Supplementary Figures
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Supplementary Figure 1: Mantle structure at 2850 km depth according to model
SP12RTS 1. a, Shear-wave velocity variations dlnVs. b, Compressional-wave velocity
variations dInVp . ¢, Density variations dlnp. The density map is a scaled version of the shear-
wave velocity map (dlnp = 0.3 * dInVs).
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Supplementary Figure 2: Examples of extreme density input models. a, Models with
dense LLSVPs (Ri. = -4). b, Models with default LLSVPs (Ri. = 0.3). ¢, Models with light
LLSVPs (RvLL = 4). The surrounding regions (SRs) contain dense structures for Rsg = 4 (top)
and light structures for Rsg = —4 (bottom). The default model is defined by Rii. = Rsg = 0.3
(centre).
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Supplementary Figure 3: Depth kernels describing the sensitivity to density p (red),
shear-wave velocity Vs (solid) and compressional-wave velocity Vp (dashed). a-e,
Stoneley modes. f, a lower mantle sensitive mode. The radii of the CMB and ICB are indicated
by horizontal lines. Horizontal bars underneath the plots show from top to bottom the
sensitivity to topography on the free surface, the 660-km discontinuity and the CMB. Each
graph is scaled independently. The Stoneley modes have a much more focused sensitivity to
structures close to the CMB.
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Supplementary Figure 4: Observed and predicted Stoneley mode splitting function
maps. a, f and Kk, Sensitivity kernels for density (red), shear-wave velocity (solid) and
compressional-wave velocity (dashed) structure for modes 1S12, 2517 and 2525 respectively. b,
Observed splitting for 1S12 plotted up to maximum structural degree s. ¢, Predicted splitting
for mantle model SP12RTS ! and crustal model CRUST5.1 2. d, Predicted splitting for dense
LLSVPs (RiL = -4 and Rsr = +0.3). e, Predicted splitting for light LLSVPs (Ri. = +4 and Rsgr =
+0.3). g-j, Similar as b-e, but for mode 2S17. 1-0, Similar as b-e, but for mode 2525. CMB
topography variations are excluded.
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Supplementary Figure 5: Observed and predicted splitting function maps for Stoneley
mode 2S16. a, Sensitivity kernels for density (red), shear-wave velocity (solid) and
compressional-wave velocity (dashed) structure. b, Observed splitting function plotted up to
structural degree s = 6. ¢, Predicted splitting for mantle model SP12RTS !and crustal model
CRUSTS5.1 2. d, Predicted splitting for dense LLSVPs (Ru. = -4) with positively (top), no
(middle) and negatively (bottom) scaled CMB topography variations (denoted by the scaling
factor H). e, Similar as d, but for default LLSVPs (Ri. = +0.3). f, Similar as d, but for light
LLSVPs (RLL =+4).
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Supplementary Figure 6: Example of a possible lowermost mantle density model up to
s = 8. This model is determined using the best fitting density scaling factors at each
structural degree, based on all Stoneley mode data.
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Supplementary Figure 7: Probability of density models for different mode selections.
a-c, 2- parameter search without CMB topography variations for a, All modes of the KDR13
and DRH13 data sets. b, All modes of the old HT96 and RR98 data sets, which were used in
previous studies. ¢, All modes of the HT96 and RR98 data sets, using updated measurements
from DRH13. d-f, Similar as a-c but for the 3-parameter search including CMB topography
variations. As in Fig. 3 in the main text, the probability of density models is shown for
different values of H, the scaling factor between lower mantle density variations and CMB
topography, which is indicated on the right of each row. Negative values of H correspond to
dynamically feasible models.
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Supplementary Figure 8: Probability and L2-norm changes for lowermost mantle
modes. a-b, Probability values and c-d L2-norm changes compared to SP12RTS for modes
sensitive to shear-wave, compressional-wave and density structure in the lowermost
mantle. Probability values and L2-norm changes are shown for the two best fitting models of
Table 1, which feature light LLSVPs (solid blue and red lines in a, c¢). We also present the fit
of the same models when the sign of Ry is reversed (dashed blue and red lines in b, d).
Stoneley modes are indicated by red and the probability values of the default density model
(with Rii = Rsr = 0.3) are indicated in black.
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Supplementary Figure 9: Effect of the inversion density scaling factor on our model
space search. Examples of density input models with Ry, = Rsgr = 1 (top) and the resulting
model space search for the Stoneley mode selection (bottom). a, Default density variations
(R = 0.3) for the inversion and forward modelling. b, No density variations (R = 0.0) in the
inversion or forward modelling. ¢, No density variations (R = 0.0) in the inversion, default
density variations (R = 0.3) in the forward modelling.
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Supplementary Figure 10: Mantle structure at 2850 km depth for model
SP12RTS_low_D. a-c, Velocity and density variations as in Supplementary Fig. 1. Note the
larger amplitude of the velocity variations in this lower damped version of SP12RTS
compared to Supplementary Fig. 1.



