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Subduction zones are likely a major source of compositional heterogeneities in the mantle, which may
preserve a record of the subduction history and mantle convection processes. The fine-scale structure
associated with mantle heterogeneities can be studied using the scattered seismic wavefield that arrives
as coda to or as energy preceding many body wave arrivals. In this study we analyse precursors to PP
by creating stacks recorded at globally distributed stations. We create stacks aligned on the PP arrival in
5° distance bins (with range 70-120°) from 600 earthquakes recorded at 193 stations stacking a total
of 7320 seismic records. As the energy trailing the direct P arrival, the P coda, interferes with the PP
precursors, we suppress the P coda by subtracting a best fitting exponential curve to this energy. The
resultant stacks show that PP precursors related to scattering from heterogeneities in the mantle are
present for all distances. Lateral variations are explored by producing two regional stacks across the
Atlantic and Pacific hemispheres, but we find only negligible differences in the precursory signature
between these two regions. The similarity of these two regions suggests that well mixed subducted
material can survive at upper and mid-mantle depth. To describe the scattered wavefield in the mantle,
we compare the global stacks to synthetic seismograms generated using a Monte Carlo phonon scattering
technique. We propose a best-fitting layered heterogeneity model, BRT2017, characterised by a three
layer mantle with a background heterogeneity strength (e = 0.8%) and a depth-interval of increased
heterogeneity strength (e = 1%) between 1000 km and 1800 km. The scalelength of heterogeneity is
found to be 8 km throughout the mantle. Since mantle heterogeneity of 8 km scale may be linked
to subducted oceanic crust, the detection of increased heterogeneity at mid-mantle depths could be
associated with stalled slabs due to increases in viscosity, supporting recent observations of mantle

viscosity increases due to the iron spin transition at depths of ~1000 km.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction for the whole mantle interacting in one convective system rather
than in separate multi-layered cells. In contrast, some studies have
also imaged flat lying fast velocity features in the transition zone
and mid-mantle (e.g. Sigloch and Mihalynuk, 2013), suggesting
there may be some barriers to these downwellings such as an in-

crease in viscosity just below the transition zone (e.g. Forte and

Mantle convection is the process that drives the interaction of
tectonic plates and recycles oceanic lithosphere introduced into
the mantle at subduction zones. Most of our knowledge of the
present day convective system comes from seismic tomography

(e.g. Ritsema et al., 2011; Van der Hilst et al., 1997), which inverts
for seismic travel times and waveforms, and has revealed large
seismic velocity variations at both the upper and lower mantle
boundaries. In particular, tomographic studies have imaged fast ve-
locity features associated with subducted slabs, some of which are
continuous from the surface to the core-mantle boundary (CMB)
(e.g. Van der Hilst et al., 1997). Such deep subduction is evidence
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Mitrovica, 2001) or as deep as 2000 km (Justo et al., 2015) due to
the iron spin transition.

Subducted slabs partly consist of basaltic crust, which has a
different composition to that of mantle peridotite. The crust de-
forms slowly over time in reaction to convection related stresses
(Stixrude and Lithgow-Bertelloni, 2012) leading to long-lived het-
erogeneity that preserves the path taken by subduction. These het-
erogeneities have scale lengths on the order of ~10 km and are
below the current resolution levels of global tomography models
(>100 km). Thus other seismic methods, such as analysis of the
high frequency scattered seismic wavefield (Sato and Fehler, 1998),
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have to be employed to map these heterogeneities and analyse
their properties (e.g. Rost et al., 2006). Since subducting plates are
sensitive to barriers to flow, we may expect higher density of het-
erogeneities at boundaries of convection cells. These barriers might
only influence thermal convection and the uniformity of mixing,
and therefore may not be obvious in tomographic images. To pro-
vide additional temporal constraints on subduction processes, the
crustal component of slabs can be traced using seismic scattering
approaches.

Most previous seismic scattering studies have tried to charac-
terise heterogeneity in the deep or whole mantle and different,
often contradicting, distributions of heterogeneity in the mantle
have been suggested. Some evidence has been put forth in support
of heterogeneities distributed evenly throughout the mantle (Earle
and Shearer, 2001; Hedlin et al., 1997; Hedlin and Shearer, 2000;
Mancinelli and Shearer, 2013; Margerin and Nolet, 2003a; Shearer
and Earle, 2004). In contrast, models with radially varying hetero-
geneity have also been proposed. Many of the models prefer strong
heterogeneities concentrated in the lowermost mantle (Bataille
and Flatté, 1988; Cleary and Haddon, 1972; Doornbos, 1978;
Niu and Wen, 2001; Tono and Yomogida, 1996) but others suggest
a reduction in heterogeneity in the lowermost mantle is necessary
(Shearer and Earle, 2004). Furthermore, Hedlin and Shearer (2000)
found that models are not well constrained and multiple models
can explain the same data. The lack of agreement may result from
modelling the whole mantle simultaneously without independent
constraints on the upper and mid-mantle heterogeneity structure.

In this study we use precursors to the PP arrival to charac-
terise global averages of heterogeneity since we feel PP precursors
provide unique insight into mid-mantle structure that cannot be
achieved with other seismic probes (e.g. Bentham and Rost, 2014;
Rost et al., 2008; Shearer and Flanagan, 1999). We create global
and regional seismic stacks and build on the modelling procedure
established by Shearer and Earle (2004) by quantifying the model
misfit and systematically searching for the best fitting heterogene-
ity model. We consider models with constant heterogeneity in the
mantle and also increase model complexity by varying heterogene-
ity with depth to gain insight into the resultant effect of different
scattering distributions on the PP precursory wavefield.

