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Abstract We build a finite-frequency tomography method that uses traveltime and amplitude data for
obtaining 3-D maps of shear velocity (VS) and seismic attenuation (measured with the quality factor Q).
We then apply this method to recover the 3-D VS and Q structures in the lowermost mantle beneath the
western edge of the Pacific large low shear velocity province, using the S and ScS phases for 31 earthquakes
that occurred underneath the vicinity of Tonga and Fiji regions. Our data set consists of the transverse
components of 1,341 traces from the Japanese F-net seismic station network. The waveform data are
applied with a band-pass filter in the period range of 12.5–200 s, corresponding to the frequency range of
0.005–0.08 Hz. Both VS and Q are lower than those in the Preliminary reference Earth model (PREM) in
the bottom depth range, with the lowest part being situated at the center of the region we sample. This
feature is robust across a variety of inversion configurations. We then estimate possible temperature
anomalies in this region from the obtained VS and Q structures. Discrepancy between the temperature
anomalies predicted by these two quantities suggests that explaining simultaneously VS and Q anomalies
in this region requires both temperature and chemical anomalies. Assuming that Q anomalies are a
reliable proxy for temperature and that compositional anomalies primarily consist of an excess in iron
oxide, we propose a possible thermal and compositional structure for this region.

1. Introduction
Global seismology, which investigates the internal structure of the Earth using seismic data, suggests the
presence of two large low shear velocity provinces (LLSVPs) in the lowermost mantle beneath the Pacific and
Africa (e.g., Houser et al., 2008; Kustowski et al., 2008; Panning & Romanowicz, 2006; Ritsema et al., 2011;
Simmons et al., 2009; Takeuchi, 2012). The nature and origin of these structures are still controversial, and
two end-member hypotheses, clusters of purely thermal plumes or thermochemical piles of hot, chemically
distinct material, are usually advocated (e.g., Davies et al., 2012; Deschamps et al., 2015; Garnero et al., 2016).

To assess the validity of these hypotheses, a detailed exploration of the LLSVPs is needed. Shear velocity (VS)
is one of the seismic properties most frequently measured in global seismology. However, its expression is
dependent on both temperature and chemical distributions and is insufficient to distinguish the individual
contributions of these parameters. Additional physical properties are thus required to resolve the thermal
and chemical structures from seismic signals. Because it strongly depends on temperature (e.g., Minster &
Anderson, 1981), attenuation parameter, or equivalently the quality factor Q may provide key information
to constrain the thermal field. Due to its high sensitivity to the amplitude of seismic waveforms, Q should
be inverted for using not only traveltimes but amplitudes simultaneously.

As a first attempt, Konishi et al. (2017) conducted waveform inversion for 1-D radial models of VS and Q at
three different locations to establish constraints on the thermal and chemical properties at the western tip of
the Pacific LLSVP. These three sets of radial models of VS and Q showed substantial difference in both VS and
Q with respect to PREM. The central profiles, where the strongest deviations are observed, were interpreted
as an image of the root of the chemically distinct Caroline plume. Konishi et al. (2017) data set suggested
that more lateral variability may exist in this region and could be resolved and imaged with appropriate 3-D
techniques.
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Table 1
Earthquakes Used in This Study

Event # Date (YYYY/MM/DD) Latitude Longitude Depth MW Global CMT id
1 2002 January 2 −17.63 178.84 680.8 6.1 010202E
2 2004 January 11 −16.27 −176.05 381.4 5.9 011104B
3 2000 May 4 −17.72 −178.31 539.8 6.4 050400 K
4 2003 May 19 −18.02 −178.42 578.5 5.9 051903B
5 2002 June 16 −17.65 −178.5 588.1 5.9 061602C
6 2002 August 9 −16.25 −175.85 381.3 6.1 080902B
7 2003 October 15 −17.84 −178.59 594.9 5.9 101503A
8 2002 October 17 −19.8 −178.23 621.9 6.1 101702C
9 2001 November 5 −17.12 −178.96 579.7 6.2 110501D
10 2002 December 28 −18.0 −178.4 635.5 5.8 122802A
11 2006 February 24 −17.94 −179.42 640.9 6.1 200602241415A
12 2006 June 9 −17.36 −178.62 585.9 6.1 200606090558A
13 2006 July 23 −17.97 −178.42 597.9 5.8 200607232050A
14 2007 March 23 −18.87 −178.24 644.6 5.8 200703232230A
15 2007 April 9 −20.0 −177.97 613.7 5.9 200704090224A
16 2007 May 6 −19.44 −179.04 690.8 6.5 200705062111A
17 2007 May 6 −19.31 −179.05 691.6 6.0 200705062201A
18 2007 May 13 −19.58 −179.03 694.9 5.8 200705131126A
19 2008 April 18 −17.26 −178.98 577.8 6.3 200804182039A
20 2008 June 15 −17.77 −179.66 623.6 5.9 200806150113A
21 2008 December 17 −17.77 −178.3 547.8 5.8 200812171055A
22 2009 January 26 −17.83 −178.55 616.5 5.8 200901261154A
23 2009 January 27 −17.81 −178.51 612.7 5.9 200901270629A
24 2009 March 5 −17.46 −178.9 553.3 5.9 200903051933A
25 2009 November 22 −17.72 −178.36 546.4 6.3 200911220748A
26 2010 June 22 −19.16 −177.49 587.4 5.8 201006222216A
27 2011 April 3 −17.65 −178.45 562.3 6.4 201104031407A
28 2011 August 19 −16.52 −176.73 415.0 6.2 201108190354A
29 2011 October 27 −17.98 −179.4 608.7 6.0 201110270015A
30 2012 February 10 −17.98 −178.42 598.0 5.9 201202100147A
31 2013 November 23 −17.09 −176.38 386.6 6.5 201311230748A

The complexity of the localized structure of VS in the western Pacific has already been investigated in a
number of studies (e.g., He & Wen, 2009; Takeuchi et al., 2008; To et al., 2005). Existence of a localized 3-D
heterogeneity in VS has also been suggested (Konishi et al., 2014). So far, however, no detailed 3-D structure
of Q has been inferred in this region. In this work, we extend the waveform analysis of Konishi et al. (2017) to
finite-frequency tomography for a 3-D structure of both VS and Q using traveltimes and amplitudes instead
of full waveform, which eventually allowed us to observe the Q structure at a greater level of complexity
than that obtained from 1-D radial models.