cvBY

o
Frequency (uHz)

cve |

i Prediction for dense LLSVPs j Prediction for light LLSVPs

o
Frequency (uHz)

Supplementary Figure 11: Observed and predicted Stoneley mode splitting function
maps using model SP12RTS_low_D. a-j, As Fig. 2 in the main text, but velocity variations
are now described by a lower damped version of SP12RTS (see Supplementary Fig. 10).
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Supplementary Figure 12: Probability of density models for individual modes and
mode selections using model SP12RTS low D. a-h, As Fig. 3 in the main text and
Supplementary Fig 7, but velocity variations are described by a lower damped version of
SP12RTS (see Supplementary Fig. 10). Note the difference in scale between the left two and
right two columns.
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Supplementary Figure 13: Range of best fitting density and CMB topography models
for Stoneley modes using model SP12RTS low D. a-f, As Fig. 4 in the main text, but
velocity variations are now described by a lower damped version of SP12RTS (see
Supplementary Fig. 10). We show models for which the probability is higher than a-b 0.80
or ¢ 0.45 in the top row, whereas the bottom row shows the average probability of all
models averaged over the different values of H.
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Supplementary Figure 14: Observed and predicted Stoneley mode splitting function
maps using model SP12RTS P scaled. a-j, As Fig. 2 in the main text, but dlnVp are now
scaled to the dInVs of SP12RTS using a depth-dependent scaling.
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Supplementary Figure 15: Probability of density models for individual modes and
mode selections using model SP12RTS P scaled. a-h, As Supplementary Fig. 12, but dinVp
are now scaled to dInVs in SP12RTS using a depth-dependent scaling. Note the difference in
scale between the left two and right two columns.
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Supplementary Figure 16: Range of best fitting density and CMB topography models
for Stoneley modes using model SP12RTS P scaled. a-f, As Fig. 4 in the main text, but
dIinVp are now scaled to dinVs in SP12RTS. We show models for which the probability is
higher than a-b 0.80 or ¢ 0.45 in the top row, whereas the bottom row shows the average
probability of all models averaged over the different values of H.
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Supplementary Tables

Supplementary Table 1: Overview of modes included in the different splitting function

data sets.
Selection n Modes n  Modes
KDR13*(Stoneley) 1 18511-1514
2 28515-2517, 2525
3 352
KDR13+DRH138 0 052-059, 0512-0530 10 10510, 10517-10521
1 152-1516 11 1159-11510, 11512, 11514, 11523-11525
2 251, 254-28517, 2525 12 12561258, 12511-12517
3 356-359, 3525-3526 13 13515-13516, 13518-13520
4 451-45s 14 1457-14S89, 14513-14514
5 553558, 5511-5512, 5514-5517 15 15512, 15515-15516
6  659-6510, 6515, 6518 16  16510-16511, 16514
7 755-759 17 17512-1781s5
8 856857, 8510 19 19510-19511
9 956,958, 9510-9515
HT96°+RR98T 0  053-0S59, 0S12-0521 6 6510
1 152-1510, 1514 7 786757
2 2542513 8 %7
3 3S56-359 9 9514
4 451-45s 12 1258, 12512
5 553556 17 17812-17513

*KDR13: Koelemeijer et al., GRL, 2013 3. This data set contains nine Stoneley modes.