We characterise heterogeneity from the lithosphere to the mid-
mantle using global signatures of the high frequency PP precursory
wavefield. Through stacking of a large global dataset we identify
radial changes in heterogeneities, and established whether lateral
variations of heterogeneities exist through grouping data into two
hemispheres. The heterogeneity structure in the lithosphere and
mantle is characterised through forward modelling of the scattered
wavefield using a 1D Monte Carlo phonon method (Shearer and
Earle, 2004) and the resulting synthetic envelopes are compared to
the observed global stacks. The PP precursory wavefield is analysed
and modelled for a range of distances, attempting to resolve the
depth dependence of the scattering giving rise to the precursory
energy. We generate more than 150 models of radial scattering
heterogeneity and show that the heterogeneity parameters can be
constrained when systematically varied. To limit the size of the
parameter space examined in the forward modelling we only ex-
plore contributions from four different lithospheric layers within a
fixed thickness of 100 km. Additionally, we focus on the contribu-
tion from the mantle by considering radial variations in scattering
scale length and Root Mean Square (RMS) velocity perturbations,
and find the best fitting model overall has depth varying velocity
perturbation.

2. Global stacking of PP
2.1. Data

We create stacks of the seismic wavefield recorded by 193
seismometers (Fig. 1). Most of the stations used are part of the
Global Seismic Network (GSN) (Albuquerque Seismological Labora-
tory (ASL)/USGS, 1988; Scripps Institution of Oceanography, 1986)
with supplementary stations from the USArray Transportable Array
(TA) (IRIS Transportable Array, 2003); Canadian National network
(CN), POLARIS network (POL) and Canadian Northwest Experiment
(XN) added to improve coverage. These networks are selected due
to their appropriate distance range from regions of high earth-
quake activity. Vertical broadband data for 600 earthquakes (Fig. 1)
are obtained from the Incorporated Research Institutions for Seis-
mology (IRIS) database. Earthquakes are selected from 2003 to
2012 with depths from 0 to 100 km, magnitudes (Mw) larger than
5.8, and epicentral distance between source and station from 70°
to 120°. The chosen distance range extends the range used in pre-
vious studies of scattered PP precursors (Bentham and Rost, 2014;
Rost et al., 2008; Wright, 1972). The extended distance range anal-
ysed in this work allows us to detect heterogeneities within a
larger depth range of the mantle. For an epicentral distance of 70°,
PP turns at about 850 km depth and for 120° PP turns at 1550 km
depth (see Suppl. Material, Fig. S1) allowing good sampling of the
uppermost lower and mid-mantle. Therefore variations in the char-
acter of PP in stacks across this distance range should be linked to
properties of the mantle between 850 km and 1550 km. Further-
more PP precursors arrive with slowness similar to the PP arrival
(Rost et al., 2006), it is likely that the precursors travel to similar
depths as PP (see Suppl. Material, Fig. S1). However some scattered
arrivals may have scattered multiple times (Shearer, 2007) and/or
have travelled out of the great circle plane, thus travelling with
deeper or shallower depths than PP.

2.2. Pre-processing

Data are re-sampled to 100 samples per second and filtered us-
ing a two way bandpass filter with corner frequencies at 0.5 Hz
and 2.5 Hz. This frequency band is chosen as it is sensitive to the
small-scale (10 km) spatial wavelengths in lower mantle (Shearer
and Earle, 2004) and beneficially, the high frequency noise is re-
moved. The envelope time function of each trace is calculated to
obtain phase independent amplitudes for stacking. The stacking of
noise can be reduced by ensuring the mean of the noise is zero.
An estimate of the mean noise level is found using pre-signal noise
calculated from 60 s to 35 s before P (or Pgif), and this level is
then subtracted from the complete time series before stacking.

We chose to pick observed PP traveltime as the absolute max-
imum amplitude of the PP waveform using theoretical times as
calculated through IASP91 (Kennett and Engdahl, 1991) as a guide.
The signal to noise ratio (SNR) of PP amplitude to the amplitude of
the noise before P (or Pgjf) is calculated and traces with SNR less
than 5 are removed. The data are organised into 5° distance bins,
centred at 72.5°, 77.5°, 82.5°, 87.5°, 92.5°, 97.5°, 102.5°, 107.5°,
112.5° and 117.5°.

2.3. Stacking of PP

Data are aligned on PP and stacked (summed) within each dis-
tance bin, normalised by the number of traces and the absolute
amplitude of PP (Fig. 2). The number of traces in each distance
bin generally decreases with distance, ranging from a minimum of
~500 traces for 117.5° to a maximum of >1000 traces for 72.5°
(Fig. 2). The final stacked dataset provides good global coverage
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Fig. 1. a) Earthquake locations used in global stacks with symbol (stars) colour
showing the number of traces used from each earthquake in the stacks (max. 64
traces). b) Stations used for global stacking of PP precursors (triangles), with symbol
colour showing the number of traces used from each station in the stacks. c) Spatial
sampling of the seismic traces used in the global stacks. Raypath density in 4° bins
is found by summing the source-receiver great circle paths from every trace used
in stacking. Most of the globe is sampled, with the greatest density observed in
west North America, Japan and south-east Asia. There is poor sampling for Antarc-
tica both due to limited station coverage and earthquakes occurring in this region.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Global envelope-function stacks of 7905 traces stacked in 5° distance bins.
Time is shown relative to the PP arrival as indicated. P, Pgirr and PKiKP travel times
from IASP91 (Kennett and Engdahl, 1991) are marked as thin, black, dashed lines.
P and Pgj are non-impulsive and the arrivals gradually increases with time due to
aligning on PP and stacking in 5° distance bins. The number of seismograms stacked
in each bin are shown in the right panel. (For interpretation of the references to
colour in this figure, the reader is referred to the web version of this article.)

with the best sampled region beneath the Pacific Ocean and poor-
est sampling beneath Antarctica (Fig. 1).