2. Data
The data set used for our 3-D inversion is essentially similar to that of Konishi et al. (2017). We use broadband
seismic waveform data obtained from the Japanese F-net seismic station network (77 stations) for 31 deep
earthquakes (Table 1) that occurred in the vicinity of Tonga and Fiji regions. The data set consists of 1,341
velocity seismograms. The geometry of the seismic sources and stations is plotted in Figure 1, including the
projected raypaths of direct S waves.
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Figure 1. Geometry of the seismic events (red stars) and stations (blue triangles). Gray curves show the raypaths of
direct S waves. The red parts on the raypaths denote the regions where the raypaths travel within the target depth
range of this study. The black crosses indicate the bottoming points of the raypaths. The histogram shows the
distribution of epicentral distances of the raypaths.

The histogram in Figure 1 shows the distribution of epicentral distances between the sources and receivers.
Note that our data set does not include any waveforms with S wave traveling deeper than a depth of 2,000 km
(900 km above the core-mantle boundary, CMB).

We deconvolve the instrument response and construct a data set consisting of the transverse component
waveforms obtained by rotating the N-S and E-W components. Each waveform in our data set comprises
primarily ScS wave (S wave reflected at the core-mantle boundary) and its precursors.

3. Methodology
We use a finite-frequency tomography method based on traveltime and amplitude of ScS phases, instead
of full-waveform inversion, in order to obtain robust results to infer the 3-D elastic and anelastic structure
beneath the western Pacific. In this section, we describe the data processing and inversion procedures.

3.1. Initial Model, Attributes Measurement
The initial model used in the inversion is defined as the average of the three 1-D models obtained in Konishi
et al. (2017) and is represented in Figure 2. Synthetic waveforms are computed using the Direct Solution
Method (Geller & Ohminato, 1994; Geller & Takeuchi, 1995) up to 0.3 Hz. The source parameters (moment
tensors and centroid) are provided by the Global Centroid-Moment-Tensor Project, and we convolved the
moment rate function.

We apply a band-pass filter to the waveforms with a frequency range of 0.005 to 0.08 Hz. In order to cor-
rect for the shallow region and source effects (static corrections), waveforms are aligned by S wave peaks
and normalized by the amplitude of S phase. We then invert anomalies in traveltimes (𝛿 ) and amplitudes
(𝛿 ln A) of the ScS phase between the observed and synthetic data for anomalies in shear velocity and attenu-
ation. Note that because they do not propagate deeper than 2,000 km, all S waves in our data set do not travel
through the target depth range. In addition, we assume that S and ScS waves for a same station-source pair
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Figure 2. Radial profiles of VS anomalies (d ln VS) with respect to PREM (left) and Q (right) from the waveform
inversions in Konishi et al. (2017). Labels #1 to #3 indicate the profile obtained with the western, central, and eastern
paths subsets, respectively. The averaged structure of these profiles is plotted by the black lines and is used as an initial
model for this study. Averaged radial structure of our preferred model (Figure 4) is denoted by the thick purple lines.

travel through a similar path in the shallow depth range. An important point to note is that the S waves in
our data set do not have significant variance between data and synthetics using PREM Konishi et al. (2017).
In particular, these variations are much smaller than variations in ScS waves in the lowermost mantle (i.e.,
our target depth range).

The 3-D model is horizontally parametrized on 5◦ × 5◦ grids (equivalent to approximately 300 × 300 km
at the CMB) with a vertical step of 100 km from the CMB up to 500 km above the CMB. We choose this
parameterization due to the higher sensitivity of ScS phases to the vertical structure than to the horizontal
structure. The horizontal distribution of the grid points is shown in Figure 3.

3.2. Partial Derivatives for VS and Q
The formulation of the partial derivatives for both elasticity (𝜇) and anelasticity (Q) (and their Jacobians) is
written in section 2.1.2 of Fuji et al. (2010). Here we briefly summarize this formulation. First, the frequency
dependence of 𝜇 is given by Azimi et al. (1968) following:

𝜇(𝜔) ≈ 𝜇0

(
1 +

2q ln(𝜔∕𝜔0)
𝜋

)
(1 + iq), (1)

Figure 3. Horizontal parametrization (28 green circles).
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where i =
√
−1, q = Q−1, 𝜔 is the angular frequency, 𝜔0 is the reference angular frequency (here taken at

𝜔0 = 2𝜋, i.e, a reference frequency of 1 Hz), and𝜇0 is the real part of the elastic parameter𝜇(𝜔0). Differentials
of 𝜇(𝜔) and waveform u are given by

𝛿𝜇(𝜔) = 𝜕𝜇(𝜔)
𝜕𝜇0

𝛿𝜇0 +
𝜕𝜇(𝜔)
𝜕q

𝛿q, (2)

𝛿uT =
𝜕uT

𝜕𝜇(𝜔)
𝜕𝜇(𝜔)
𝜕𝜇0

𝛿𝜇0 +
𝜕uT

𝜕𝜇(𝜔)
𝜕𝜇(𝜔)
𝜕q

𝛿q, (3)

and

𝛿uT(𝜔) =
𝜕uT

𝜕𝜇(𝜔)

(
1 +

2q ln(𝜔∕𝜔0)
𝜋

)
(1 + iq)𝛿𝜇0 +

𝜕uT

𝜕𝜇(𝜔)
𝜇0

[
2 ln(𝜔∕𝜔0)

𝜋
+ i

(
1 +

4q ln(𝜔∕𝜔0)
𝜋

)]
𝛿q. (4)

This formulation thus defines perturbation from the partial derivatives with respect to our target parameters
𝜇0 and q. Note that we compute the partial derivative 𝜕u∕𝜕𝜇(𝜔) using the algorithm of Geller and Hara
(1993): (

𝜕uT(𝜔)
𝜕𝜇(r)

)∗

𝛿𝜇(r) = −1
2
{

ur,s(r) + us,r(r)
}∗[𝜂s,r(r) + 𝜂r,s(r)]𝛿𝜇, (5)

where r denotes the location of a perturbation and ur and 𝜂r denote the r component of the displacement and
of the back-propagated displacement by a point force in the transverse direction at a station, respectively.
The summation convention, summation over the repeated subscripts, is used. The subscript ,s denotes spatial
differentiation with respect to the s coordinate. Using the relation between the perturbation to VS and 𝜇,

2𝜌VS𝛿VS = 𝛿𝜇0, (6)

we obtain:

𝛿uT(𝜔) = 2𝜌VS
𝜕uT

𝜕𝜇(𝜔)

(
1 +

2q ln(𝜔∕𝜔0)
𝜋

)
(1 + iq)𝛿VS +

𝜕uT

𝜕𝜇(𝜔)
𝜇0

[
2 ln(𝜔∕𝜔0)

𝜋
+ i

(
1 +

4q ln(𝜔∕𝜔0)
𝜋

)]
𝛿q.