§DRH13: Deuss et al., GJI, 2013 4.

°HT96: He & Tromp, JGR, 1996 5.
TRR98: Resovsky & Ritzwoller, JGR, 1998 ¢.
There are 146 modes in the combined KDR13+DRH13 data set and 62 modes in the HT96+RR98 data set.

Supplementary Table 2: Overview of ranges of best fitting scaling factors per

structural degree.

Structural degree s RiL Rsr H
2 0.4to 2.2 0.2to 0.9 -5to-0
4 -2.6t0 2.6 -1.7to 3.6 -10to 0 Threshold of
6 -40to-1.1 0.6to 1.8 -10to -1 90 %
8 3.6to0 3.8 2.0to 2.1 -3to-3
2 0.0to 2.3 -0.2to 1.5 -10to 0
4 -4.0to 2.8 -2.0to 4.0 -10to 0 Threshold of
6 -4.0to -0.8 0.1to 2.3 -10to -0 85 %
8 2.2t04.0 -04to0 2.1 -10to -3

Similar to Table 1 in the main text, but with different threshold levels.
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Supplementary Table 3: Overview of best fitting models for mode 2516 for variations in
the depth range and position of the layer in which the scaling factors are varied.

Depth range of layer Height above CMB R R  Rse Probability L2-norm
2300km - 2891km - - 1.0 1.0 0.64 0.00511
2400km - 2891km - - 20 1.0 0.86 0.00331
2500km - 2891km - - 3.0 1.0 0.86 0.00339
2600km - 2891km - - 40 20 0.86 0.00245
2700km - 2891km - - 40 4.0 0.64 0.00729
2800km - 2891km - - 40 4.0 0.35 0.02358
2400km - 2791km 100km 0.3 20 1.0 0.86 0.00314
2400km - 2791km 100km -1.0 20 1.0 0.86 0.00315
2400km - 2791km 100km -2.0 20 1.0 0.86 0.00313
2400km - 2791km 100km -4.0 1.0 1.0 0.64 0.00314
2300km - 2691km 200km 0.3 20 1.0 0.86 0.00337
2300km - 2691km 200km -1.0 20 1.0 0.86 0.00374
2300km - 2691km 200km -2.0 20 1.0 0.64 0.00385
2300km - 2691km 200km -4.0 3.0 1.0 0.86 0.00461

Analysis based on Stoneley mode »S16 at structural degree s = 2.

RISY indicates the scaling factor for the LLSVPs in the lowest 100 or 200 km of the mantle.

Supplementary Table 4: Overview of best fitting models for all Stoneley modes
combined, similar to Supplementary Table 3.

Depth range of layer Height above CMB R  Ru  Rsk Probability L2-norm
2300km - 2891km - - 1.0 0.3 0.49 0.342
2400km - 2891km - - 1.0 0.3 0.51 0.351
2500km - 2891km - - 1.0 1.0 0.47 0.405
2600km - 2891km - - 2.0 1.0 0.47 0.377
2700km - 2891km - - 20 2.0 0.47 0.382
2800km - 2891km - - 40 4.0 0.38 0.379
2400km - 2791km 100km 0.3 1.0 0.3 0.47 0.352
2400km - 2791km 100km -1.0 1.0 0.3 0.44 0.354
2400km - 2791km 100km -2.0 20 03 0.44 0.341
2400km - 2791km 100km -4.0 20 0.3 0.47 0.342
2300km - 2691km 200km 0.3 1.0 1.0 0.49 0.435
2300km - 2691km 200km -1.0 20 03 0.44 0.333
2300km - 2691km 200km -2.0 3.0 03 0.42 0.326
2300km - 2691km 200km -4.0 3.0 1.0 0.47 0.423

Analysis based on all Stoneley modes combined for structural degree s = 2.