The wavelet shape of PP is consistent in all distance stacks, and
the precursory energy before PP is also clearly visible (Fig. 2). How-
ever despite aligning on PP before stacking, P coda and Pgif coda
amplitudes are also large in the same time window (~100 s be-
fore PP). For shorter distances, 97.5° and less, P coda is dominant
and decays slowly. For greater distances (>97.5°), the P coda en-
ergy is not prevalent. The transition in P coda dominance is likely
caused by the direct P wave energy starting to diffract along the
core-mantle boundary (i.e. P becoming Pgjs) at ~98°.

As the presence of P coda causes difficulty in examining the
PP precursors for distances between 70° to 95° (Fig. 2) we re-
move the P coda interference before stacking. As the P coda is
predominantly produced by scattering and intrinsic attenuation in
the lithosphere for both source- and receiver-sides, and thus de-
cays exponentially (Sato and Fehler, 1998), we remove the energy
by fitting and subtracting an exponential trend to the coda for each
seismic trace. Other studies avoid this issue by using deep earth-
quakes (Shearer and Earle, 2004) but in this study we find that
the depth phase pP would arrive in the PP precursor time window
adding complexity to the precursory wavefield. After removing the
P coda, the data are stacked within each distance bin by summing
the traces together and normalising by the stacked amplitude of
PP (Fig. 3).

After removing the P coda, PP precursors and coda energy are
clearly visible for all distances (Fig. 3 and 4). The PP precursory
energy starts within 100 s prior to the onset of PP and increases
in strength with time (Figs. 3 and 4). The onset of the precur-
sors is difficult to determine since the energy builds gradually over
time and the amplitude of the base noise level is unclear. The PP
coda amplitude also increases with distance (from 30% to 50% nor-
malised amplitude) and decays slowly still retaining ~20% of PP
amplitude 100 s after the PP arrival (Fig. 3 and 4).

Other phases are expected to align sufficiently to be visible
in the stacks. The core phase PKiKP is present in the 112.5° and
117.5° stacks in Fig. 4. However, PKiKP is not visible for distances
shorter than the crossover distance of 105° where PKiKP becomes
post-critical. In contrast, the underside reflections from the 410 km
and 660 km discontinuities are noticeably absent for all distances
studied (Fig. 3 and 4) indicating that they are not coherent in this
global stack, possibly due to depth variations of the responsible
phase transitions.
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Fig. 3. Envelope-function stacks for all data after processing and P coda removal.
The numbers of seismograms summed within each 5 distance bin are shown on
the right panel, for a total of 7320 traces. Time is shown relative to the PP arrival
as indicated. PP, PP precursors (yellow box), PP coda (cyan box) and PKiKP are also
identified. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. Power density representation of the stacks for all data after processing and P
coda removal. The numbers of seismograms summed within each 5 distance bin are
shown on the right panel, for a total of 7320 traces. Seismograms are aligned on PP
and time is relative to the PP. The onset of PP precursors is emergent and difficult
to pick. Variations in precursor strength can be found by comparing constant PP
amplitude ratios, specifically contours of 10% (white) and 20% (black) of amplitude
of PP. (For interpretation of the references to colour in this figure, the reader is
referred to the web version of this article.)

3. Regional differences in PP stacks

We create two regional stacks of our data to look for lat-
eral variations in the PP precursory wavefield that are sensitive
to heterogeneities in the upper and mid-mantle. The stacks are
generated for two quasi-hemispheric regions: the Pacific and the
Atlantic (Fig. 5) and these regions are primarily selected as they
likely have experienced different tectonic and mantle processes.
In particular the subduction history of the Atlantic includes older,
ceased subduction across most of north America, active subduction
in South America and no recent subduction beneath the eastern
Atlantic, although some subduction in the western Atlantic has
been postulated (Domeier et al., 2016). Likely the subducted mate-
rial in the upper mantle from subduction at the western shores of
the Americas is located too deep to be detected with the data of
our quasi Atlantic hemisphere. In contrast, the Pacific has had long

PACIFIC
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Raypath density

Fig. 5. Map showing PP raypath coverage for two hemispherical regions in this
study. The Pacific region (left) uses earthquakes and stations with longitudes in the
range of 150°W to 60°E, whereas the Atlantic region (right) has longitudinal lim-
its of 150°W and 60°E. (For interpretation of the references to colour in this figure,
the reader is referred to the web version of this article.)

lasting subduction over the last 120 Myr (Domeier et al., 2016). We
select data for source-receiver paths between longitudes 60°E and
60°W for the Pacific region with a total of 4166 traces contributing
to the stack and longitudes 150°W and 60°E for the Atlantic region
(a total of 896 traces). Both datasets produce smooth PP precursor
stacks. Fig. 5 shows the PP raypath coverage for each region.

