast in radial anisotropy due to the water content varies up to a factor of two, which is not
negligible. In particular, Figure 2 shows that there is a geographical variability in the strength of radial
anisotropy in SGLOBE-rani. For example, the MTZ beneath Tonga-Kermadec trenches, the Philippines,
and the Sumatra trench show radial anisotropy anomalies that are stronger than —2.0% (Figure 3a). On
the other hand, the Japan-Kuril-Kamchatka and Izu-Bonin-Mariana trenches seem to show weak radial
anisotropy, with anomalies not exceeding —1% (Figure 3a). If we take the conservative approach of using
radial anisotropy anomalies of —1.5% or stronger as a threshold for identifying regions with a water content
lower than 3,000 ppm H/Si, this may imply that the UTZ beneath the Tonga-Kermadec trenches, the
Philippines, and the Sumatra trench have a low water content. We also plotted contour maps for other ani-
sotropy models in Figure S1. Although overall there are different patterns of anisotropy between the differ-
ent models, it is interesting that S362WMANI+M, SEMUCB-WM1, and SAVANI commonly show strong
negative anomalies beneath the Philippines and the Sumatra trench and SEMUCB-WM1 and SAVANI
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Figure 7. Mantle transition zone depth slices for electrical conductivity variations from Kelbert et al. (2009). The —1.5 and
—2.0% contoured area of radial anisotropy at 500-km depth in SGLOBE-rani are indicated by purple and red enclosed
lines, respectively. A symbol o represents electrical conductivity.

indicate strong negative anomalies more than —1.5% beneath the Tonga-Kermadec trenches, as observed
in SGLOBE-rani.

It is also noteworthy that relatively dry MTZ corresponds to regions where slabs penetrating into the lower
mantle are observed (sections C-e and E-e in Figure 4). This may imply that the water content in the MTZ
depends on the residence time of slabs in the MTZ (Faccenda, 2014b). Possibly not much water can be
released to the MTZ by penetrating slabs due to their relatively short stay in the region. On the other hand,
stagnant slabs may release more water due to their tendency to remain in the MTZ for a longer period
of time.

4.2. Comparisons With Other Studies

Meier et al. (2009) performed a joint inversion of surface wave phase velocity data and topography of transi-
tion zone discontinuities to estimate the global distribution of water content in the MTZ. In their results, a
dry MTZ is found beneath the Japan-Kuril-Kamchatka and the Sumatra regions, which is not consistent
with our observations and with magnetotelluric studies (Ichiki et al., 2006; Koyama et al., 2006). Recently
Thio et al. (2016) found that the topography of transition zone discontinuities currently cannot be used to
constrain the water content in the MTZ due to large uncertainties on the mineral phase equilibria and a
near-perfect trade-off between the water content and temperature increase.

In contrast, electrical conductivity is highly sensitive to hydrogen in minerals (Karato, 1990). Despite being
also sensitive to iron content, the effect of water seems to be more significant (e.g., Yoshino & Katsura, 2009).
Thus, electrical conductivity is a useful tool to constrain water in the mantle, even though the detailed water
content of the MTZ based on conductivity studies is still debated (e.g., Karato, 2011). Kelbert et al. (2009)
built a 3-D global model of electrical conductivity variations by inverting long period geomagnetic response
functions. Intriguingly, our results match well this global electrical conductivity model, when interpreted in
terms of variations of water content in the MTZ (Figure 7). In particular, Kelbert et al.'s model shows rela-
tively low electrical conductivity in the Tonga-Kermadec trenches, the Philippines, and the Sumatra trench
at 410- to 670-km depth. This is compatible with a low water content, whereas the Japan-Kuril-Kamchatka
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and the Izu-Bonin-Mariana regions show higher conductivity, and thus are likely wetter. The consistency
between our results and these totally independent studies is encouraging. It may add confidence that the
dependency of fabric strength of wadsleyite on water content and the associated radial anisotropy can be
used as a proxy to map the water content in the MTZ.