RISY indicates the scaling factor for the LLSVPs in the lowest 100 or 200 km of the mantle.
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Supplementary Notes

Supplementary Note 1: Splitting function amplitudes

Splitting functions are measured using an iterated damped least squares inversion of free
oscillation spectra. To robustly constrain the density scaling factor R in the lowermost
mantle, it is crucial to have accurate estimates of seismic anomaly amplitudes, in addition to
their shape 7. Therefore, much care has been taken in the development of the splitting
function data set, to ensure that the splitting function amplitudes are independent of the
damping value of the inversion 8. The norm damping value has been varied by several orders
of magnitude and we have ensured to pick damping values for which the results do not

change significantly when lowering the damping further.

Supplementary Note 2: Splitting function predictions for other Stoneley modes
Supplementary Fig. 4 shows observed and predicted splitting function maps for additional
Stoneley modes, similar to Fig. 2 in the main text. Again, predictions for mantle model
SP12RTS (Supplementary Fig. 4c, 4h and 4m) underestimate the splitting function
amplitudes, which are reduced further by including dense LLSVPs (Supplementary Fig. 4d, 4i
and 4n). A better fit to the observed splitting functions (Supplementary Fig. 4b, 4g and 41) is
only obtained for a positive value of Ry, i.e. light LLSVPs (Supplementary Fig. 4e, 4j and 40).

Supplementary Note 3: Effect of CMB topography on splitting function predictions

Supplementary Fig. 5 presents results of splitting function predictions for Stoneley mode
2516, now with CMB topography variations included in addition to density variations. Either
models with dense LLSVPs and positive CMB topography scaling factors (Supplementary Fig.
5d, top), or models with light LLSVPs and negative CMB topography scaling factors
(Supplementary Fig. 5f, bottom) improve the fit compared to the default density model
(Supplementary Fig. 5e, centre). 2516 and other Stoneley modes, show a strong trade-off
between the CMB topography and LLSVP density scaling factor, making it difficult to

constrain both separately.
Supplementary Note 4: Best fitting models

Table 1 and Supplementary Table 2 present the ranges of resulting best fitting scaling

factors for structural degrees s > 2, which fit the measurements within 95 (Table 1) and 90
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or 85 % (Supplementary Table 2) of the maximum probability value. A possible lowermost
mantle density model that would be compatible with current Stoneley mode splitting
function data is shown in Supplementary Fig. 6. This density model shows ~0.9 % lower
densities for the LLSVPs and ~1.1 % higher densities for the surrounding regions in the
“Ring around the Pacific”. It should be noted that this model is not necessarily unique as a
range of models fit the splitting function data within their uncertainties, but all feature low

density LLSVPs.

Supplementary Note 5: Comparison with the data of previous studies

Our analysis, suggesting light LLSVPs, contradicts previous normal mode density models
that obtained higher densities for the LLSVPs °-12. However, these models were constructed
with fewer data and without the new Stoneley mode measurements. It has been suggested
that significant trade-offs between upper and lower mantle density structure existed in
these studies and that a range of models with both positive and negative scaling factors fit
the data equally well 13-15, At the same time, it was suggested that reliable density models
may be obtained in future when more normal mode data are available. We repeat our two-
parameter model space search for the subset of modes available in the HT96+RR98 data set
(Supplementary Table 1) using both the original and updated splitting measurements,
reported in Supplementary Fig. 7. For the original HT96+RR98 measurements >-¢, we indeed
find best fitting models with negative LLSVP density scaling factors, i.e. Ri, = -0.7 to -1.3
(Supplementary Fig. 7b). Using updated measurements for these modes from the DRH13
data set, we also find negative scaling factors for the LLSVPs: Ry, = -2.4 to -3.1
(Supplementary Fig. 7c). On the other hand, the Stoneley modes (Fig. 3c in the main text)
find positive scaling factors for the LLSVPs with values between 1.7 and 1.9. In contrast, a
model space search using all available modes of the DRH13+KDR13 data set 3
(Supplementary Fig. 7a) produces a very broad region of best fitting models, with both
positive and negative values of Ry.. In the three-parameter model space search, where we
include CMB topography variations (Supplementary Fig. 7d-f), we observe similar patterns
as in Supplementary Fig. 7a-c. For every value of H, both positive and negative values of Ri.
are found for all modes of the DRH13+KDR13 data sets (Supplementary Fig. 7d. The original
measurements of the HT96+RR98 data sets (Supplementary Fig. 7e) also have difficulty
resolving the sign of Ry for different values of H. However, the updated measurements for