Following the same procedure of the global stacks (Section 2.3)
the P coda is removed, the time series are aligned on PP and
traces are summed (Fig. 6). In general, the PP precursors and the
PP coda are almost identical in both envelope and amplitude for
both regions. Because the data are normalised on PP amplitude
we would expect that changes in heterogeneity structure would
lead to amplitude variations or differences in the shape of the
precursor envelope. This is not observed for most distances, ex-
cept minor differences for the distance bin from 85° to 90°. We
expected differences between the regions as they have different
tectonic histories, but instead we find that tectonics have not left
significant imprints on the fine scale structure of the upper & mid-
mantle. Smaller scale regional differences might exist but further
subdividing the dataset might lead to unrepresentative and rough
stacks.

4. Monte Carlo phonon scattering modelling

We employ a forward modelling approach to find a 1D hetero-
geneity model in agreement with the observed data. Due to the
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Fig. 6. Comparison of the Pacific and Atlantic regional envelope-function stacks with
P coda removed. Time is relative to the PP arrival as indicated. P, Pgjs and PKiKP are
marked as thin, black, dashed lines. Number of traces in each distance bin (right)
are: 4166 traces for Pacific stack (blue outline, dark grey fill) and 896 for Atlantic
stack (red outline, no fill). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

lack of regional differences on a hemispheric scale, we aim to fit
the global averages representing the global average of small-scale
structure. For modelling the PP precursory wavefield in this study,
a Monte Carlo phonon based method by Shearer and Earle (2004)
is used. The approach uses radiative transfer theory to model en-
ergy transport of phonons through whole Earth scattering models,
assuming random (velocity and density) perturbations represented
by an exponential autocorrelation function, and taking into account
the energy reduction in the primary wavefield and permitting mul-
tiple scattering. This method is chosen to model the PP precursors
because it can simulate high frequency multiple scattering that
is depth dependent. Multiple scattering has been shown to con-
tribute a substantial amount of energy to the P coda and therefore
modelling of multiple scattering in the lithosphere, and potentially
deeper in the mantle, is necessary (Shearer, 2007). Additionally,
intrinsic attenuation is incorporated into the modelling and can
vary with depth. The method assumes 1D velocity structure and
is limited by ray-theoretical assumptions not allowing us to model
diffracted arrivals or lateral heterogeneity structure. Since we do
not seek to model for diffracted waves, nor non-radial variations
in heterogeneity, both limitations do not restrict our modelling ap-
proach.

The approach defines the exponential heterogeneity structure
in radial layers through the RMS fractional velocity fluctuation, €,
and the heterogeneity correlation scale length, a. These two pa-
rameters, as well as the radial shell locations, are changed to find
a best fitting model to the data. The following parameters are fixed
for all models:

1. Intrinsic attenuation - crust and mantle attenuation values
are selected for 1 Hz (Warren and Shearer, 2000). For P
waves: Q =227 from 0 to 100 km and Q = 138 from 220
to 2889 km. For S waves, attenuation is é of P wave attenu-
ation assuming a Poisson solid and that all attenuation is in
shear. Inner core attenuation of Qqre =360 (Bhattacharyya et
al., 1993) is applied to both the inner and outer core to pre-
vent strong PKiKP at distances >110° in the modelling.

2. The P/S energy ratio is chosen to be a constant value of 23.4
following Shearer and Earle (2004) assuming a double-couple

source.

3. P and S velocities have the same fractional velocity variation
and the density/velocity fluctuation scaling factor is set to 0.8.

4. The background velocity profile are taken from IASP91 (Kennett
and Engdahl, 1991) and the density structure from PREM
(Dziewonski and Anderson, 1981).

In order to find the most appropriate mantle heterogeneity
model to fit the globally stacked data, we varied the number of
scattering layers (N) as well as the thickness (hy), scattering cor-
relation length (a,) and velocity fluctuation (€,) of each scattering
layer. The modelled synthetic seismograms are converted to en-
velopes and the P coda is removed in the same way as for the
data before comparing PP and PP precursors.

A Root Mean Square (RMS) misfit of each model (Ay) is cal-
culated between the observed stacked data (D) and the synthetic
modelled data (M) for each distance bin (d). The misfit is calcu-
lated at every sample (i) with a sample interval of 1 s within a
40 s time window (starting at 40 s before PP). This time window
contains the clearest precursor information for all distances. The
RMS misfit for one distance stack is calculated as:

N S M2
Ay /z,zlwsl My)

Therefore the mean misfit (A) over all 10 distance bins (bin cen-

tres from 72.5° to 117.5°) is defined as:
1 Jo

_ Ag
1

1001=

A=

Calculating the misfit in this way allows us to determine how well
a specific model fits the data over all distance ranges that are
roughly equivalent to different sampling depths. Additionally, as
the model misfit is determined on the sample level, we can de-
scribe the temporal evolution of the fit of the scattering envelope.

4.1. Existing heterogeneity models

As a starting point we compare how well existing heterogene-
ity models fit the PP precursor data from this study. Due to the
varying sensitivity of different scattering probes to the heterogene-
ity structure of the mantle, differences in fit between the models
can be expected. We use the heterogeneity parameters reported
by three studies: Hedlin et al. (1997) [H1997], Earle and Shearer
(2001) [ES2001] and Shearer and Earle (2004) [SE2004]. For each
model synthetic stacks are produced as described above (see Suppl.
Material, Table S1). Models H1997 and ES2001 are quite similar as
they have depth independent heterogeneity (through lithosphere
and mantle) with 1% velocity variation but differing correlations of
8 km and 2 km respectively. In contrast SE2004 has depth varying
heterogeneity with correlation length a, ranging from 4 to 8 km
and velocity variation €, ranging from 0.5 to 4% (Table S1).

