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SUMMARY

Seismic tomography models reveal differences in the geographic distribution and magnitude
of P- and S-wave velocity variations (Vp and Vg, respectively) below ~2200 km depth in
the Earth’s mantle. In particular, large low shear velocity provinces (LLSVPs) beneath the
Pacific and Africa exhibit a distinct low velocity population in the distribution of Vs that does
not stand out in Vp models, carrying important implications for the origin of these features.
However, it is possible that the absence of a distinct low velocity feature in Vp models is an
artefact of V» models having lower resolution compared to Vs models owing to differences in
coverage. Here, we use ‘tomographic filters’ computed from the singular value decomposition
of the sensitivity matrices for a pair of V» and Vg models in order to test whether such low
velocity features are suppressed in Vp models. Our ‘cross-filtered’ results show that resolution
alone cannot explain the absence of a corresponding low Vp population. We additionally apply
the joint Vp and Vg tomographic filter technique to thermochemical mantle convection models
to show that cases with distinct phase and/or composition may be differentiated from cases
where only temperature varies. We then develop a new proxy for exploring uncorrelated Vp
and Vg more broadly using the difference between the observed V» model and the filtered Vg
model input. Our results show that ‘large uncorrelated modulus provinces’ (LUMPs) extend
beyond the boundaries of LLSVPs, and exhibit anomalies in both fast and slow regions.

Key words: Composition and structure of the mantle; Inverse theory; Statistical methods;

Seismic tomography.

1 INTRODUCTION

Two distinct kinds of elastic waves propagate in the rocky mantle:
P (compressional) and S (shear). Measurements of the propagation
speeds, Vp and Vs (respectively), offer unique windows into lower
mantle rock properties owing to their different dependence on elastic
moduli. In particular, p V3 = K + 4u/3 while pV'? = u, where p
is the density, K the bulk modulus and w the shear modulus. To
first order, variations in p and K that are driven by variation of a
single parameter (such as temperature) will give rise to correlated
variations in Vp and Vg (i.e. Slog Vp o Slog V; hereafter, dlog V' is
denoted as §V for brevity). A lack of such a correlation and/or a
change in their proportionality implies that additional parameters
may be influencing the elastic moduli, such as changes in phase
and/or chemical composition. For this reason, the determination of
distinct Vp and Vg variations in the Earth’s interior has become a key
target for diagnosing the nature of heterogeneity inside our planet,
with implications for long-term dynamics and evolution. While the
use of Vs tomography models for such interpretations is common,
relatively few studies have considered both V' and Vs tomographic

models for direct comparison with hypothesized dynamic scenarios
(e.g. Simmons et al. 2010; Koelemeijer et al. 2016, 2018; Lei et al.
2020).

In the lowermost mantle, the so-called large low shear veloc-
ity provinces (LLSVPs) below Africa and the Pacific (Hernlund &
McNamara 2015) are prominent features of Vg tomography mod-
els (Becker & Boschi 2002; Trampert et al. 2004; Tronnes 2009;
Cottaar & Lekic 2016), and have inspired many ideas about their
role in Earth’s history. These features have been interpreted as su-
per/megaplumes (Matyska ef al. 1994; Thompson & Tackley 1998;
Davaille 1999; Jellinek & Manga 2004; Maruyama et al. 2007;
Burke ef al. 2008; Hassan ef al. 2020) and/or compositionally dis-
tinct chemical piles (Kellogg et al. 1999; McNamara & Zhong 2005;
Tan & Gurnis 2007; Ohta et al. 2008; Deschamps et al. 2012; Jones
et al. 2020), and may be related to early differentiation events (Wal-
ter & Tronnes 2004; Labrosse et al. 2007; Wang et al. 2013; Tronnes
et al. 2019; Wang et al. 2021), a ‘slab graveyard’ of basaltic crust
(Christensen & Hofmann 1994; Tackley 2011; Jones et al. 2021),
and have even been linked to mass extinction events (Richards ef al.
1989; Courtillot 2002; Isozaki 2009).

2114 © The Author(s) 2023. Published by Oxford University Press on behalf of The Royal Astronomical Society.

€20z Ae\ £ uo Jasn sjnyisu| eolulS elwapedy Aq 0982/ L 2/061PpebBB/e60 L 0 L/10p/aone-soueApe;/fB/woo dno-ojwepede//:sdiy woly pepeojumod


