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Supplementary Text 9 

This study employs array analyses of a scattered wave related to PKKP in order to map 10 

fine scale heterogeneities in Earthôs lowermost mantle. We use 14 small aperture seismic arrays 11 

of which 6 are equipped with broadband sensors, and 8 are dominantly short period sensors 12 

(Table S1). They range in aperture from 4 to 31 km and have between 16 and 28 sensor 13 

elements, making them ideal for studying the directional characteristics of scattered seismic 14 

waves.  15 

 16 

Data collection 17 

We collect vertical component recordings of events received at these 14 arrays. We select events 18 

within 60 degrees for the array with magnitudes above 6.0 as reported in the Reviewed Events 19 

Bulletin (REB) (Engdahl and Gunst, 1966). For the 13 International Monitoring System (IMS) 20 

arrays, we collect events from 1995 to 2012, while for Gauribidanur, we collect events from 21 

1985 to 1996. 22 

 23 

Distribution  of scattering heterogeneity 24 

We detect scattering heterogeneities within the lowermost mantle. The resolved distribution of 25 

scattering heterogeneities is partly a function of the sampling of the Earth by the available 26 

sources and receivers (Fig. 3e). We account for the variability in sampling to reveal the uneven 27 

distribution of heterogeneities throughout the lower mantle (Fig. S1). We find scattering 28 

heterogeneities to be more common in the northwestern Pacific, northwestern Atlantic, eastern 29 

Africa, off the coast of Central America, the Indian Ocean, and, in particular, southeastern 30 

Africa. 31 
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 32 

Comparison of scattering heterogeneity and structures in tomography 33 

We explore the relationship between large-scale mantle structure and seismic scattering by 34 

comparing our resolved locations of scattering heterogeneities to S-wave tomography models 35 

and P-wave models (Fig. S2). Low seismic velocities define the LLVPs and are often more 36 

pronounced towards the centre of the LLVPs, while strong lateral velocity gradients are 37 

commonly located near the margins of LLVPs (Thorne et al., 2004). For each model, we 38 

calculate lateral velocity gradients ( (ɳdVS)) measured over a horizontal distance of 10°. The 39 

various tomographic models, especially shear wave models, present similar structures at large 40 

scales but significant differences are present for smaller length scales. The velocity gradients 41 

display more variability between models than velocities, and even more so for the P-wave 42 

models. However, larger scale patterns are broadly similar. We compare our mapped scattering 43 

heterogeneities to different tomographically derived velocities and gradients to establish if  44 

observed patterns depend upon specific models.  45 

 46 

We seek to compare scattering heterogeneity locations to strength of lowermost mantle velocity 47 

anomalies and gradients for the models of Fig. S2. The different tomographic models vary in 48 

magnitude of the velocity perturbations, thus we pursue our correlative analysis by considering 49 

percentages of highest and lowest velocity anomalies and gradients as a function of cumulative 50 

CMB area, displayed in the right two columns of Fig. S2. In what follows we consider the 51 

tomographic velocity and gradient distributions by area (according to anomaly strength, as just 52 

discussed), and count our mapped scattering heterogeneities according to the area level. In 53 

Figure 8, we display a composite of the spatial relationship between scattering heterogeneities 54 
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and the low velocities and high gradients from all 7 tomographic models considered, as a 55 

function of cumulative area. For example, for the comparison of scattering heterogeneities to the 56 

highest velocity anomalies, the horizontal axis ranges from small areas (on the left part of the 57 

plots) containing the very highest velocities, to then gradually larger and larger areas which 58 

include decreasing velocity amplitudes (towards the right of the plots). This measure is not 59 

influenced by the actual magnitude of velocity anomalies, and thus similarly assesses agreement 60 

of scattering locations to tomographic models containing different heterogeneity amplitudes. 61 