(7)

3.3. Inverse Problem
We conduct finite-frequency tomography for VS and Q by inverting measured traveltime (𝛿 ) and amplitude
(𝛿 ln A). We define the cost function to minimize as follows:

||d − G𝛅m||2, (8)

where d consists of the set of 𝛿 and 𝛿 ln A measured within all the waveforms in the data set and G is a ker-
nel matrix with respect to model perturbations 𝛿m (VS and q). In order to have finite-frequency kernels, we
first compute partial derivatives of full-waveform (Ku) with respect to 𝛿VS and 𝛿q. A kernel for full-waveform
uT (Ku) is converted in kernels for traveltime  (K ) and amplitude ln A (K ln A), respectively, as follows:

KX
Y (rQ) = ∫

t2

t1

JX (rR, t; rS)Ku
Y (rQ, t)dt, (9)

J (rR, t; rS) = −
𝜕tuT(rR, t; rS)

∫ t2
t1

|𝜕tuT(rR, t; rS)|2dt
, (10)

and

J ln A(rR, t; rS) =
uT(rR, t; rS)

∫ t2
t1

|uT(rR, t; rS)|2dt
, (11)

where X indicates data type (either  or ln A) and Y indicates the model parameter (either VS or q), respec-
tively. Difference in the maximum amplitudes of the partial derivatives with respect to the two model
parameters (VS or q) is taken into account as follows:

G′ =
(
GVS

|aGq
)
, (12)
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Figure 4. Our preferred model. For each depth range, d ln VS and Q are displayed on the left and right columns,
respectively, with a contour interval of 0.5% in d ln VS and 10 in Q. The top right insets on d ln VS maps indicate
elevation above the CMB. The bottom left insets indicate the rms and lowest values in d ln VS and Q. The thick black
circle shows the surface location of the Caroline plume.
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where a is the weighting for the elements of the kernel matrix G with respect to 𝛿q, since kernels GVS
and

Gq for VS and q may not be totally independent/orthogonal. Behavior of results upon a variety of a values is
discussed in Fuji et al. (2010), and we explore the influence of this value in section 4.2.

To control damping and smoothing in the inversion, we add two terms into equation (8). First, we consider
the most general damping with Wm, which adjusts the relative weights of the damping on VS and q. In
addition, we control smoothness in model with the term Xm. The objective cost function is then

||d − Gm||2 + 𝛾||Wm||2 + 𝜉||Xm||2, (13)

where 𝛾 and 𝜉 are two constants controlling the amount of damping and smoothing, respectively, and, W
and X are given by

W =
{

wi𝑗
}
=

wV i = 𝑗,mi → VS
wq i = 𝑗,mi → q
0 i ≠ 𝑗

, (14)

X =

⎛⎜⎜⎜⎜⎜⎜⎜⎝

𝑦12 −𝑦12 0 … 0 0
𝑦13 0 −𝑦13 … 0 0

⋮ ⋱
0 𝑦23 −𝑦23 … 0 0

⋮ ⋱
0 0 0 … 𝑦n−1n −𝑦n−1n

⎞⎟⎟⎟⎟⎟⎟⎟⎠
. (15)

Xm represents formula of the relations between mi and m𝑗 for all i, 𝑗(i ≠ 𝑗), which controls the smoothness
between mi and m𝑗 . The weighting factors 𝑦i𝑗 are functions of the locations of mi and m𝑗 that control the
amount of smoothing. In this study, the smoothing factor is defined by

𝑦i𝑗 =
100

100 + |zi − z𝑗 | 1002|xi − x𝑗 |2 , (16)

where xi is the geometrical coordinate of the location of ith (in superscript) point and zi is the depth of the
location of ith (in superscript) point. The first coefficient means that distance in the depth direction affects
more strongly the smoothing factor. Note that a value of 1002 is for the minimum value of |xi−x𝑗 |2. Note also
that the formula has the relation of mi and m𝑗 only if the perturbation types (i.e., elasticity or anelasticity)
of the mi and m𝑗 are the same (i.e., mi,m𝑗 ∈ mVS

or mi,m𝑗 ∈ mq).

Finally, a model m is calculated such that it minimizes the value of the cost function defined in equation (13)
following:

m = (GTG + 𝛾WTW + 𝜉XTX)−1GTd. (17)

4. Seismological Model
4.1. Preferred Model
Figure 4 shows our preferred model, obtained with the following parameters: a = 3, 333−1 (= a0), 𝛾 =
0.086 (= 𝛾0), and 𝜉 = 358 (= 𝜉0) (the definition and influence of each regularization parameter are discussed
in section 4.2). Root-mean-square and minimum values in d ln VS and Q at each depth range are indicated
in inset. Throughout the region covered by our model, both VS and Q are substantially lower than the PREM
values. The difference between the obtained model and PREM becomes smaller as the depth range goes
shallower. In the lowermost layer, d ln VS peaks at −2.8% and Q reaches a minimum at 220, while at 400 km
above the CMB d ln VS is −1.3% and Q is 250. The pattern in VS and Q anomalies is roughly similar, with the
central region being slower and more attenuated (lower Q) than the surrounding regions, but they slightly
differ in the details. Note that the contrast in d ln VS between the center of the region and its surroundings
is stronger in the shallower parts. Furthermore, the contrast in Q is visible at all the depth ranges, while
d ln VS is more homogeneous at the shallowest depths. Average values of both d ln VS and Q in each depth
range are shown in Figure 2.
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4.2. Effects of Regularizations
We now investigate the stability of our model with respect to the amount of damping and smoothing. First,
we vary the damping factor 𝛾 . Figure 5 shows a model obtained with a value of 𝛾 equal to twice that of our
preferred model (𝛾 = 2 × 𝛾0), all other parameters values being the same; that is, a = a0, 𝜉 = 𝜉0,wVS

= wV0,
and wq = wq0. Maps in Figure 5 do not show significant differences compared to our preferred model.