http://orcid.org/0000-0002-8682-4857
mailto:junsu@elsi.jp

Vp tomography models, on the other hand, reveal only moderately
slow anomalies in the same regions when compared to Vs (Fig. 1).
Previous studies (Karato & Karki 2001; Simmons et al. 2010; Della
Mora et al. 2011; Koelemeijer et al. 2016; Tesoniero et al. 2016;
Chaves et al. 2021) compared the seismic ratio Rgp = 8Vs/8Vp at
different depths and reported an increase of Rgp from smaller than
2.5 to larger than 3 in the lowermost mantle with increasing depth,
motivating explanations involving the contribution of factors other
than temperature variations alone (Deschamps & Trampert 2003;
Brodholt ef al. 2007). However, Rgp is only a measure of amplitude
ratio of apparently correlated §Vp and Vs, and does not by itself
reveal the quality of the correlation nor the underlying reasons for
changes in Rgp. Key details of the relative differences are revealed
by plotting the distribution of § V' and § Vs in tomographic models at
each depth (e.g. Hernlund & Houser 2008, fig. 1), in which a distinct
low velocity population appears in Vs models below 2200 km depth
that is not apparent in /> models. Because this change occurs over a
depth/pressure range greater than can be explained by variations in
the high pressure phase post-perovskite (pPv, Hirose 2006), the dis-
tinct ‘slow tail’ in § Vg distribution curves and its absence in § V'p has
been invoked as evidence of chemical composition heterogeneity
(Hernlund & Houser 2008). Note that this argument assumes that
both Vp and Vg tomographic models have sufficient resolution in
these slow regions to enable such a comparison. A departure from
8Vpx8Vy (i.e. ‘de-correlation’) is also apparent in raw traveltime
residuals at turning point depths in these regions (Bolton & Masters
2001; Chaves et al. 2021), without performing any tomographic in-
version. Normal mode observations, which are not a priori affected
by the same kinds of relative resolution issues as traveltime tomog-
raphy, initially supported the presence of these uncorrelated velocity
variations (Ishii & Tromp 1999; Trampert et al. 2004). However,
recent studies using newer data suggest that §/» and § Vg are more
correlated (Moulik & Ekstrom 2016; Koelemeijer et al. 2016), and
thus may not require a distinct composition within LLSVP.

Three possibilities have been considered to explain the lack of a
corresponding low Vp population like the one seen in Vg models: (1)
a relative dearth of coverage/resolution in ¥» models (Davies et al.
2012, 2015) without core-reflected P phases and which previously
lacked diffracted P phases, (2) the measured traveltime delay of P
waves propagating through these regions is dampened by a combi-
nation of wavefront healing effects and traveltime picking artefacts
(Schuberth ez al. 2009; Malcolm & Trampert 2011) and/or influence
of upper-mantle structure where most ray paths resolving the region
come from close source—receiver pairs (Chaves et al. 2021), or (3)
changes in rock properties that manifest differently for V' and Vs
(Kellogg et al. 1999; Trampert et al. 2004; Simmons et al. 2007,
Hernlund & Houser 2008). If (1) or (2) are the dominant factors
and Vp is found to behave similarly to Vs in the real Earth, then the
Pacific and Africa features may be inclusively called LLVP (Koele-
meijer et al. 2018), as opposed to LLSVP. However, it remains to be
demonstrated that a lack of resolution is able to explain the absence
ofthese pronounced low velocity features in many P models similar
to those obtained in .S models.

In this study, we consider the possibility of an inherent resolution
difference by employing the method of ‘tomographic filtering’ using
a pair of Vp and Vg models (Houser et al. 2008). We apply the same
procedure and parameters to perform the inversion, in order to test
whether relatively poor coverage in P waves explains the difference
in Vp and PV distribution obtained from tomographic models. To-
mographic filtering has been used in several studies (e.g. Ritsema
et al. 2007; Della Mora et al. 2011; Davies et al. 2012; Koele-
meijer et al. 2018; Simmons et al. 2019) to assess the consistency

Uncorrelated variations at cross-filtered CMB 2115
of hypothesized seismic velocity structures with features in tomo-
graphic models. In this method, a ‘resolution matrix’ (or resolution
operator, Ritsema et al. 2007) is formed by computing the product
of the pseudo-inverse of the sensitivity matrix with the sensitivity
matrix itself. The resolution matrix would be equal to the identity
matrix in the ideal case, however, owing to heterogeneous coverage
and regularization the resolution operator is not unity in practice.
By applying the resolution matrix to hypothetical seismic velocity
structures, one obtains a ‘filtered’ version of seismic velocity struc-
ture as it would be rendered by the tomographic inversion. As such,
the tomographic filter is a useful tool to address questions related
to relative resolution between different models, and to evaluate the
consistency between hypothesized seismological structures in the
Earth and those observed in tomographic models.

Here we introduce a ‘cross-filtering’ technique by applying the
Vp tomographic filter to the § Vs model, and vice versa for the Vs
filter and 8 Vp model. We find that a slow tail would be resolved in
the Vp models if it were present in the real mantle, and therefore its
absence in Vp tomography models cannot be explained by resolution
alone. We then apply our joint Vp and Vi filters to thermo-chemical
models of mantle convection to examine the influence of filtering
on inferences of variations in temperature, composition, and phase,
and find that variations in both chemical composition and pPv are
helpful in explaining the discrepancy between Vp and Vs tomog-
raphy models. Finally, we define a new variable, denoted as AV,
to assess the geographic distribution of uncorrelated cross-filtered
8Vp and §Vs more broadly. Our global mapping of uncorrelated
variations reveals that such anomalies are not confined to LLSVPs
alone and appear to be a more ubiquitous feature of the deep mantle
that merits further study.

2 METHODS

Here we outline our methods, including our choice of tomographic
models, statistical characterization, construction of tomographic
resolution operators and application to filtering geodynamic mod-
els.

2.1 Tomography models

The seismic data and parametrization of this study are inherited
from the HMSL-P06 and HMSL-S06 models (Houser et al. 2008),
consisting of 252426 S-wave (S, SS, SS-S and ScS-S) 251617 P-
wave (P, PP and PP-P) traveltime measurements along with surface
wave data. The two models adopt the same approaches for data
curation, phase picking, regularization and inversion, allowing for
a more robust comparison than model pairs that are constructed
using different methodologies. The Earth’s mantle is modeled with
18 layers of equal-area blocks with 4° width at the equator, and the
layers in the lower mantle have an equal thickness (200 km), with
the total model consisting of 46 404 blocks. See Houser et al. (2008)
for further details on the model construction.