For these models the P coda is predicted to be stronger than
observed in the global stacked data. The effect is most noticeable
for model SE2004. In this model, the P coda is extended in time
and dominates the PP precursory window whilst completely mask-
ing PP. In contrast for H1997 and ES2001, there is clear separation
between the P-coda and PP precursors for most distances (Fig. 7).
In particular the shape of precursory energy in the data stacks is
best fit by model H1997 for distances up to 97.5°. However, nei-
ther H1997 nor ES2001 provide a good match for distances larger
than 97.5°, indicating that depth variation of heterogeneity may be
required.

In summary, none of the previously published models explored
here fit the PP stacked data, however, H1997 and ES2001 models
have a reasonable fit for some distances indicating that a more
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Fig. 7. Comparison of global stacks (black) to synthetic seismograms (red) from pub-
lished models: H1997 (Hedlin et al., 1997) and ES2001 (Earle and Shearer, 2001)
for 5° distances bins from 70°-120°. The P coda has been removed from both the
global and modelled stacks. The parameters used in the modelling are shown on
the right. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

complicated radial heterogeneity structure may be present than
is captured by these models (Fig. 7). We use models H1997 and
ES2001 as base models in constructing our model space including
models with constant (Section 4.2) and depth varying (Section 4.3)
mantle heterogeneity.

4.2. Modelling with constant mantle heterogeneity

Using models H1997 and ES2001 (Section 4.1) we build and
test models with homogeneous velocity variation and correla-
tion length throughout the mantle (i.e. depth range 100-2891 km
for all models). We start by constructing a lithospheric layer
(0-100 km depth) using four model types based on H1997 and
ES2001. These four lithospheric model types considered are (a/e€):
i) 2 km/1%; ii) 2 km/2%; iii) 8 km/1%; iv) 8 km/2%. Next, we vary
the correlation length and RMS velocity variation in the mantle for
a range of parameters. For each lithospheric model type, 48 models
with various correlation length (2 km, 4 km, 6 km, 8 km, 10 km,
14 km, 16 km and 20 km) and velocity variation (0.1%, 0.2%, 0.5%,
0.8%, 1.0% and 2.0%) were assessed, resulting in a combined total
of 192 models.

The misfits between model and data are shown in Fig. 8. The
total misfit ranges from 0.094 to 0.838 (nearly an order of magni-
tude), with a mean of 0.243 and standard deviation of 0.180. All
models with mantle € of 2% are characterised by a high misfit,
regardless of mantle correlation length and lithospheric hetero-
geneity. The best fitting models in each group have ¢ of 0.8 to
1% but there is a wide range of correlation lengths amongst these
models that fit these data equally well. As the optimum models
have similar mantle ap; and €y, this may suggest that lithospheric
heterogeneity is not the main contributor to the PP precursory
wavefield. To test this we compare the data fit of the four models
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Fig. 8. Computed RMS misfit for systematic search of whole mantle heterogeneity
models. Misfit is shown for 196 models across four lithospheric models of correla-
tion length a; & velocity variation €;: 2 km/1% (bottom left), 2 km/2% (top left),
8 km/1% (bottom right) and 8 km/2% (top right). Within each lithospheric model
group there are 48 models with ay ranging from 2 km to 20 km and €y rang-
ing from 0.1% to 2%. The lowest RMS misfit in each group is marked with a white
circle except for model with the lowest misfit over all groups (top left): model
ap/er/am/€em of 2 km/2%[8 km/0.8% marked with a white star. (For interpretation
of the references to colour in this figure, the reader is referred to the web version
of this article.)

with apy =8 km and €y = 0.8% and another model without any
lithospheric structure. We find that all model misfits are <0.15,
similar misfit to the best fitting models including lithospheric het-
erogeneity (see Suppl. Material, Fig. S2). Additionally, there seems
to be a trade-off between all parameters (a;, €1, ay and €)) col-
lectively, rather than trade-off between the layers (i.e. correlation
length a; vs ap and velocity variation €; vs €y).

Though lithospheric structure only has minor influence on
model misfit, the best model overall (with a misfit of 0.0939) has
lithospheric parameters of a;f =2 km and ¢; = 2% and mantle pa-
rameters of ay; =8 km and €p; = 0.8%. Systematic search of these
parameters provides strong evidence that average RMS mantle ve-
locity variations are likely with the range from 0.8 to 1%. Though
the best mantle correlation length is 8 km, it is less well defined
and ranges between 6 km to 16 km since there is a trade-off be-
tween mantle and lithospheric heterogeneity parameters. The cor-
relation length range might indicate that the mantle heterogeneity
contains a variety of scale lengths.