Although a number of studies have suggested a water-rich MTZ, from investigations of observed ringwoodite
diamond inclusions (Pearson et al., 2014) to regional seismological analyses of reflected phases (e.g.,
Schmandt et al., 2014), electrical conductivity models (e.g., Karato, 2011), and laboratory measurements
of mineral viscosity (Fei et al., 2017), our study suggests a regional variability in possible water content even
beneath subduction zones that is more complex than previously thought.

5. Discussion and Conclusions

Similar to some other recent radially anisotropic models (e.g., Auer et al., 2014; French & Romanowicz,
2014), SGLOBE-rani shows strong fast SV anomalies in the UTZ beneath subduction zones in the western
Pacific. In addition, source-side anisotropy studies also show localized anisotropy near subducted slabs in
the transition zone (e.g., Foley & Long, 2011; Mohiuddin et al., 2015; Nowacki et al., 2015). SGLOBE-rani's
fast SV anomalies in the UTZ decrease with depth, which is consistent with LPO development in wadsleyite.
Using an inversely proportional relationship between radial anisotropy and water content predicted from
deformation experiments on wadsleyite aggregates (Ohuchi et al., 2014), we might get inferences on the
water content in the MTZ beneath subduction zones. We suggest that the MTZ beneath the Tonga-
Kermadec trenches, the Philippines, and the Sumatra trench may be relatively dry (water content smaller
than 3,000 ppm H/Si).

These conclusions are subject to the caveat that there are likely uncertainties in the estimates of (i) the
dilution effect, due to the assumption of a simple pyrolitic composition; (ii) the relationship between
water content and radial anisotropy from the mineral physics experiments by Ohuchi et al., as future
repeated experiments will be needed for proper error quantification; (iii) the tomographic damping effect,
which may vary spatially; and (iv) the impact of the theoretical approximations used to build the tomo-
graphic models. Both amplitude information from tomography and mineral physics experiments may not
be well constrained.

Recently, Cline II et al. (2018) suggested that wave speeds and attenuation are insensitive to water content in
the upper mantle based on experiments with Ti-doped olivine. Moreover, Buchen et al. (2018) performed
high-pressure sound wave speed and density measurements of wadsleyite to conclude that impedance con-
trast across the 410-km discontinuity is a more robust indicator of water in the transition zone than wave
speed variations. However, Buchen et al.'s study involved extrapolations to realistic mantle temperatures
and did not consider LPO in the measurements, while Cline II et al.'s experiments were performed at con-
ditions of lower pressure (0.2 GPa) than actual mantle pressures. Moreover, the mobility of artificial crystal
defects (i.e., defects introduced by Ti) might be different from the defects intrinsic to natural olivine (Irifune
& Ohuchi, 2018). Hansen et al. (2016) reported that the strength of radial anisotropy in olivine aggregates
under simple shear is inversely proportional to the water content, which is similar to the reports by
Ohuchi et al. regarding wadsleyite. In addition, recently Zhang et al. (2018) carried out high-pressure experi-
ments on wadsleyite and also found a decrease in single-crystal anisotropy as water content increases.
Although they do not report values of radial anisotropy versus water content that can be readily used in
interpretations of radially anisotropic tomography, the trend found in their study is overall compatible with
the data of Ohuchi et al. (2014), which are used in this study. Zhang et al. (2018) report that it is difficult to
develop LPO globally in a moderately hydrated transition zone, apart from in regions of high strain (for
shear strain larger than 0.3). The findings of Zhang et al. (2018) are therefore consistent with recent models
of radial anisotropy are on average isotropic in the MTZ (Figure 3) and with our observations that radial ani-
sotropy anomalies of ~1.5% are mostly confined around subduction zones, where shear strains may be on
average ~2 (e.g., Faccenda, 2014a). Our findings also agree remarkably well with an independent global
model of electrical conductivity (Kelbert et al., 2009), which may suggest that despite possible errors affect-
ing our results, the relationship between radial anisotropy and water content may dominate over other fac-
tors. We hope that our interpretation will stimulate further seismological and mineral physics studies on the
origin of anisotropy within the transition zone.
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