Figure S1 in the supporting information further shows the result obtained with a value of 𝛾 equal to half that
of our preferred model (𝛾 = 𝛾0∕2), all other parameters values being the same. Again, the observed pattern
is similar to that of our preferred model.

We also implement the smoothing in our objective cost function. Here, we change the factor 𝜉, which con-
trols the smoothing of both d ln VS and Q. Figure 6 shows a model with a value of 𝜉 equal to half the
value used for our preferred model (𝜉 = 𝜉∕2). Again, values of all other parameters are unchanged, that
is, a = a0, 𝛾 = 𝛾0,wVS

= wV0, and wq = wq0. Differences are larger than when modifying the damping
but remain overall small. The biggest difference appears in the maps of d ln VS in the shallowest part of our
model, where the minimum d ln VS observed in the center of the domain is more pronounced by about 0.1%.
In addition, the distribution of Q is more contrasted. Incidentally, the outcomes obtained by increasing the
weighting of Q alone are similar to that obtained by increasing the weighting of both VS and Q.

As mentioned in section 3.1, we control difference in the maximum amplitudes of kernels with respect to VS
and q. We now examine the contribution of choices of the factor a in equation (12). Figure 7 shows a model
obtained with a value of a 50% larger than in our preferred model (a = 1.5 × a0), while all other parameters
are the same, that is, 𝛾 = 𝛾0, 𝜉 = 𝜉0,wVS

= wV0, and wq = wq0. Again, compared to our preferred model,
we do not see significant differences in the structure and amplitudes of d ln VS. However, clear differences
in the models of Q can be seen. In particular, the values of Q are slightly lower at all the depth range, by
about 10–20. The Q pattern, by contrast, remains unchanged. Overall, the tests we conducted in this section
indicate that the effects of regularization are limited; that is, the results of our inversion are robust with
respect to regularization.

4.3. Robustness of Data
To assess the robustness of our data set, we conduct a bootstrap test. We prepare 100 sub–data sets out of our
whole data set, each sub–data set containing 70% of the whole data set, in which 938 selected waveforms
are randomly chosen. We then conducted inversions for the all sub–data sets and calculate the average and
standard deviation of the results. Figure S2 shows the standard deviation of d ln VS and Q. Overall, differ-
ences between the original and randomly selected sub–data sets are very small. Differences between the
original and sub–data sets further increase with depth. In the bottom layer, the rms and maximum of dif-
ferences are 0.025% and 0.041% for d ln VS and 0.40 and 0.83 for Q. The largest differences are seen at the
edges of the models. These bootstrap tests thus indicate that our data set is robust and is only affected by
small uncertainties, a result that is likely related to the raypath coverage of our data set.

4.4. Validation in Data Domain
In this study, we searched for a model that minimizes deviation in the values of traveltime ( ) and ampli-
tude (ln A) as is written in equation (8). Furthermore, we imposed damping, smoothing, and control on the
amplitude factor as is written in equation (17). To assess the quality of our results, we compared observed
and modeled waveform data. Since we used finite-frequency tomography, it is worth looking at the improve-
ment in data (full-waveform) domain. In order to quantify misfit between waveforms, we define variance of
each waveform (vari) and variance of all the waveforms (var), respectively, as below:

vari =
‖‖‖uobs,i − usyn,i

‖‖‖2

‖‖uobs,i
‖‖2 , (18)

var =

∑
i

‖‖‖uobs,i − usyn,i
‖‖‖2

∑
i
‖‖uobs,i

‖‖2 . (19)

The values of the variance for all the waveforms versus observed waveforms (equation (19)) are 1.5 for PREM,
0.64 for the initial model, and 0.63 for our preferred model.
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Figure 5. Models obtained with stronger weighting on both d ln VS and Q. a = a0, 𝛾 = 2 × 𝛾0, 𝜉 = 𝜉0,wV = wV0, and
wq = wq0. Legends and contour interval are the same as in Figure 4.
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Figure 6. Models obtained with weak smoothing on both d ln VS and Q. a = a0, 𝛾 = 𝛾0, 𝜉 = 0.5 × 𝜉0,wV = wV0, and
wq = wq0. Legends and contour interval are the same as in Figure 4.
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Figure 7. Models obtained with a larger value of a. a = 1.5 × a0, 𝛾 = 𝛾0, 𝜉 = 𝜉0,wV = wV0, and wq = wq0. Legends and
contour interval are the same as in Figure 4.
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Figure 8. Distribution histograms of the variances in traveltime (top), amplitude (middle), and waveform (bottom)
between the observed and synthetic waveforms computed with initial model (black) and the preferred model (yellow).

To assess improvements in individual waveforms, we plotted the distribution histograms of the variance
values in 𝛿 , 𝛿 ln A, and waveform (equation (18)) for each waveform in Figure 8. This plot shows that all
the values are improved with using the preferred model.

We further performed comparisons of waveforms, as illustrated by Figure 9. The waveforms computed for
the initial model and preferred model fit the observed ScS phase much better than the waveform computed
for PREM.
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Figure 9. Upper panels: a comparison between observed waveforms, in red, and synthetic waveforms in blue, black,
and yellow, computed via PREM, the initial model, and the preferred model, respectively. Lower panels: stacked
waveforms of the seismic events from the upper panels.

While the improvement in individual waveforms from the initial model to the preferred model is not signif-
icant as that from PREM to our preferred model (Figure 9), the histogram shows a global improvement in
both traveltime and amplitude (Figure 8).

It is however difficult to describe general modification in waveforms, partly because of the frequency band
of the data set we used. In the leftmost and center panels, the fit in the first peak of ScS is improved with
the preferred model, especially in terms of amplitude. By contrast, in the waveform plotted at the rightmost
panel the phases at the latter part of ScS are well recovered.

Although we see some wiggles in the observed waveforms, these features disappear in the stacked waveforms
(Figure 9). In this data set, most of the improvements are achieved for the main peaks of ScS.