the HT96+RR98 data sets (Supplementary Fig. 7f) show a similar pattern to the Stoneley
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modes (Fig. 3f in the main text), except that the shift to the different model class happens for

negative values of H already, resulting in dynamically feasible models with dense LLSVPs.

We believe that by focusing on the Stoneley modes, we are able to extract the signal
originating from the deep mantle. This philosophy is similar to the approach in body wave
studies of using core-diffracted and reflected waves and not upper mantle phases to study
the CMB region. Supplementary Fig. 7 also illustrates that using the HT96+RR98 selection of
normal modes masks the signal due to the lowermost mantle, as the variations in probability
values are very small (Supplementary Fig. 7b and c). In addition, none of the models in the
entire model space search pass our observability criterion 1¢ due to the large uncertainties in
the original splitting function measurements. Thus, we confirm the previous findings of
dense LLSVPs using the HT96+RR98 data set. However, we also agree with subsequent
studies that these data were insufficient to constrain the density structure of the lowermost
mantle robustly. In contrary, we state that our Stoneley mode splitting data with unique

sensitivity to the lowermost mantle are best fitted by light LLSVPs.

Supplementary Note 6: Fit to other lower mantle sensitive modes

To investigate whether light LLSVPs (as preferred by the Stoneley modes) are incompatible
with the splitting functions of other modes sensitive to the lowermost mantle, we examine
the fit of these modes to the best fitting density models listed in Supplementary Table 2. We
define a mode to be significantly sensitive to the lowermost mantle if the sensitivity to
structure below 2500 km depth is at least half the maximum sensitivity in the mantle.
Supplementary Fig. 8 shows the probability values and L2-norm changes with respect to the
fit for SP12RTS for the resulting 26 modes. Most non-Stoneley modes sensitive to the lower
mantle show small changes in the L2-norm (Supplementary Fig. 8c-d), with only modes oS,
057 and 1459 strongly preferring denser LLSVPs (dashed lines). However, the Stoneley modes
have much higher L2-norm values for dense LLSVPs (Supplementary Fig. 8d), whereas they
decrease very pronouncedly for light LLSVPs (Supplementary Fig. 8c). This discrepancy is
likely to be due to unmodelled structure in the mid mantle. Other lower mantle sensitive
modes have broader sensitivity kernels in the lower mantle and are therefore affected by
structure in the mid mantle that is unaccounted for. On the other hand, the Stoneley modes
are limited in sensitivity to depths near the CMB and will not be affected by unmodelled

structures at mid mantle depths. Additionally, our inferences of light LLSVPs are based on
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the range of possible models that fit the splitting functions within their uncertainties, not on
an L2-norm. Inspection of the probability values of these 26 modes indicates that modes
such as 052 (which has been used to infer dense LLSVPs in recent studies 17) cannot be used
to distinguish between light and dense LLSVPs, as the probability values are the same. ¢Sz is
the longest period normal mode, and consequently very difficult to measure, with only 78
usable spectra (8 earthquakes) available for the splitting function measurement 18. The
associated uncertainties in the splitting function coefficients are therefore very large, and
almost any density model can be fitted within these uncertainties. As comparison, Stoneley
modes are typically measured using 2000-3000 spectra from 90 earthquakes, giving rise to
much smaller uncertainties 3. Furthermore, the average probability of these 26 modes is
higher for models with light LLSVPs (0.38 and 0.36 in Supplementary Fig. 8a) than for
models with dense LLSVPs (0.25 and 0.25 in Supplementary Fig. 8b) or for SP12RTS (0.26).