Because this study focuses on relative resolution of P- and S-
wave coverage in the lower mantle, we use only the sensitivity
kernels for 36 092 blocks in the lower mantle and transition zone
to obtain resolution operators (see below). Thus, the resolution
analysis we demonstrate here does not include the influence of
upper-mantle structure and travel time (including surface wave)
uncertainty, although these factors are considered in tomographic
models obtained in the original Houser ef al. (2008) study and in
Supporting Information S.1 of this study where we show models
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Figure 1. Tomographic models (top), geographic coverage as measured by weighted sensitivity (middle), and distribution of seismic velocities in the lowermost
mantle bottom layer at 2800 km depth for § Vs (left) and § Vp (right) of Houser et al. (2008). Models are plotted using the same colour scale in order to emphasize
their differences. The Pacific hemisphere (centred at 180°) comprises ~52 per cent of the slow tail (§Vs < —1 per cent), only slightly larger than the African

hemisphere (centred at 0°).

for comparison. The HMSL models use ray theory to track P and
S waves through the mantle, and thus result in a sparse sensitivity
matrix which is ideal for matrix decomposition. The HMSL-P06
and HMSL-S06 models include data up to 2005, and contain less
data than more recent models. The sparseness and smaller size of
our sensitivity matrix enables a full analysis to be computationally
tractable. Note that the use of models containing fewer data will not
affect the conclusions of our study, as they represent a lower bound
on resolution.

2.2 Resolution operator

The resolution operator R expresses the smoothing and damping
effects caused by a particular tomographic inversion. Tomographic
inversions for seismic velocity typically assume a linear relation
between the travel time observation and discretized model velocity
perturbations through which seismic waves propagate. This relation

is written in matrix form as:
Gm =d, (1)

where m is the discretized model, d is the traveltime data and G is the
sensitivity matrix whose rows are comprised of kernels constructed
for each source-receiver pair in the data set.

An approximate solution for m (in the least-squares sense) can
be obtained by finding a ‘generalized’ or ‘pseudo-inverse’ G and
multiplying it with d as follows:

m' = G'd = G'Gm = Rm, )

where m' is the regularized model and R = G'G is the ‘resolution
operator’. In the ideal case R = I (the identity matrix) and m’ =
m. However, owing to heterogeneous coverage of seismic waves
resulting in an uneven density of G in addition to regularization
(damping), in practice we ordinarily have R # I and, as a result,
m' # m. By applying the resolution operator R to any hypothetical
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model my, one obtains the “filtered model”’ m,, = Rmy, as it would
be rendered by the tomographic inversion (Ritsema et al. 2007).

Here’, we utilize the singular value decomposition (SVD) method
to obtain R for the HMSL-P06 and HMSL-S06 models. The sensi-
tivity matrix G is decomposed as:

G=Ux=V", (3)

where X is the matrix with the singular values s on its diagonal (X
= diag(s)), U is a matrix containing the left singular vectors and
V hosts the right singular vectors. Since U and V are orthonormal
matrices, an estimated inverse of G, or G, is obtained as:

G' ~ VLZU", 4)

where Z is an approximate inverse of the diagonal matrix ¥ =
diag(1/s) and L is the regularization operator. Note that this kind
of regularization is different from the original approach used to
construct HMSL-P06 and HMSL-S06, which applied roughness
damping as additional terms in G itself.

The SVD inversion above becomes unstable for small singular
values, however, these represent unimportant contributions to the
inversion and are damped (e.g. Ritsema et al. 2007, with a global
damping factor €) or truncated in practice (i.e. 1/s is set as 0 for
S < Smin, Where sy, 1S a cut-off value). Here, we retain the largest
6000 out of 36 092 singular values and truncate the remainder to
avoid overfitting (Supporting Information S.1). With this G' recon-
structed, we can write the resolution operator as:

R=G'G~VLZU'G. (5)

Using this approximation, we calculate R for both the §Vp and § Vs
models, denoted as Rp and Ry, respectively. A filtered model is the
product of Rp or Rg with the original model values. For example,
the 8 Vs model cross-filtered by our P model resolution operator is
simply Rpé Vs. This estimation of R does not involve traveltime data
d, and thus the quality of the data has no influence on R nor the
cross-filtering technique. The SVD inversion model (m! = G'd)
may differ from a model constructed from other methods such as
the least-squares approach used for the HMSL models. Differences
in the models can arise because the kernel used in our analysis is a
subset of the original HMSL model kernel, and the regularization
schemes are not the same since it is not straightforward to apply
roughness damping when using SVD. Thus, here we do not argue
for any advantage of SVD for creating tomographic models, but
rather to demonstrate how SVD provides tools to interrogate and
compare tomography models.

For the above computations, we utilized the super-computer
TSUBAME3.0 at the Tokyo Institute of Technology to obtain the
SVD of the sensitivity matrices G and the reconstruction of resolu-
tion operators R. We utilized the parallel algorithms in the software
package ScaLAPACK (Blackford et al. 1997). Optimized by the
Intel C/C++ and FORTRAN compilers, the entire calculation re-
quires ~2000 core-hours to complete for the present models.