4.5. Influence From Shallower Parts
We further examined possible influence from shallower regions of the mantle on our inversion. Konishi
et al. (2014) have shown the pseudo-orthogonality of waveform partial derivatives with respect to VS in the
upper mantle and in the lowermost mantle. This implicitly supports our hypothesis that shear velocity per-
turbations in our waveform data set are localized in the lowermost mantle. Here, we further investigate the
robustness of our inversion results by testing several possible cross-talk effects during inversions, includ-
ing (i) static correction effects, (ii) simultaneous inversions for deep and shallow depths, and (iii) inversions
only for shallow depths.

First, we conduct inversion for the data set without the static correction described in section 3.1. All the
parameters in equation (13) are the same as those used to obtain our preferred model. The resulting model is
shown in Figure S3. In comparison to the preferred model (Figure 4), the distribution of values Q is slightly
flatter. However, the model still indicates the same value ranges both in d ln VS and Q. Whether we apply
the static correction or not, the subsequent models are not significantly different.

To evaluate the possible trade-off between shallower regions of the mantle and our target depth range, we
performed an additional inversion where we added the shallower mantle as target. We calculate 1-D kernel
for the shallower distance range and added it to the inversion. The 1-D kernel is built for every 100 km from
a depth of 500 km above the CMB to the Earth surface. In this inversion, we kept 3-D parameterization in
the lowermost part as it is in our preferred model. The lowermost 3-D model obtained in this inversion is
shown in Figure S4. The 1-D model for the shallower part is shown in Figure S5, in which we also plot the
1-D averaged values of 3-D model in each depth range as well as the average value of the preferred model
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in black. While we observe several unstable patterns around depths of 200 and 700 km, and the models
obtained with kernels accounting for the shallow mantle are flatter than our preferred model (Figure 4),
as in the inversion without the static correction, the pattern of both VS and Q is similar and their average
values in each layer are also same as those in the preferred model. This test therefore suggests that the
trade-off between the shallower part and the target region is small. We then conducted an inversion with
only 1-D kernel for the whole mantle depth range. The 1-D model (with 100 km step) in the whole mantle
is shown in Figure S6. Compared to the model obtained using 1-D kernel for the shallower part and 3-D
kernel for the target depth range, we observe no significant difference in both the shallower mantle and the
target depth range, which further indicates that our model has no or very limited trade-off from the shallow
mantle. Figure S7 plots 1-D models obtained for the shallow mantle only. This model has slightly different
values in VS compared to those obtained with the whole mantle kernels (i.e., including the target region),
while Q is almost identical. However, at depths greater than 1,000 km, the difference is small. Overall, we
conclude from these tests that our model is not significantly affected by trade-offs with other depth ranges.
This indicates that even though the ScS wave, which we used in inversions, may have sensitivity in regions
shallower than our target depth range (Hung et al., 2005), the paths included in our data set do not sample
significant anomalies in the shallow mantle. If anomalies would be present along these raypaths, not only
the ScS but also the S wave would be affected even though the sensitivity of the S wave is different from that
of the ScS wave. This is clearly not the case (Konishi et al., 2017).

5. Thermal and Compositional Changes From VS and Q Anomalies
The deviations of VS and Q from their PREM values that we observed may be related to local changes in
temperature and possibly composition. To model the temperature changes associated with these anomalies,
we follow the approach developed in Deschamps et al. (2019). For convenience, we summarize the main
points below.

Taking into account the presence of postperovskite (pPv) and of compositional changes at the bottom of the
mantle, the temperature anomalies associated with d ln VS, observed at a given location, may be written as

dTVS
=

d ln VS − SpPvdXpPv − d ln VS,C

ST
(20)

where dXpPv is the assumed anomaly (with respect to mantle horizontal average) in the fraction of pPv at
this location, ST and SpPv are the partial derivatives (sensitivities) of VS with respect to temperature and
pPv, respectively, and d ln VS,C is the contribution of compositional changes to d ln VS. If anomalies in VS
have a purely thermal origin, d ln VS,C is, of course, equal to zero. By contrast, assuming as in section 5.2
that this contribution is dominated by changes in the iron fraction dXFe, this contribution can be written
d ln VS,C = SFedXFe, where SFe is the partial derivative (sensitivity) of VS to iron. Other sources of chemical
heterogeneities include variations in the fraction of subducted mid-ocean ridge basalts (MORB) and in the
relative fractions of bridgmanite and ferropericlase. Here, we did not account these sources. If such chem-
ical heterogeneities are present, our estimate of temperature may be altered (see discussion in Deschamps
et al., 2019). Seismic sensitivities are calculated from available mineral physics data and appropriate equation
of state modeling. Here, we use the sensitivities to temperature and iron calculated by Deschamps et al.
(2012) together with their uncertainties. Note that because they derive from the kernels in traveltime and in
amplitude (equations (10) and (11)), the values of d ln VS we obtained are already corrected for the attenu-
ation effects. Further correction, as done, for instance, in Matas and Bukowinski (2007) when using d ln VS
obtained from traveltime only, is therefore not needed. Based on the compilation of Cobden et al. (2015), we
fixed the sensitivity of pPv to SpPv = (2.0±1.0). Equation (20) further requires the definition of a pPv model.
pPv anomalies, dXpPv, are set to −15% everywhere in the depth range 2,730–2,880 km. This assumes that the
region we explored is hot and thus free of pPv and that the horizontally averaged fraction of pPv, XpPv,ref, is
equal to 15%, a value that is consistent with a CMB temperature around TCMB = 3500 K (Deschamps et al.,
2019). At shallower depths, pPv is assumed unstable everywhere in the mantle, that is, dXpPv = 0. One may
point out that this pPv model is rather simple and possibly bias our inferred values of dTVS

. Using a more
sophisticated radial model, where dXpPv decreases with altitude according to prescribed Clapeyron slope,
would slightly decrease the estimated values of dTVS

, but the conclusion explaining d ln VS requires that
compositional changes would still be valid.
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To estimate temperature anomalies associated with Q maps, we followed a classical approach, which
assumes that attenuation is a thermally activated process with a relaxation time modeled with an Arrhenius
law Anderson and Given (1982). In this approach, Q at a temperature T is described by a power law of the
seismic frequency 𝜔 and the relaxation time and is given by