Supplementary Note 7: Effect of default density scaling factor

The inversion for shear- and compressional-wave velocity variations in SP12RTS assumes R
= 0.3 L. Therefore, it is possible that the results of our analysis are dependent on the value of
R in SP12RTS. To test this, we make use of a different version of SP12RTS where R = 0.0 was
used, thus not accounting for any density variations in the mantle. The resulting density
models are very similar as evidenced in Supplementary Fig. 9, with slightly smaller
amplitudes for R = 0.3 in SP12RTS (Supplementary Fig. 9a). With these models, we repeat
our model space search for Ry, Rsr and H. Despite the small differences in the density input
models, the resulting probability plots for the three different cases are very similar. We
systematically find positive values of Ri. and Rsg, even when no density variations are

included anywhere else in the mantle (Supplementary Fig. 9b).

Supplementary Note 8: Testing trade-offs with shear-wave velocity structure

To test possible trade-offs between velocity and density structure for the Stoneley modes,
we have repeated our model space search for two different models of velocity structure.
Model SP12RTS_low_D is a lower damped version of SP12RTS and hence features larger
velocity amplitudes, about 1.4 times as large as in SP12RTS (Supplementary Fig. 10). This
model allows us to investigate whether dense LLSVPs can be obtained when the shear-wave
velocity amplitudes are larger, as the sensitivity kernels of the Stoneley modes for shear-

wave velocity and density are similar in the lowermost mantle (Supplementary Fig. 3).

21



Supplementary Fig. 11 to 13 are equivalent to Fig. 2 to 4 in the main text, but we now use
SP12RTS_low_D to describe the velocity structure in the entire mantle. The predicted
splitting function maps (compare Supplementary Fig. 11 and Fig. 2 in the main text) are very
similar, albeit that the amplitudes are slightly larger when using model SP12RTS_low_D. The
results of the model space search without CMB topography variations (compare
Supplementary Fig. 12a-b and Fig. 3a-c in the main text) also show that the Stoneley mode
splitting functions are fitted best by density models with positive values of Ry in both cases
(Ru. = 1.5 and Rsr = -0.9 for SP12RTS_low_D versus Ry, = +1.7 to +1.9 and Rsr = +0.4 to +0.9
for SP12RTS). The main difference is that similar fits are obtained for more negative values
of Rsg. At the same time, we observe that the other mode selections (compare
Supplementary Fig. 12c-d with Supplementary Fig. 7a-c) are not as sensitive to the density
structure of the lower mantle, but that the probability values are larger than when we use
SP12RTS. The fact that such alternative models of mid mantle velocity structure increase the
probability values of these modes likely indicates that the discrepancy between the Stoneley
modes and these modes is due to unmodelled structure at these depths. When CMB
topography variations are included (compare Supplementary Fig. 12e-h with a combination
of Fig. 3d-f in the main text and Supplementary Fig. 7d-f), we find similar patterns as before.
The Stoneley modes find positive values of Ry for H < 0, whereas both positive and negative
values of Ry fit the KDR13+DRH13 and HT96+RR98 mode selections equally well. The
amplitude of Ri. we find for the best fitting model depends on the CMB topography scaling
factor (Supplementary Fig. 13). In this case, the best fitting model for the Stoneley modes is
characterised by Ri. = 1.5, Rsg = -0.9 and H = 0.