Figs. S3 and S4 display the relationship between scattering heterogeneities and high gradients, 62 

low gradients, high velocities, and low velocities, and also the relationship between scattering 63 

heterogeneities and randomly rotated tomographic models, for all 7 models individually. The 64 

grand mean and pooled variance (displayed in Figure 8) are calculated from the individual 65 

relationships shown here. 66 

 67 

Overall, despite variation between models, we find that scattering heterogeneities are 68 

preferentially located in regions of the highest gradients and moderately low velocities, and show 69 

either no preference or an aversion to low gradients and higher velocities.  70 

 71 

In Figures 9a and 9b in the main text, we display the spatial relationship between scattering 72 

heterogeneities and the velocity anomalies in tomographic model S40RTS (Ritsema et al., 2011) 73 

along a cross section from 140° W, 0° N to 70° E, 0° N. In Fig. S5 we display 4 different cross 74 

sections that demonstrate that scattering heterogeneities show an affinity for LLVP edges at a 75 

range of latitudes. 76 

 77 
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In Figures 9c and 9d in the main text, we show a single snapshot from a dynamic calculation of 78 

the interaction between oceanic crust, ambient mantle, and thermochemical piles (Li  et al., 2014) 79 

using a non-compressible, Newtonian, fully  Boussinesq calculation (Moresi and Gurnis, 1996). 80 

The distribution of crust and piles evolve as the model runs in time. The time parameter of the 81 

model is non-dimensional and is measured in time steps. The model runs for 120,000 steps, and, 82 

from initiation of subduction, the crust takes roughly 11,000 time steps to reach the CMB.  We 83 

display a selected part of the evolution of the model at four more time steps (Fig. S6): 80,000, 84 

82,000, 84,000, and 86,000. At all of these time steps, the oceanic crust is most prevalent near 85 

the edges of the thermochemical piles.  86 

 87 

To complement the analysis of the lateral distribution of scattering heterogeneities, the depth 88 

distribution of scattering heterogeneities is compared to tomographic velocity anomalies (Fig. 89 

S7) and gradients (Fig. S8). We consider the mapped scattering heterogeneities in 50 km thick 90 

depth shells and associate them with tomographically derived velocity anomalies and gradients 91 

sorted by magnitude in bins of 20% CMB area. For example, in the first column in Fig. S7a, the 92 

darkest blue region represents the proportion of scattering heterogeneities in a region covering 93 

20% of the CMBôs area, which contains the highest velocity anomalies. We remove sampling 94 

bias by dividing the number of scattering heterogeneities in each 20% area bin (as a proportion 95 

of the total scattering population), by the potential sampling in the same area (as a proportion of 96 

the total sampling population) computed from our sampling coverage. The dark blue parts of the 97 

plot can be compared to the dark red parts (the latter corresponding to the lowest velocities in a 98 

20% CMB area), which show that significantly more scatterers are in lowest velocity regions 99 

than in highest velocity regions. This comparison is shown for 7 different S-wave velocity 100 
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tomography models and for 4 P-wave models. We find that, as was shown in Figs. S3 and S4, 101 

scattering heterogeneities are most common in regions with moderately low velocities and high 102 

gradients. The relationship between scattering heterogeneities and tomographically derived 103 

velocities remains fairly constant with height, however, 5 of the 7 models show an increase in the 104 

proportion of scattering heterogeneities in regions of high gradients with increasing height off 105 

the CMB. 106 

 107 
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 113 

Fig. S1. Scattering heterogeneities normalised by sampling. Scattering count per 10° cell divided 114 

by the number of source-receiver pairs (Fig. 1d) sampling the same 10° cell. Ratio of scattering 115 

to sampling is rescaled to set the average to 0, thus 1 and -1 represent more and less scattering 116 

than average, respectively. Grey shading marks the extent of the sampled region, hence areas 117 

where coloured cells are absent are sampled but do not display scattering, while white regions 118 

are unsampled by this dataset. Black contours mark 0% dVs in the tomography model S40RTS 119 

(Ritsema et al., 2011). 120 
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