QS = Q0𝜔
𝛼 exp

(
𝛼

H
RT

)
, (21)

where Q0 is a constant; 𝛼 is the power law exponent; R the ideal gas constant; H = E + pV the activation
enthalpy, with E and V being, respectively, the activation energy and volume; and p is the pressure. Note
that the activation volume is positive, that is, H increases with depth. Equation (21) may be used to define a
reference quality factor, Qref, at a reference temperature Tref, which we define here as PREM quality factor,
Qref = QPREM = 312, and the mantle geotherm, respectively. The temperature deviation from Tref at a given
location, dTQ = (T − Tref), can be inferred from the ratio between QS and Qref following:

dTQ =
−RT2

ref

𝛼H

ln
(

QS
Qref

)
[
1 + RTref

𝛼H
ln

(
QS

Qref

)] . (22)

This approach implicitly assumes that Q depends only on T, but not, or very weakly, on composition. Seismic
attenuation may be affected by the presence of fluids—in particular water. Because the amount of water in
the lowermost mantle is limited (Panero et al., 2015), this effect may however be very small. In addition, it
has recently been suggested that the influence of volatiles on attenuation may be very small even at upper
mantle conditions (Cline et al., 2018). Parameters of equation (22) for the lower mantle are uncertain. A
conservative range for the reference temperature at the CMB is 3000–4000 K (Tackley, 2012). Following
Deschamps et al. (2019), we fixed Tref to 3500 K at the CMB and assumed that it decreases adiabatically with
altitude following a gradient of 0.3 K/km. We further imposed a decrease by 500 K from the CMB up to the
altitude of 200 km (z = 2, 680 km) to account for the existence of a thermal boundary layer at the bottom
of the mantle. Finally, we imposed an error bar of ±500 K at each depth. For periods smaller than 200 s,
seismic studies indicate that the frequency exponent 𝛼 is around 0.3. Here, following Dannberg et al. (2017),
we used 𝛼 = 0.274.

The two recent observational studies attempting to constrain alpha from seismic data find different results:
At periods shorter than 200 s, Leki et al. (2009) find alpha of 0.3, while Hwang and Ritsema (2011) find alpha
values closer to 0.1.

Finally, based on the experimental data compiled in Matas and Bukowinski (2007) and on the modeling of
Dannberg et al. (2017), we set activation energy and volume to E = 286 kJ/mol and V = 1.2 × 10−6 m3/mol,
respectively, corresponding to a mean activation enthalpy of 450 kJ/mol at the bottom of the mantle. To
estimate error bars on dTQ, we varied E and V in the ranges 280–380 kJ/mol and 1.1×10−6-1.3×10−6 m3/mol,
leading, at the bottom of the mantle, to activation enthalpy between 425 and 560 kJ/mol.

A successful thermochemical structure requires that, at a given location, estimates of the temperature
anomalies from d ln VS and Q are similar within error bars. Here, we quantify the difference between the
two estimates with the misfit function

𝜒 =
|dTVS

− dTQ|
𝜎dTVS

+ 𝜎dTQ

, (23)

where 𝜎dTVS
and 𝜎dTQ

are uncertainties in dTVS
and dTQ. With this definition, dTVS

and dTQ agree within
their error bars if 𝜒 ≤ 1. By contrast, a value of 𝜒 larger than 1 indicates that dTVS

and dTQ are inconsistent.
To infer the possible thermochemical structure in the region sampled by our model, we first assume that VS
changes are only thermal in origin (section 5.1). Because the resulting dTVS

and dTQ disagree (𝜒 > 1), we
then assume that compositional changes are also present (section 5.2).

5.1. Purely Thermal Origin of d ln Vs
Temperature anomalies estimated from our preferred models of d ln VS and Q (Figure 4) are plotted in
Figure 10. Values of dTVS

assume a purely thermal origin of d ln VS, that is, d ln VS,C = 0 in equation (20). Pat-
terns in dTVS

and dTQ mimic patterns in d ln VS and Q. These are overall consistent with one another, with
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strongest anomalies being located in the center of the explored region and amplitude of anomalies increas-
ing from top to bottom. Details of the patterns are however slightly different. In particular, dTVS

has sharper
gradients than dTQ. More importantly, dTVS

and dTQ strongly disagree in amplitude. In the lowermost layer,
for instance, the root-mean-square (rms) amplitudes of dTVS

and dTQ are 700 and 240 K, respectively, and
the maximum anomalies are around 860 K and 270 K.

Figure 11 plots maps of the misfit function 𝜒 (equation (23)). Uncertainties in dTVS
are around 100 K and

were estimated by adding estimated uncertainties in the observed d ln VS (0.2%, section 4.1) and in seismic
sensitivities. Uncertainties in dTQ are typically around 150–200 K and were estimated by adding estimated
uncertainties on the observed Q (± 15, section 4.1), Tref (± 500 K), and H (see previous section). With these
error bars, 𝜒 is larger than 1 throughout the region we explored in the bottom 300 km. At altitudes of
300–400 km above the CMB, estimated dTVS

and dTQ are closer to each other, with rms amplitude around
280 and 110 K. Within error bars, they are consistent in peripheral regions but still disagree in the cen-
tral region. At altitudes larger than 500 km (not shown here), estimated dTVS

and dTQ are now in close
agreement, with rms amplitude in the range 110–140 K and 𝜒 < 1 in most of the explored region.

One may point out that 𝜒 is larger in the range 200–300 km above the CMB than in the lowermost layer. This
is because in the lowermost 200 km, we assumed that parts of the anomalies in VS are related to anomalies
in pPv, while at shallower depths, we assumed that pPv is unstable whatever the location and therefore does
not participate to VS anomalies. Accounting for pPv anomalies in the lowermost layers thus reduces the
difference between dTVS

and dTQ in these regions. In addition, because we imposed some uncertainty on
the sensitivity of VS to pPv, the uncertainty on dTVS

increases. As a result, and according to equation (23),
the value of 𝜒 in regions where pPv anomalies are accounted for is reduced.