2.3 Statistical analysis

Previous studies (Yanagisawa & Hamano 1999; Hernlund & Houser
2008) have identified Gaussian-like distribution patterns in veloc-
ity variations extracted from tomography models by analysing the
areal abundance f{V) (i.e. frequency per unit solid angle coverage)
over anomaly amplitude at each depth in the model domain(s).
We follow the same approach to construct distributions from fre-
quency histograms of velocity amplitude at each depth as Hernlund
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& Houser (2008), and apply Gaussian least-squares fitting to the dis-
tributions for the tomographic-filtered velocity anomaly R§ V around
their dominant modes. We search for the dominant mode peak at the
maximum frequency M with standard deviation ¢ using an iterative
fitting procedure that provides the best fit of the Gaussian curve
in the range M — 0 < RSV < M + o. Additionally, a diffusion
damping is equally applied to the classified bins in all histograms
to smooth sharp variations and provide a more robust fit. This ad-
justment makes little change in the observation (cf. Fig. 1 of this
study and fig. | of Hernlund & Houser 2008) where distributions are
initially Gaussian-like, but it facilitates the fitting of distributions
derived from synthetic models in which the amplitude of adjacent
bins changes more dramatically owing to aliasing effects. Note that
the treatment is only used to obtain parameters pertaining to charac-
terization of the distributions (i.e. M and o'); the values of velocity
perturbations used in other computations are not affected.

To compare distributions for filtered results of 6V and § Vs we
align the dominant modes (Mp and My) as a common point of refer-
ence and scale the amplitude of §Vp by o s/0 p using the following
linear transformation:

- o
Rs8Vp = —(Rs8Vp ~ Mp) + Ms (6)
P

where Rg8Vp is the normalized relative seismic velocity amplitude
with the filtered S model (RpéVs) with mode Mg and variance o.
Normalization of the amplitude of 8V variations to match those
of 8V models facilitates quantitative comparisons. With Rg8¥p
obtained by eq. (6) we can take the difference between cross-filtered
model pairs to estimate a resolution-filtered discrepancy between
8Vp and 6 Vg models:

AV = R8Vp — RpSVs. (7)

This will be used in our later exploration of more general uncorre-
lated moduli in the lower mantle (i.e. not limited to LLSVPs).

Our above procedures additionally enable an estimate of the vol-
ume of material for which RpdVs does not vary in proportion to
Rg8Vp, which we simply define as Xjq:

M
KXot = f [f(Rp8Vs) — f (Rs8Vp)]dV (8)
Xhet can be evaluated at a single depth or integrated over a range of
depths. The same calculation can be carried out for fast velocities
(V' > M), however, in this study we focus on slow velocities (V' <

M).

2.4 Method for filtering geodynamic models

We additionally apply tomographic filters to geodynamic model out-
comes of convection simulations and conduct the same statistical
analysis as described above in order to assess potential contribu-
tions of chemical composition and phase heterogeneity. Here, we
follow recent studies (Deschamps et al. 2018; Deschamps & Li
2019) and consider a compositionally layered lower mantle, con-
sisting of a dense (3 per cent enriched in iron and 18 per cent in
bridgmanite) ‘primordial’ material occupying 3.5 per cent of the
total mantle volume at the bottom for TC4 and TC4-pPv (Table 1).
We refer the reader to table 2 of Deschamps et al. (2018) for de-
tailed geodynamic parameters. Two models (T1-pPv and TC4-pPv)
include the pPv phase change at the bottom of the mantle. In these
cases, the Clapeyron slope and CMB temperature are fixed to I' =
13 MPaK~! and Tevs = 3750 K, respectively. The pPv phase is
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Table 1. Key parameters for convection models T1, T1-pPv, TC4 and TC4-pPv from Deschamps et al.
(2018). A pPv phase transition is included in T1-pPv and TC4-pPv and dense primordial material in TC4 and

TC4-pPv.

Parameter T1 T1-pPv TC4 TC4-pPv

Clapeyron slope of post-perovskite - 13 MPaK~! 13 MPaK~!

Post-perovskite velocity jump (Apppy) - 62 kgm™3 - 62 kgm™3

Volume fraction of dense material (Xprim) - - 3.5per 3.5 per cent
cent

Buoyancy ratio - - 0.15 0.15

Compositional viscosity ratio - - 30 30

Logarithmic thermal viscosity ratio 20.723

CMB temperature (TemB) 3750 K

assumed to have the same viscosity as bridgmanite, and a density ex-
cess of 62 kg m™3. With these parameter values, pPv forms lens-like
structures above the CMB, that is, pPv transforms back to bridg-
manite a few tens of kilometres above the CMB, a structure also
known as a ‘double-crossing” (Hernlund ez al. 2005). In addition,
pPv is not stable within piles of hot dense material (representing the
LLSVPs). Note that for values of I" and/or Ty lower than those in
T1-pPv and TC4-pPv, pPv patches may be present within LLSVPs,
as observed by other simulations (Li ez al. 2016). However, even in
this case, pPv patches are thin (a few tens of kilometres in thick-
ness) and small. Their seismic signatures would thus be diluted
and have no or very limited impact on the synthetic (i.e. calculated
from the numerical simulations temperature, composition and phase
fields) shear velocity anomalies averaged out over the lowermost
200 km. Geodynamic models produce (non-dimensional) thermal
and compositional fields, which can be converted into seismic ve-
locity anomalies. We follow the method described in the Supporting
Information of Deschamps & Li (2019), to which we refer for fur-
ther details. We then project these synthetic seismic velocities to
the parametrization of the HMSL models and downsample them
using simple averaging before applying the corresponding P- and
S-wave resolution operators. The projection is applied to all four
geodynamic models twelve times, each rotated by different angles
based on the 12 vertices of an icosahedron, to examine the influ-
ence of uneven geographical sensitivity of the resolution operators
(Supporting Information S.2). The volume fraction and X, are es-
timated by the average of all rotated models, however, for brevity
we show distribution curves for rotation results from only one of
the angles in the results (see the Supporting Information for an
exploration/comparison of all angles).