4.3. Modelling with depth varying mantle heterogeneity

4.3.1. Modelling with depth varying mantle heterogeneity I - two layer
case

For the single layer models, the misfits between data and model
vary with distance and the lowest misfits are observed in the dis-
tance range from 90° to 100°. This suggests that the small-scale
structure may deviate from the single layer model for depth inter-
vals corresponding to the varying turning depths of PP. Therefore,
we attempt to improve the overall model misfit by introducing
depth varying mantle heterogeneity to the best fitting single layer
model. Initially, we explore two cases, each with two layers of het-
erogeneity in the mantle:

e Model type 2A - increase velocity variation in the mantle from
0.8% (upper layer) to 1% (lower layer) and vary the depth of
the transition from 200 km to 2800 km (every 200 km);

e Model type 2B - decrease velocity variation in the mantle
from 1% (upper layer) to 0.8% (lower layer) and vary the depth
of the transition from 200 km to 2800 km (every 200 km).
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Fig. 9. Variation of mean misfit for models with two layers (grey circles) and three
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each category are indicated. For comparison, the misfit for two single layer mantle
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8 km for both model types for all layers. The two layer mantle models (Model type
2A) have € =0.8% in layer 1 and € = 1% in layer 2, with the depth of layer 2 vary-
ing from 200 km to 2000 km. The three layer mantle models (Model type 3A) have
€ =0.8% in layer 1, € = 1% in layer 2 and € = 0.8% in layer 3, with the depth of
layer 3 varying from 1200 km to 2880 km. Best-fitting layered heterogeneity model,
BRT2017 is shown in the box. b) Lithospheric € = 2% and correlation length = 2 km,
and the mantle correlation length is 8 km for both model types for all layers. The
two layer mantle models (Model type 2B) have € = 1% in layer 1 and € = 0.8% in
layer 2, with the depth of layer 2 varying from 200 km to 2000 km. The three layer
mantle models (Model type 3B) have € = 1% in layer 1, € = 0.8% in layer 2 and
€ = 1% in layer 3, with the depth of layer 3 varying from 800 km to 2800 km. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

We analyse the misfit for Model type 2A and 2B (Fig. 9). For
type 2A, we find that by increasing the depth of the top of the sec-
ond layer (in the mantle) we observe a decrease in mean misfit to
a minimum of A =0.0995 at 1000 km (Fig. 9a). When this bound-
ary is deeper than 1000 km, the misfit increases by up to 15%. In
contrast for type 2B, the mean misfit is very similar to the misfit
of the single layer model with €y = 0.8% (A = 0.0939) when the
top of the second layer is no deeper than 800 km (Fig. 9b). When
the boundary is 1000 km or deeper, the misfit is close to the misfit
of the single layer model with €y = 1%. The minimum mean mis-
fit for type 2B models is A = 0.0955 with the boundary at a depth
of 600 km.

From introducing a second mantle layer, we are unable to find
a model that has a better mean misfit than the single layer mantle
model with €y = 0.8%. However, exploring the two model types
2A and 2B there is a suggestion that we require €,y = 0.8% at

depths of 600 km to 1000 km, though the velocity variation for
the rest of the mantle is unclear. In the next section we seek to
improve the model misfit by applying further radial variation and
including a third and final mantle layer in our models.

4.3.2. Modelling with depth varying mantle heterogeneity Il - three
layer case

We explore a three mantle layer case using the type 2A and 2B
models that have the smallest misfits as found in Section 4.2. The
two layer mantle models show increases in misfit at depths larger
than about 1000 km and 600 km (types 2A and 2B respectively)
(Fig. 9). To limit the model space we use the information gained
from the single layer and two layer models and thus only consider
models with combinations of velocity variations equal to 0.8% or
1% in the three layers. Specifically, the two types of models we
analyse are:

e Model type 3A - increase velocity variation from €y = 0.8%
(mantle layer 1 depths 100-1000 km) to 1% (mantle layer 2
from 1000 km) then decrease back to 0.8% (mantle layer 3).
The depth of the boundary between mantle layer 2 and 3 is
varied from 1200 km to 2800 km (every 200 km);

e Model type 3B - decrease velocity variation from ep; = 1%
(mantle layer 1 depths 100-600 km) to 0.8% (mantle layer 2
from 600 km) then decrease back to 1% (mantle layer 3). The
depth of the boundary between mantle layer 2 and 3 is varied
from 800 km to 2800 km (every 200 km).

All the type 3A models have smaller misfits than all one and
two layer mantle models (Fig. 9a). In contrast, the type 3B mod-
els have larger misfits than the best fitting one layer mantle model
(with ey = 0.8%) (Fig. 9b). The best fitting model overall, BRT2017
(Fig. 9a) has an increase of velocity variation (€ = 1%) between
depths of 1000-1800 km and a decrease of velocity heterogeneity
at 1800 km depth (e = 0.8%) (Fig. 9a for full parameters). The mis-
fit of this model: A = 0.0830, is a decrease of 12% with respect to
the single layer model misfit (A = 0.0939).

5. Discussion
5.1. PP precursor observations

From the global stacks shown in Figs. 3 and 4, it is clear that
analysing incoherent PP precursors provides important insights
into the heterogeneity structure of the Earth’s upper and upper
lower mantle that have not been observed previously. We have
found that PP precursors are distinct from the P coda (mainly
caused by heterogeneities in the lithosphere) suggesting the PP
precursory energy is predominatly created by scattering at small-
scale heterogeneities in the mantle. Compared to other scattering
probes, PP precursors allow better study of heterogeneities in up-
per and mid-mantle due to the turning depths of PP. With the
observations of scattered energy at different distances, it is now
possible to quantify radial heterogeneity structure in more detail
than with previous probes (Shearer, 2007).