Changing the damping factor modifies the amplitude of models of d ln VS and Q. While these changes are
small (Figure 7), they may affect estimated temperature anomalies. Figure S8, plotting temperature anoma-
lies estimated from the model weakly damped model shown in Figure 7, then indicates that dTQ is larger
than those predicted by our preferred model by up to 150 K. However, as indicated by Figure S9, dTQ is still
in disagreement with dTVS

throughout the bottom 300 km

Following this approach, and assuming that Q does not depend on composition, the disagreement between
estimated dTVS

and dTQ in the lowermost 300 km indicates that the d ln VS we observe in this region is
not purely thermal in origin and is partially caused by compositional changes. Note that because activa-
tion energies for bridgmanite and ferropericlase are different—typically around EBm = 300 kJ/mol and
EFp = 230 kJ/mol at ambient pressure (Yamazaki & Irifune, 2003; Yamazaki et al., 2000)—variations in the
relative fraction of these minerals should lead to small changes in Q. In particular, if LLSVPs are enriched
in bridgmanite by a few percent (Trampert et al., 2004), the activation enthalpy should be larger than the
mean value assumed in our calculations. However, according to equation (22), this would further decrease
the estimated value of dTQ, which would then be even more difficult to reconcile with the estimated dTVS

.
This would further implicitly assume that the d ln VS we observe results partly from compositional changes.
Another source of uncertainty is the reference fraction of pPv, which we fixed here to 15%. If higher, around
50% and more, dTQ and dTVS

may be reconciled for a narrow range of values of the reference temperature
(see discussion).

5.2. Compositional Changes
Assuming that they are only related to thermal changes and associated depletion in pPv, the temperature
anomalies we estimated from d ln VS in the lowermost 300 km are too large compared to those we estimated
from Q. A possible explanation for this disagreement is that the region sampled by our data set has a dif-
ferent composition than the surrounding mantle and that these compositional anomalies participate to the
observed d ln VS. An excess of iron is a reasonable explanation for such anomalies, as it would induce a
decrease in VS and an increase in density, as seen in normal mode tomography (Ishii & Tromp, 1999; Moulik
& Ekstrøm, 2016; Trampert et al., 2004). Other possible sources of heterogeneities that may contribute to the
observed d ln VS are subducted oceanic crust (MORB) and an enrichment in bridgmanite. Subducted MORB
may reach the bottom of the mantle and be partially incorporated within LLSVP (Li et al., 2014; Tackley,
2012). However, because VS increases with increasing fraction of MORB (Deschamps et al., 2012), the pres-
ence of recycled MORB in the western Pacific would imply that the dTVS

calculated from our observed
d ln VS is even larger than the values we obtained and thus more difficult to reconcile with the estimated
dTQ. Excess in bridgmanite would lead to similar effects.
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Figure 10. Temperature anomalies estimated via (left) d ln VS and (right) Q. The contour interval is 50 K. The insets at
the top right of the dTVS

maps indicate the elevation range above the CMB. The insets at the bottom left show the rms
values in dTVS

and dTQ.
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Figure 11. Distribution of the cost function 𝜒 (equation (23)). The contour interval is 0.2. The inset at the top right
indicates the elevation range above the CMB.

Here, we assume that compositional changes in the region we explored, if present, are dominated by an
excess in iron oxide, dXFe. Following this hypothesis, and assuming that the temperature anomalies are well
described by dTQ, the iron excess is given by

dXFe =
d ln VS − dTQST − dXpPvSpPv

SFe
, (24)

where the functions ST , SFe, and SpPv are, again, partial derivatives (sensitivities) of VS with respect to tem-
perature, iron, and pPv, respectively. Figure 12 shows the resulting maps of dXFe. Inferred iron excess in the
lowermost 300 km is on average 3.5–4.5%, depending on depth, with error bars around 1.2–2.8%. Note that
the strongest iron enrichments are located in the central part of the explored region.

We further calculated temperature anomalies from the d ln VS and Q models obtained from the bootstrap
tests plotted in Figure S2. Figure S8 shows differences between these anomalies and those predicted by the
preferred model (Figure 4). We found that differences in temperature anomalies are very small, less than
20 K for dTVS

and less than 3 K for dTQ. Differences in the estimated iron excess (see section 5.2) are also
small, less than 0.25%.

6. Discussion and Conclusion
To better constrain the nature of the Pacific LLSVP, we inferred the 3-D structure of shear velocity anomalies
(d ln VS) and seismic quality factor (Q) at the western tip of this region using a finite-frequency tomography
method. The resulting models of d ln VS and Q have similar patterns; that is, the variations in d ln VS and Q
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Figure 12. Average (left column) and standard deviation (right column) estimated from residual d ln VS
(equation (24)). The contour interval is 1%. Inset at the top right of each map indicates the elevation range above the
CMB. Inset at the bottom left shows the rms values of their respective map.
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are strongly correlated. Throughout the region we explored, VS and Q are substantially lower than those in
PREM. At all depths, lowest values are found around 10◦N, 160◦E, which approximately correspond to the
surface location of the Caroline plume. This feature fully agrees with the 1-D models obtained in Konishi
et al. (2017). Another observation is that the amplitudes of anomalies in VS and Q are strongest in the bottom
200 km and regularly decrease upward.

The target region was set to the lowermost 500 km in the mantle, and we assumed that the upper part does
not affect the seismic data much because S waves data have no significant difference from PREM (Konishi
et al., 2017). Additional tests performed in this study (section 4.5) validate this assumption. We imposed
this limitation in the explored depth range first because the initial model we used, taken from Konishi et al.
(2017), is defined in the lowermost 900 km of the mantle and second because 3-D resolution may not be
good enough in regions above.

The strong deviations in VS and Q compared to PREM suggest that the region we explored is affected by
important thermochemical changes with respect to average mantle. A key result is that the temperature
anomalies predicted independently by our models of d ln VS and Q are not consistent. In the lowermost
100 km, temperature anomalies predicted by changes in d ln VS are larger than those estimated from Q by
460 K on average, a difference that cannot be reconciled within error bars. Estimates from d ln VS and Q can
be reconciled only in the shallowest part of our model. Interestingly, our estimates of temperature anomalies
from Q are lower than those obtained in the African LLSVP by Liu and Grand (2018), a difference due to
the fact that this study observes very low values of Q in this region, around 110. In contrast to our findings,
Liu and Grand (2018) estimates of temperature in the African LLSVP are in agreement with estimates from
d ln VS in this region and therefore support a purely thermal nature of this structure. If both our estimates
of Q and that of Liu and Grand (2018) are correct, this may indicate that the two LLSVPs are different in
nature or in their evolution stage. More likely, differences in the observed Q may be related to differences
in the method employed to measure attenuation and/or to the fact that the seismic phases used in Liu and
Grand (2018) and in our study are different. Assuming that Q is only sensitive to temperature and that the
discrepancy between the estimated dTVS

and dTQ results from an enrichment in iron in the explored region,
we calculated the amount of iron needed to explain the observed d ln VS and Q (Figure 12). In the lowermost
300 km, explaining the d ln VS we observe requires 4–5% iron excess compared to surrounding mantle.