3 RESULTS

Here, we describe our results obtained in two different kinds of
applications: (1) comparing S-wave structure filtered by the P-wave
resolution operator to P-wave structure filtered by the S-wave res-
olution operator, also known as ‘cross-filtering’, and (2) measuring
heterogeneous fraction Xy, in tomographically filtered 6V and § Vs
obtained from the geodynamic models T1, T1-pPv, TC4 and TC4-
pPv.

3.1 Cross-filtering

We synthesized hypothetical models Rs8Vp and Rpé Vs by filtering
the §Vs model using the P-wave resolution matrix Rp, and vice
versa, respectively. The distributions of velocity anomalies for the
cross-filtered results are shown in Fig. 2 with the original models as a
reference. The increasing negative skewness of distributions below

2200 km is confined to the § Vg model and the P-filtered § Vs model
(RpdVs). Such a component reveals a non-Gaussian distribution
that deviates from the dominant mode, whereas curves for § V/» and
Rs8Vp are nearly symmetric and normally distributed. We treat the
‘slow tail’ in 6 Vs and RpdV as a distinct low velocity population
in the distribution, rather than simply a change in the skewness of a
single population. It is also noteworthy that cross-filtering decreases
the amplitude of Vs structure and renders the dominant mode
more similar to §Vp, which suggests that P resolution does have
some effect on the relatively small variance of velocity anomaly in
tomographic images.

Next, we normalized RgS Vp to Rpd Vs using eq. (6) for comparison
and measured the fraction that deviates from Gaussian distribution
Xhet- The variation at 2800 km depth suggests a significant (X
~14 per cent) non-Gaussian component (Fig. 3) that decreases with
height from the CMB. We then measure the volume fraction of
the heterogeneity in the whole mantle by integrating the lowermost
three layers (below 2400 km).

The results (rightmost column in Table 2) indicate that the vol-
ume fraction of heterogeneity resolved by the tomographic model is
~(0.94 per cent of the whole mantle. Because cross-filtering damps
the amplitude of velocity structure, the volume measured here is
smaller than the work of Hernlund & Houser (2008) and other to-
mography models which typically find the heterogeneity comprises
~2 per cent of the mantle volume.

3.2 Tomographic filtering of geodynamic models

We next examine the volume fraction of thermo-chemical features
by filtering geodynamic models following a similar approach we
used to obtain Rp87, and Rg8Vs (Fig. 4). First, we applied tomo-
graphic filters to a purely thermal model to validate if there is a
de-correlation generated between 8V and 6V as a consequence of
different filters/resolution operators. P- and S-wave filters are ap-
plied to the seismic velocity models derived from the geodynamic
model T1, and the results suggest that no significant slow tail or
peak shifts emerge in the distribution curves (Fig. 5, top left). We
normalized the filtered P-wave result (RpéVp) to S wave (Rs8 V) and
measured the heterogeneity fraction X, using the same method as
above and found <0.3 vol per cent heterogeneity in the whole man-
tle. This volume is much smaller than the results obtained from the
tomography models indicating that a small portion of the uncorre-
lated velocity anomalies may be generated through the process of
tomographic filtering. Della Mora et al. (2011) measured Rgp of a
filtered purely thermal model deduced from Nakagawa et al. (2009)
and also found that high Rgp values in the lowermost mantle are not
produced as an artefact of filtering.
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Figure 2. Histograms (black) and Gaussian fitting curves (red) for seismic anomalies in tomographic Vs (left-hand column) and Vp (right-hand column)
models, and the cross-filtered results Rpd Vs (centre-left column) and RséVp (centre-right column) derived from HMSL-P06 and HMSL-S06. The total areal
abundance is normalized and the horizontal axes have different scales to facilitate comparison. The dominant modes are approximated by Gaussian-fitting
shown in red curves, and the best fit o interval in vertical lines. Contribution of the Pacific and African hemisphere in the filtered result remains at a similar

and rather equal ratio, estimated by a cut-off value Rp§ Vs = —0.5 per cent.

Since temperature variations in the mantle convection model do
not appear to be solely responsible for the kinds of uncorrelated
variations found in tomographic model pairs, we infer that an iso-
chemical scenario without pPv phase transition cannot explain the
seismological structure of the deep mantle. Hence, we examine the
extent to which non-thermal variations, such as ancient dense iron-
enriched material and/or a pPv phase transition, provide a satisfac-
tory explanation for these uncorrelated velocity anomalies (Hirose
2006; Stackhouse et al. 2006).