Supplementary Note 9: Testing trade-offs with compressional-wave velocity structure

Additionally, we investigate the effects of the compressional-wave velocity structure by
using model SP12RTS_P_scaled, in which we have scaled the P-wave velocity variations to
shear-wave velocity variations through a depth-dependent scaling of 0.5 at the Earth’s
surface and 0.333 at the CMB (as assumed in the S40RTS model 1°). Maps of dInVp are
consequently scaled versions of dInVs and the relative amplitudes of the shear-wave and

compressional-wave velocity variations are substantially different.

In Supplementary Fig. 15 to 18 we show the same results while using SP12RTS_P_scaled
instead of SP12RTS. The splitting function maps (Supplementary Fig. 14) now show slightly
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lower amplitudes, but the differences with SP12RTS are smaller than when the shear-wave
velocity structure was changed (Supplementary Fig. 11). Supplementary Fig. 15 (compare to
Fig. 3 in the main text), which presents the results of the model space search for the different
mode selections, illustrates this further. The Stoneley modes are again fitted best for positive
values of RiL (R = 1.2 and Rsr = 1.0 for SP12RTS_P_scaled). We also note that for all panels
the probability values are lower, indicating that we do not fit the splitting function data as
well as when we use SP12RTS. This illustrates that the P-wave velocity structure in SP12RTS
is strongly preferred by the normal modes. Again, when CMB topography variations are
included, we obtain similar patterns as before (Supplementary Fig. 15e-h and
Supplementary Fig. 16), indicating that the same two model classes arise. The region of best
fitting models remains substantially larger for other mode selections than for the Stoneley
modes together. Nevertheless, the best fitting models are still characterised by positive

density scaling factors with Ry, = 0.4, Rsg = 0.6 and H = -7.

Supplementary Note 10: Velocity-density trade-offs

As Supplementary Fig. 11 to 16 demonstrate, we consistently find positive values of Ry. with
the amplitude depending primarily on the CMB topography scaling factor. Using model
SP12RTS_low_D has a larger effect than using model SP12RTS_P_scaled, confirming the
notion that the Stoneley modes respond more to variations in shear-wave velocity than P-
wave velocity. Naturally, a full model space search of both velocity and density with all
uncertainties taken into account is preferable over these experiments. However, they
indicate that low densities are strongly preferred by the Stoneley mode data for reasonable

models of lowermost mantle velocity structure.

Supplementary Note 11: Presence of a lower dense layer

We have fixed the depth, below which we vary the density scaling factors, to 2500 km depth,
corresponding approximately to the anomalous region found in recent lower mantle
tomographic clustering analyses °. Similar density models are obtained for mode 2516 when
we change this depth (Rp. between 3 and 4 and Rsg between 1 and 2), with the best fit to the
splitting function measurements found for depths between 2400 and 2600 km
(Supplementary Table 3). At the same time, the L2-norm only degrades substantially for
depths above 2400 km or below 2600 km. Therefore, an intermediate depth of 2500 km has

generally been assumed in our model space search. Similar results are obtained when we
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consider all Stoneley modes together (Supplementary Table 4). A greater depth requires a
larger value of RiL and Rsg, indicating that the modes are primarily sensitive to the total

amount of heterogeneity in the lowermost mantle. If we allow the LLSVPs (of the same

thickness) to be raised above the CMB and include an additional scaling factor R$"Vin the

mantle below this, we find very similar probability values for both positive and negative

low

values of R;;" for Stoneley mode 2516 (Supplementary Table 3). For LLSVPs raised 100 km
above the CMB, the L2-norm is practically the same, whereas the norm increases for LLSVPs
raised 200 km above the CMB. This suggests that even though the Stoneley modes have
superior sensitivity to density structure, it is difficult to constrain the value of Ri. in the
lowest 100 km of the mantle. For all Stoneley modes combined (Supplementary Table 4),
probability values are generally lower when we allow for a dense layer just on top of the
CMB. In addition, larger positive values of Ry are required to compensate for this lower
dense layer, implying that the Stoneley modes prefer an overall, lighter depth-average for

the LLSVPs.
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