The striking similarity in the distance stacks between the Pa-
cific and the Atlantic suggests that the heterogeneities in the
sampled depth range of the mantle do not vary significantly de-
spite different tectonic settings, subduction histories and observa-
tions of mid-mantle heterogeneities (e.g. Bentham and Rost, 2014;
Kaneshima and Helffrich, 1998; Vidale and Garcia-Gonzalez, 1988).
The regional similarity is in contradiction to variations of lower
mantle heterogeneities with stronger than average heterogeneities
observed beneath central Africa (Hedlin and Shearer, 2000), North
America (Hedlin and Shearer, 2000), north of Tonga (Vidale and
Hedlin, 1998) and the southwest Pacific (Margerin and Nolet,
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2003b). The difference of heterogeneity structure at the CMB com-
pared to the mid-mantle could indicate changes in viscosity, con-
vective vigour or configuration of mantle flow at these depths.
Smaller scale variations in heterogeneity structure might exist, but
we are limiting our analysis to hemispherical differences to retain
enough traces per distance bin to ensure a smooth stack.

5.2. Monte Carlo modelling of heterogeneity

As described in Section 4.1, none of the three existing hetero-
geneity models considered (H1997, ES2001 and SE2004) match the
PP precursory energy. Model SE2004, constructed to explain P &
Pgisf codas (Shearer and Earle, 2004), produces no PP arrivals and
associated precursory energy despite covering the same time win-
dow and method used in this study. Models ES2001 and H1997
provide a better fit to data analysed in this study (Fig. 7) and have
been useful in constructing our model space (Fig. 8). Recently a
correction to the H1997 model has been presented reducing the
velocity variation to 0.1% (Mancinelli and Shearer, 2013). However,
applying the revised model by Mancinelli and Shearer (2013) de-
grades the model fit producing one of the highest misfits in our
single layer mantle model space (Fig. 8).

We observe a difference in preferred heterogeneity correlation
length between lithosphere and mantle (Fig. 8 and 9). As the data
are filtered between 0.5 and 2.5 Hz, scattered arrivals can be gen-
erated by lithospheric structures with scalelengths on the order of
2-12 km. The best fitting lithospheric correlation length of 2 km
falls within this range of resolvable wavelengths. Similarly for the
mantle, the frequency range used will be sensitive to structures
with scalelengths of ~4-23 km. The range of best whole mantle
models (for different lithospheric heterogeneity) of 6-16 km lie in
the middle of this group with the optimum correlation length of
8 km in agreement with expected scalelengths for subducted crust.
Though the preferred correlation length of 8 km is not unexpected
and the range of resolvable scalelengths is limited by the studied
frequency range, we feel this value is well constrained due to the
grid search approach (Fig. 8) and is in agreement with previous
work (e.g. Hedlin et al., 1997). Since there is a trade-off between
mantle correlation length and velocity variation however, our mod-
elling result could be non-unique.

We have shown that varying heterogeneity parameters in the
lithosphere has little effect on the optimum velocity variation in
the mantle found through our modelling (ep;: 0.8 to 1%) (Fig. 8).
This demonstrates that lithospheric scattering is not the main scat-
tering source for PP precursory wavefield. Nonetheless the hetero-
geneous lithosphere does contribute to the precursory wavefield
mainly through the interaction of the PP wavefield with the litho-
sphere structure at the PP mid-path reflection point. With our as-
sumed lithospheric thickness of 100 km we may overestimate the
contribution from the lithosphere to our wavefield especially since
many PP reflection points are in oceanic areas. In some preliminary
tests we did find that changing the thickness of the lithosphere
does have a small effect on the width and shape of PP within a
narrow time window around PP, but shows a negligible effect on
the overall PP precursor time window we model.

We show the model fit is improved by varying RMS velocity
variation with depth within the mantle (Fig. 9). RMS velocity vari-
ations of 0.8% and 1% are selected based on the single mantle layer
models that match the data consistently for a wide range of dis-
tances (Section 4.2). Due to our systematic modelling approach, we
were able to investigate radial changes in parameters and found
depth varying heterogeneity does significantly reduce the overall
mean model misfit by 12% for our preferred model BRT2017. Depth
varying mantle heterogeneity has been explored previously using
P coda energy (Shearer and Earle, 2004) but stronger scattering
in the upper mantle (¢ = 3%, up to 600 km depth) and weaker
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1 (green), 2 (blue) and 3 (red) layer mantle heterogeneity models with respect to
global stacked data (black) for every distance bin. The standard error (grey) of the
observed global stack data (black) is of the order of 1072 and 5-10 times smaller
than the RMS model misfits. The misfits vary with distance with the smallest mis-
fits calculated for distances 90-100°. The best overall model with the lowest misfit,
BRT2017, has three mantle layers (red) and improves the misfit for distances, espe-
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scattering (¢ = 0.5%) in the rest of the mantle was the preferred
model (SE2004) in contrast to the BRT2017 model. As explained in
Section 4.1, we explored the SE2004 model but found very strong
scattering in the P coda, masking the PP arrival and PP precursors
and thus variations of this model were excluded from further in-
vestigating.

Though model BRT2017 (with a 1% layer from 1000 to 1800 km,
see Table S1) has the lowest misfit, the model fits less well for
shorter distances as it over-estimates the precursor energy for dis-
tances 70°-85° (up to 20 s before PP) (Fig. 10). Improvements
to the shape of the precursory energy for BRT2017 for distances
110°-120° might be made by decreasing the velocity variation in
the lower mantle (deeper than 1800 km) or by exploring depth
variations in correlation length in the mantle. This would greatly
increase the available parameter space leading to a large number
of additional models to be simulated. We feel this is impractical
given the long simulation runtimes for the approaches of scattered
seismic wavefield modelling that are currently available.