The filtered results for TC4 (Fig. 5, top right) produce slow tails
in the deepest model layers, similar to what is found in tomography
models, but the slow tail also appears in the 6/ distribution and
yields relatively little discrepancy between §Vp and § V. Although
the non-zero sensitivity of Vp to Fe-enrichment in the synthetic
model might be partly responsible for the slow-tail pattern in §Vp
and, as a result, the underestimation of heterogeneity volume, we still
follow the previous definition to evaluate the volume for consistency.
Mantle convection simulations span geological timescales (billions
of years), and the initial 3.5 per cent primordial material has mostly
been mixed by viscous entrainment since only 0.47 per cent is
measured by this analysis with the resolution derived from HMSL
models. The volume of the primordial material remaining from the
dynamic models is smaller than the value of 0.94 per cent obtained
from the tomography models.

Next, we investigated how a pPv phase transition influences
the velocity variations using filtered T1-pPv and TC4-pPv mod-
els (Fig. 5, bottom panels). pPv may be present within subducted
slabs, which bring cold oceanic crust into the D” layer (Hutko et al.
2006), and may be a plausible explanation for the uncorrelated vari-
ations owing to the different effects that the phase change has on
8Vp and §Vs (Tsuchiya et al. 2004). The addition of pPv does lit-
tle to change the distribution curves for T1-pPv compared to T1,
except for the increased magnitude of variation of the dominant
modes which remain symmetric in the D” layer. There are no obvi-
ous slow tails from the T1-pPv model, and the measurement yields
only 0.39 per cent heterogeneity. On the other hand, clear slow tails
appear in both §Vp and 8V in TC4-pPv, similar to TC4, but the
inclusion of pPv causes a strong de-correlation in § Vg with a large
population of slow anomalies in the lowermost 400 km. This dif-
ference results in a remarkable increase in heterogeneity volume to
1.6 per cent, which is comparable to the value of 0.94 per cent from
the tomography models.

The resolvable volume of uncorrelated heterogeneity measured
in the T1 model, where velocity anomalies depend only on temper-
ature, is not comparable to those observed in tomographic models.
On the other hand, models with phase change and/or chemical het-
erogeneity (T1-pPv, TC4 and TC4-pPv) increasingly reproduce the
uncorrelated velocity variations, as shown in Table 2. It is notewor-
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Figure 3. Distribution curves for Rgé Vp (black) and Rpé Vs (red) at 2000, 2200, 2400, 2600 and 2800 km depth. My and o5 are used to normalize filtered P
model curves, which are aligned by dominant modes with reference to RpéVs. The P data are capable of resolving the slow tail from the Vs model, and the S
data are capable of resolving the absence of a slow tail in the ¥» model.

Table 2. The volume fraction of heterogeneity (Xpet) in the lower mantle of the geodynamic model T1,
T1-pPv, TC4, TC4-pPv and tomographic model HMSL-P06/S06. We integrate Xt to estimate volume of
heterogeneity using the values in the same three bottom layers (in bold font). A negative fraction could
suggest that f{RS V) is generally smaller than (RS 7p) if the value is significant (| Xpet| > o).

Volume fraction

Depth (km) T1 T1-pPv TC4 TC4-pPv Cross-filtered
735 —0.00406 0.00207 —0.00523 0.01071 0.05376
885 —0.00446 0.00037 —0.01395 —0.01219 0.00942
1035 0.00291 0.00343 —0.00752 —0.00296 0.00030
1210 0.00526 0.00982 —0.01132 —0.01121 0.00358
1400 —0.00071 0.00335 0.00179 0.00464 —0.03994
1700 0.00308 0.00634 0.00771 —0.00625 0.00549
2000 0.00602 —0.00324 0.00856 —0.00424 —0.01359
2200 0.00203 —0.00454 0.00997 0.00440 —0.00287
2400 0.00257 0.01357 0.02083 0.02416 0.04852
2600 —0.01342 —0.01054 0.04284 0.17761 0.06977
2800 -0.07243 —0.09190 0.06448 0.23440 0.14168
o among layers 0.02147 0.02761 0.02296 0.08086 0.04784

Volume of heterogeneity ~ 0.294 per cent 0.393 per cent 0.466 per cent 1.555 per cent  0.940 per cent

thy that including pPv in the thermochemical model (cf. TC4 and
TC4-pPv) causes an increase in heterogeneity volume which cannot
be reduced to the summation of those measured in the thermochem-
ical model without it (TC4) and in the thermal model including it
(T1-pPv).

The radial distribution of heterogeneity fraction also differs be-
tween the tomography and dynamic models. The resolved hetero-
geneity volume in TC4-pPv is close to the cross-filtered results and
concentrated in the bottom 400 km of the mantle with a rapid drop
in volume above 400 km. Whereas, the heterogeneity fraction in
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Figure 4. Filtered results for §Vp and §Vy at the 2800 km depth predicted by geodynamic model T1, T1-pPv, TC4 and TC4-pPv reparametrized and filtered

by HMSL-S06 and HMSL-P06. See Table 1 for the difference in these models.

tomography models gently decreases with height above the CMB
which may imply the geometry of LLSVPs in the mantle that is
somewhat different than thermochemical features in the synthetic
models.