Our modeling of Q includes several sources of uncertainties that we discussed in section 5.1. It further
assumes that Q depends only on temperature, and not, or very weakly, on composition. If Q depends on
composition, the temperature anomalies deduced from observed Q may change, and at least part of the dis-
crepancies between estimated dTVS

and dTQ may be related to the fact that our observed Q is affected by
compositional effects that we do not account for. This case, however, implicitly assumes that compositional
changes are needed to explain observed d ln VS and Q simultaneously; that is, the conclusion that d ln VS can-
not be explained by purely thermal changes remains valid de facto. A possible source of chemical dependence
of attenuation is that activation energies of bridgmanite and ferropericlase are different. If, as suggested by
probabilistic tomography (Mosca et al., 2012; Trampert et al., 2004), LLSVPs are enriched in bridgmanite,
activation energy of LLSVP material would be different from that of surrounding mantle. Assuming that acti-
vation energies of bridgmanite and ferropericlase are equal to EBm = 300 and EFp = 230 kJ/mol (Yamazaki &
Irifune, 2003; Yamazaki et al., 2000), respectively, and defining the activation energy of the aggregate as the
of harmonic average of EBm and EFp, activation energies for regular mantle (assumed to be pyrolitic, with 80%
bridgmanite) and LLSVP enriched material (with 90% bridgmanite) are around 283 and 291 kJ/mol, respec-
tively. At lowermost mantle conditions, this leads to activation enthalpies of 440 kJ/mol for regular material
and 450 kJ/mol for material enriched in bridgmanite. Following equation (22) and taking Tref = 3500 K and
𝛼 = 0.274, temperature anomalies for regular and enriched materials differ by only 10 K for Q = 200 and 5 K
for Q = 250. It is further important to note that dTQ is smaller for H = 450 kJ/mol than for 440 kJ/mol, that
is, dTQ would be slightly more difficult to reconcile with dTVS

if an enrichment in bridgmanite is accounted
for. Thus, lateral variations in the fraction of bridgmanite, even if affecting attenuation, would not substan-
tially affect our estimates of temperature anomalies. Another potential source of chemical heterogeneities
in the lowermost mantle is the presence of recycled oceanic crust, as slabs may sink down to the CMB (e.g.,
van der Hilst et al., 1997). In addition small fractions of recycled crust may be incorporated in LLSVP (Li
et al., 2014; Tackley, 2012). In the absence of measurements for the activation energy for MORB, it is how-
ever difficult to estimate the effect of recycled oceanic crust on our observed Q. The presence of recycled
MORB in the region sampled by our model may further affect VS. However, this would slightly increase VS
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in this region (Deschamps et al., 2012), that is, have the opposite effects of an excess in temperature and/or
iron. Accounting for the presence of MORB would thus increase the temperature excess compared to our
estimates of dTVS

, further increasing the discrepancy between dTVS
and dTQ. Another source of uncertainty

is the value of the reference (horizontally averaged) fraction of pPv in the lowermost mantle.

This parameter may be estimated from the CMB temperature and from the maximum amplitude of tempera-
ture variations in the lowermost mantle (Deschamps et al., 2019). The value we assumed in our calculations,
XpPv,ref = 15 %, is based on the assumption that the CMB temperature, TCMB, is equal to 3500 K and that the
maximum amplitude of temperature anomalies is ± 500 K. If this temperature is lower, pPv may be stable
over wider regions, and XpPv,ref may be larger. The anomaly in the fraction of pPv in the region we sample,
dXpPv, may then increase, in which case its contribution to the observe d ln VS would be larger, resulting
in larger estimated dTVS

. However, according to equation (21) decreasing TCMB would also cause dTQ to
decrease. In addition, if TCMB is low enough, pPv may be stable even in the region we explore, reducing dXpPv
at this location. A detailed calculation accounting for these effects (Deschamps et al., 2019) then shows that
for TCMB in the range 2800–3200 K, and for the parameter values we used, estimated dTQ and dTVS

may be
reconciled within their error bars. It should be pointed out that these values of TCMB are on the lower end
of its estimated possible range.

The bootstrap test we conducted (section 4.3) indicates that our data set is robust and that the inverted values
of d ln VS and Q are only affected by small errors. Due to the subjectivity in defining the optimal regulariza-
tion, our preferred models of d ln VS and Q (Figure 4) are only possible ones among others. Interestingly, the
structures we observe are also stable with respect to regularization. When less damping is applied (Figure 7),
Q is overall smaller than in our preferred model, but the difference remains small, with rms and minimum
Q around 240 and 220 in our preferred model and 230 and 200 in the model with less damping.

This further affects estimates of dTQ, which are larger than that of our preferred model by about 150 K
(Figure S8), but it does not change the conclusion that compositional anomalies are needed to explain
observed d ln VS and Q (Figure S9).

While the 3-D pattern for our model of d ln VS and Q remains overall robust across a variety of inversion
setup, its precise outline and absolute values should be investigated more in detail, in particular to obtain
better estimates of error bars from uncertainties in the data and changes of model parameters. Monte Carlo
methods are well suited to explore seismological structure with such a wide range of parameter spaces and
yields of stochastic objectivity in results. They produce full probability density functions, rather than single
values, at each point of the model, which can then be used to estimate trade-offs and uncertainties in the
output model. Finally, output models obtained via Monte Carlo methods are less affected by the initial model
than those obtained by inverse problems. Models of d ln VS and Q based on Monte Carlo inversion should
thus provide finer mapping of deep mantle seismic structures and more accurate information of their nature.
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