5.3. Geodynamical significance

Many studies link the heterogeneity detected in the man-
tle from studying scattered seismic waves to subducted oceanic
crust (e.g. Bentham and Rost, 2014; Castle and Creager, 1999;
Kaneshima and Helffrich, 1998; Rost et al., 2008; Kito et al., 2008).
Subducted crust is typically 8-10 km thick, a scale that correlates
well with the heterogeneity correlation length for the better fit-
ting models found in this study. Though subducted crust is likely
deformed through stretching and folding mechanism during the
mechanical mixing (Albaréde, 2005; Olson, 1981), this process is
likely to be very slow (due to the high mantle viscosity) and as
such the crustal heterogeneity can keep its dominant scale length
of ~8 km for more than 2.5 Ga (Stixrude and Lithgow-Bertelloni,
2012). With these timescales in mind, we expect that heterogene-
ity from most of Earth’s 3 Ga subduction history (Tang et al., 2016)
can still be detected seismically in the mantle in the present day.
Furthermore, numerical models show that mantle convection is
able to distribute the crustal heterogeneity throughout the man-
tle away from its source at subduction zones (Li and McNamara,
2013).
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Mancinelli and Shearer (2013) discuss other causes of hetero-
geneity including primordial material which has been mixed into
younger material (e.g. Albaréde, 2005) as demonstrated by geody-
namic models (Manga, 1996). However, this scenario seems more
likely at the core mantle boundary where primordial material is
thought to survive the age of Earth and it would be difficult to
amass primordial material in the mid-mantle. Furthermore, differ-
entiating between these competing heterogeneity sources would
be challenging, particularly since velocity variations expected from
primordial material are unknown.

By assuming the mantle heterogeneity is subducted basalt,
the changes in seismic velocity variation with depth may pro-
vide a way of observing the seismic velocity of basaltic compo-
sitions in situ for comparison to computed velocities (e.g. Stixrude
and Lithgow-Bertelloni, 2012). Using the HeFESTo model (Stixrude
and Lithgow-Bertelloni, 2011), the contrast in the velocity of
basalt/eclogite to the velocity of a harzburgite/pyrolite mechani-
cal mixture is thought to greatly vary in the upper mantle and
transition zone (Stixrude and Lithgow-Bertelloni, 2012). In addi-
tion, the ratio of these velocities (eclogite/mantle) increases at
~1000 km, in agreement with our best-fitting model. However,
to fully compare observed velocity variations to computed veloc-
ities, advanced modelling using a wide range of seismic probes
and improved understanding of mantle & slab materials at these
depths, are required.

An increase in velocity variation results in a rise in scattered
energy for a random medium. Similarly an increase of the amount
of heterogeneity (i.e. an increase in the number of scatterers per
volume) will lead to higher scattered energy. Therefore the mid-
mantle (1000-1800 km) could contain more crustal remnants than
the upper and lower mantle. Tomographic models commonly re-
solve slab-like fast velocity features from the surface to depths of
1000 km as well as a few lateral fast velocity features at depths of
1000-1500 km (e.g. Becker and Boschi, 2002; Ritsema et al., 2011;
Sigloch and Mihalynuk, 2013), suggesting subducted material can
reach these depths and potentially remain there. The scattering
power we have deduced in this study could be additional evidence
that slabs and associated basaltic crust can remain or be stalled at
depths of around 1000 km.

To stall slabs in the mid-mantle, there needs to be a change in
properties at this depth and to date, no first order discontinuities
have been detected. However, a radial increase in viscosity of the
mantle can delay descending slabs (e.g. Torii and Yoshioka, 2007)
and many mantle viscosity models show an increase in viscosity in
the lower mantle (e.g. Rudolph et al., 2015). In fact, mantle viscos-
ity structure is difficult to resolve and the detailed viscosity profile
is still debated. Some models suggest that viscosity in the mid-
and lower mantle increases steadily in the mid-mantle to depths of
2000 km (Mitrovica and Forte, 2004) but alternative models show
sharp increases below the transition zone (1022-1023 Pas), or at
2000-2200 km (to 1023-10%* Pas) (Forte and Mitrovica, 2001;
Steinberger and Calderwood, 2006). The viscosity might also de-
crease at 660 km, followed by an increase at 1000 km (Cserepes et
al., 2000). Recent mineral physical studies have suggested that the
strength of ferropericlase can increase by 2.3 orders of magnitude
in high-strain regions for depths associated with the iron spin tran-
sition and will broaden and stagnate subducted slabs (Marquardt
and Miyagi, 2015). Additionally, a recent study also suggests that
undulations in mid-mantle viscosity (at 1300 and 2000 km) can be
explained by the creep mechanism of ferropericlase undergoing a
spin transition (Justo et al., 2015) proposing a different mechanism
for viscosity changes at similar depths.

Regardless of where the jump in viscosity occurs, such an in-
crease will also increase the lateral length scale of mantle flow
compared to the upper mantle (Forte and Mitrovica, 2001) lead-
ing to a change of the radial distribution of heterogeneity between

the mid-mantle (e.g. 1000 km) and the lower mantle (depths
>2000 km). The radially varying small-scale mantle heterogene-
ity detected by PP precursors in this study is potentially a unique
way to observe the effect of depth varying viscosity structure
that has been proposed using a wide variety of different ap-
proaches (Forte and Mitrovica, 2001; Marquardt and Miyagi, 2015;
Justo et al., 2015; Rudolph et al., 2015). Using the information
contained in the short-period scattered seismic wavefield might
deliver important complementary information to large-scale to-
mographic images allowing better insight into the dynamics and
evolution of our planet.
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