4 DISCUSSION

The above results enable us to (1) assess the influence of relatively
poor P model resolution on the lack of low V» anomalies similar to
those seen in Vg models, (2) examine the extent to which tempera-
ture variations alone could explain uncorrelated § V» and 6 Vs in the
tomographic model pair, (3) infer that the presence of additional
influences (e.g. composition and/or phase) may help to explain § Vp
and 8V model differences and (4) to explore the nature and distri-
bution of uncorrelated variations in the deep mantle after removing
the influence of resolution differences and correlated variations. We
discuss all of these further below.

4.1 Sufficiency of P model coverage

The non-Gaussian pattern for Rp§Vs (Fig. 2) demonstrates that
HMSL-P06 has sufficient resolution to recover the anomalously
low velocity structures associated with LLSVPs to a similar ex-
tent as HMSL-S06, in spite of differences in ray coverage be-
tween the Vp and Vg models. This is the first demonstration of
the relative resolving power of a Vp model compared to Vs us-
ing tomographic filters, and helps to illuminate one of the key
uncertainties in interpreting the nature of LLSVPs. It is notewor-
thy that these models contain data only up to 2005, yet neverthe-
less have sufficient resolution to capture these features. The cat-
alogue has expanded significantly since 2005, particularly in the

post-USArray era (Ringler et al. 2022), and we expect that the res-
olution has improved significantly since the HMSL models were
constructed. Despite these increases in data coverage, some re-
cent Vp models such as DETOX-P2 (Hosseini et al. 2020) and
TX2019-slab (Lu et al. 2019) do not find slow velocities within
LLSVP proportional to those observed in Vs models. This study
does not address other potential concerns, such as the bias caused
by many earthquakes emanating from seismically fast subduction
zones (Lu ef al. 2019), the hypothesized influence of ‘wavefront
healing’ on the determination of P and S arrival times (Schu-
berth et al. 2009), or the influence of upper-mantle structure
(Chaves et al. 2021). These and other questions require further
study.

4.2 Temperature-only models

The tomographically filtered Vp and Vs models predicted by the T1
(temperature-only) geodynamic model are well correlated, implying
that purely thermal models do not straightforwardly account for the
kind of uncorrelated heterogeneity observed in the pair of HMSL
models. Note that we employed a relatively simple parametrization
of the effects of temperature on 6 V» and § Vs, ignoring eftects such
as anelasticity. However, it has been suggested that anelastic effects
are not sufficient to explain differences in §Vp and §V in the lower
mantle (Hirose 2006; Brodholt ez al. 2007). It is also possible that an
electron spin crossover in ferropericlase diminishes d V»/d T relative
to dVs/dT (Lin et al. 2013; Wu & Wentzcovitch 2014; Wang et al.
2021), although near the CMB these effects may be confined to the
hottest regions rather than manifesting across the entire temperature
range that prevails in the deepest mantle (e.g. Shephard et al. 2021).
Nevertheless, the influence of the spin crossover is still an active
area of investigation, and our understanding of these effects may
evolve in the future.
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Figure 5. Distribution curves Rp87p (black) and Rg8 Vs (red) for the filtered geodynamic models from Fig. 4 at 2000, 2200, 2400, 2600 and 2800 km depth.
Mg and o s are used to normalize filtered P model curves, which are aligned by dominant modes.

4.3 Contribution of chemical composition and/or phase
variations

While the dynamic models containing chemical composition and/or
phase variations do not exactly match the characteristics seen in
the tomography model pair, it is clear that inclusion of these (and
perhaps other) kinds of influences may help to explain uncorrelated
variations in the § V'p and § Vs models. There exists a large parameter
space to be explored in both the geodynamic as well as seismolog-
ical parameters of these more complex models. Uncertainties in
the candidate composition variations, phase stability, deep mantle
temperatures, elastic parameters, in addition to transport proper-
ties that directly influence mantle dynamics need to be considered
in a more general treatment before any robust conclusions can be
drawn from this approach alone. Future progress on this front likely

depends on relating these kinds of models to trade-offs between
various hypotheses and geochemical observations.

4.4 Exploring large uncorrelated moduli provinces

We now turn to a broader exploration of the nature of uncorrelated
8Vp and 8V in the lowermost mantle, as revealed by cross-filtering.
Maps of AV = Rg8Vp — RpdVs (Fig. 6) reveal discrepancies be-
tween & Vp and § Vs that cannot be explained by differences in resolu-
tion owing to variable coverage, and for which correlated variations
have been removed by scaling and subtracting the dominant modal
variations of the model pair. The distribution and sign (positive or
negative) of AV 0 material provides clues regarding the nature of
the phenomena causing the §Vp—§ Vs de-correlation.
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Figure 6. Maps of A7 and LUMPs, shown in both hemispheres (separate columns). Variations are shown using the broc colour map (Crameri 2021), red
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The map of AV reveals what we term ‘large uncorrelated moduli
provinces’ (LUMPs). We use the term ‘positive LUMP’ for areas
having A¥ > 0.5 per cent and ‘negative lump’ for those areas with
AV < —0.5 per cent (the choice of a cut-off value of £0.5 per cent
is arbitrary, see Supporting Information S.3). In Fig. 7, we show
that positive LUMPs at 2800 km depth overlap to some degree
with the LLSVPs beneath Africa and the Pacific Ocean. Here, we
define the edge of LLSVPs by —1 per cent velocity anomaly in the

HMSL-S06 model, similar to LLSVP boundaries across many other
Vs tomography models (Lekic e al. 2012; Cottaar & Lekic 2016;
Shephard et al. 2017).

Within the positive LUMPs, the change in shear modulus is more
negative than the change in bulk modulus (i.e. K > dt). A possible
candidate to explain this kind of behavior is Fe-enrichment (De-
schamps et al. 2012), which decreases shear modulus while bulk
modulus is relatively unchanged, resulting in a positive value. The

€20z Ae\ £ uo Jasn sjnyisu| eolulS elwapedy Aq 0982/ L 2/061PpebBB/e60 L 0 L/10p/aone-soueApe;/fB/woo dno-ojwepede//:sdiy woly pepeojumod


art/ggad190_f6.eps

2124 J Su et al

180° 150°W  120°W 90°W

(@)

120°E 150°E 18\0" 156°W 120°W 90°W

60°W 30°W
—

30°E 60°E  90°E
- e

30°S

2 4 0 1 2
Velocity Discrepancy (AV)

% 60°W

30°N

Figure 7. A comparison between conventional LLSVPs (red shade) and newly proposed positive LUMPs (A7 > 0.5 per cent, area within bold red lines)
at 2800 km depth beneath (a) the Pacific and (b) Africa. Although using an identical data set, the discrepancy map provides a unique view of lower mantle
structure. LUMPs extend beyond LLSVPs, northward in the Pacific and westward in Africa, and are connected to the bulls-eye structures in the centres of these

features.

extension of positive LUMPs (relative to the LLSVPs) to the north
beneath the Pacific and to the west beneath Africa might suggest
the presence of cooler material adjacent to the LLSVPs having the
same mineralogical and/or composition change as that in LLSVPs.
Note that the behaviour in the Southern Hemisphere needs to be
taken with caution, owing to the relatively poor ray path coverage
(for both P and S, as shown in coverage maps in Fig. 1). One can also
observe the patchy structure as a characteristic of positive LUMPs,
which shares some short-scale features with the LLSVPs in some
recent tomography models (French & Romanowicz 2014; Mousavi
et al. 2021). The centres of LLSVPs also exhibit a weakly positive
or even negative ‘bulls eye’ pattern, similar to previous §Vp—8Vs

work (Hernlund & Houser 2008, fig. 4) and joint geodetic-seismic
studies (e.g. Lu et al. 2020, fig. 10). It was previously proposed that
pPv could be stabilized at high temperatures within LLSVPs by
their unique Fe-rich chemical composition (Lay ez al. 2006) or even
by a pyrolite composition (Kuwayama et al. 2022), which might
possibly explain the bulls-eye features.

Negative LUMPs, on the other hand, exhibit a change in shear
modulus that is greater than changes in the bulk modulus (i.e. §u
> 8K). A plausible candidate to explain this behavior is the pPv
phase transition (Tsuchiya et al. 2004) that occurs at high pressure
and (relatively) low temperature conditions (Hirose 2006). There
is some uncertainty regarding whether pPv is mostly confined to
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the vicinity of ponded subducted slabs (e.g. Hernlund et al. 2005;
Houser 2007) or is relatively ubiquitous everywhere in D” outside
LLSVPs (e.g. Koelemeijer et al. 2018). The patchy nature of the
negative LUMPs seen in the present maps suggests that localized
pPv may be more consistent with these seismic tomographic con-
straints, however, this needs further study. The spin crossover in
ferropericlase (Lin et al. 2013; Wu & Wentzcovitch 2014; Shep-
hard et al. 2021; Wang et al. 2021) exhibits similar properties and
possibly explains the negative LUMPs above the D” layer (e.g. 2200
and 2400 km in Fig. 6). Also note that pPv enriched regions in the
tomographically filtered TC4-pPv model are only loosely recovered
as negative LUMPs (see Supporting Information S.3). Future work
using tomography models of higher resolution or interpretation from
machine learning analysis (e.g. Rijal et al. 2021) will be necessary
to investigate the detailed terrain and the nature of LUMPs.

5 CONCLUSIONS

In spite of the significant increase in seismic data and method-
ological developments in seismic tomography, there remain several
significant unsettled questions about the nature and interpretation of
elastic heterogeneity in the deep mantle. Tools like the tomographic
filter have proven to be useful in assessing questions related to res-
olution, by providing a quantitative depiction of how a tomography
model would ‘see’ hypothesized heterogeneity in the mantle. This
study applied tomographic filters to a similarly constructed pair of
Vp and Vg models and showed that differences in P and S cover-
age alone do not explain significant differences in the behaviour of
8Vp and 8V in the deep mantle. The cross-filtering approach offers
a new way of exploring the nature and distribution of the several
per cent of LUMPs material in the Earth’s mantle, and should serve
as a valuable tool for future research.

SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Figure S1. The HMSL model in comparison to inversion Vs
(left-hand column) and §Vp (right-hand column) models obtained
by SVD method for the bottom layer at 2800 km. The top row
shows the HMSL-S06 model produced using the LSQR method.
We construct the inversion models with the truncation factor %,
which equals the number of vectors used at Z, in 6000 and 25 000.

Figure S2. Distribution curves for lowermost model layers of
TC4-pPv rotated by twelve different angles before applying tomo-
graphic filters.

Figure S3. Similar to Fig. 6, but using the definition AV =
Rp8Vp — Rs8 Vs to measure LUMP material in T1 (left-hand col-
umn) and TC4-pPv model (right-hand column).

Please note: Oxford University Press is not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the paper.
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