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S1. ULVZ thickness

a) ULVZ thickness based on ScSP b) ULVZ thickness based on ScSP and SPcP
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Supplemental Figure S1. a) ULVZ thicknesses associated with probabilities constrained only
by ScSP travel times and amplitudes. b) ULVZ thicknesses associated with probabilities

constrained by ScSP and SPcP travel times and amplitudes.




S2. ULVZ density
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Supplemental Figure S2. Most likely density variation (6p) as a function of P-wave velocity
reduction (6Vp) for the five most likely values of S-wave velocity reduction (6Vs). S-wave

velocity reductions range from -22% (blue line) to -26% (purple line).




S3. Double beam results
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Supplemental Figure S3. Results of searching for SAP arrival in the double beam. Travel-time
and amplitude picks (red spikes) computed by the VSSD method for a positive polarity SdP
arrival (top trace) and for a negative polarity SdP arrival (bottom trace). The double beam
formed ScP trace is shown as the gray trace. The VSSD-derived waveforms are overlain (black

traces). The log-likelihood scores for the two cases are: positive = 223; and negative = 231.




S4. ScP interaction with small-scale ULVZs
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Supplemental Figure S4. Effect of ULVZ position on ScP waveforms. Each panel shows
vertical component displacement waveforms normalized to unity on the largest ScP arrival in
each window and aligned to the peak ScP arrival as predicted by the PREM model. In each
panel the top trace (black) is the ScP waveform calculated for the PREM model. The middle
trace (blue) is the ScP waveform calculated for a 1-D ULVZ model (6Vs = -30%, dVp = -10%,
dp = +10%, thickness = 20 km). The bottom trace (red) is the ScP waveform calculated for a
2.5D ULVZ model. The ULVZ model has the same properties as in the middle trace, but has a

length = 3.0°, and position varies in each panel from a A-edge location of 7.5° to 15°.




Synthetic seismograms have been computed to determine the interaction between the ScP
arrival and ULVZs using a variety of techniques including the Reflectivity Method [Fuchs and
Muller, 1971], the Direct Solution Method [Cummins et al., 1997], Gaussian Beam [Weber,
1988], and Generalized Ray [Helmberger, 1983]. Thus far, these efforts have been confined to
1D models of ULVZ structure. However, interaction of the ScP arrival with small scale ULVZs
may have important effects on the waveform. Our data were best fit using the VSSD method
when we included an additional post-cursory arrival in the model space which is not predicted
for 1D ULVZ models. In order to test the effects of small-scale ULVZs we compute a handful
of high frequency synthetic seismograms using the PSVaxi technique. The PSVaxi technique
utilizes axi-symmetric geometry which allows us to compute the wavefield for a 2D model,
which is then virtually expanded to 3D by rotation around the axis passing through the
earthquake source and the center of the Earth [see e.g., Thorne et al., 2013a; Thorne et al.,
2013b]. This allows us to compute relatively high frequency global synthetic seismograms for a
2D input model with the correct 3D geometric spreading. Here we compute synthetic
seismograms for the ScP phase at dominant periods of 3 sec. Current computational limitations
do not allow calculation of synthetic seismograms at these short periods with fully 3D
techniques. To date, the shortest period synthetics calculated using a full 3D method for global

applications is roughly 11 sec [Komatitsch et al., 2010].

1D ULVZ models are calculated allowing the following ULVZ parameters to vary: (1) S-
wave velocity reduction (8Vs), (2) P-wave velocity reduction (6Vp), (3) density increase (dp),
and (4) ULVZ thickness (h). In this study we consider box-car shaped ULVZ models similar to

those investigated in [Thorne et al., 2013b]. In modeling 2D ULVZs we must add two additional



parameters: (5) ULVZ lateral length in the great circle arc direction (length), and (6) position of
the ULVZ (Aedge). We define the ULVZ position as the angular distance from the earthquake
source to the leading edge of the ULVZ. We compute synthetic seismograms for a 500 km
source depth for (a) the PREM model, (b) a 1-D ULVZ (8Vs =-30%, dVp = -10%, dp = +10%,
thickness = 20 km), and (c) a series of 2D ULVZs (elastic parameters and thickness the same as
in the case of the 1D ULVZ) with a length of 3° (~180 km along the CMB) and variation in

position: 7.5° < Aegge < 15.0°.

Example synthetic seismograms of these calculations are shown in Supplemental Figure
S4. Each panel of Fig. S4 shows the PREM synthetic seismogram at an epicentral distance of
42° (top black trace in each panel). For reference, this PREM synthetic seismogram is repeated
in each panel. For the PREM synthetic seismogram we see a single arrival which we refer to as
ScP”R®M. " The middle trace of each panel (middle blue trace) is calculated for the 1D ULVZ
model (this trace is also repeated in each panel for reference). Here we see the standard arrivals
associated with a ULVZ (see Fig. 1c), however the ScP arrival is delayed with respect to the
PREM prediction and we thus refer to this arrival as ScP“-V%. The lower trace (red trace) in each
panel is the synthetic seismogram for the 2.5D ULVZ model. In the upper right corner of each
panel the position of the ULVZ is shown with respect to the ScP ray path. In panel (a) the 2.5D
ULVZ synthetic is shown where the ULVZ is at a position Aegge = 7.5°. In this case the down
going S-wave completely misses the ULVZ and the 2.5D synthetic (red trace) looks nearly
identical to the PREM prediction (black trace). In panel (b) the ULVZ is shifted to right (Aedge =
9.0°) such that the ScP ray path (here just drawn for the PREM model) is interacting with the far

edge of the ULVZ. In this case ScP is multi-pathed and we see two ScP arrivals that correspond

PREM uULvz
P P

in time to Sc (see black trace) and Sc (see blue trace). The pre- and post-cursor



traces arrive approximately at the same time as predicted by the 1D ULVZ model. In panel (c)
the ScP ray path is a direct strike on the ULVZ. Although the waveforms look slightly
dissimilar, the 2.5D ULVZ synthetic (red trace) is similar in its characteristics to the 1D ULVZ
synthetic (blue trace). At the other edge of the ULVZ (panel d) we see the same waveform
behavior as in panel (b). As the ULVZ passes through to the other side of the ScP raypath
(panels e and f) we observe a more complex waveform behavior due to the asymmetric nature of
the ScP arrival. We see the ScP™*™ arrival as expected, but in addition see arrivals similar to
ScPY™Y% and ScSP. For the shorter distance (panel ) these arrivals come in at a similar time to

the 1D ULVZ, but these arrivals are more delayed for the larger distance (panel e).

The primary conclusions we draw from these calculations are: (1) If the ULVZ is located
at a shorter angular distance than the ScP CMB bounce point then the waveforms are similar to
those predicted by the PREM model, (2) If the ScP bounce point is in the middle of the ULVZ
then the waveforms are as predicted by the 1D ULVZ model, (3) If the ScP bounce point is at
the edge of a ULVZ then we see complex multi-pathing and the generation of two ScP arrivals,
and (4) If the ULVZ is located at a distance that is larger than the ScP bounce point some of the
upgoing P-wave energy, which is at near grazing angles, may interact with the ULVZ and

produce post-cursory arrivals. However, in this case we don’t observe any precursors.

The data we examined in this study, were shown by Rost et al., [2006] to exhibit arrivals
that looked similar to 1D ULVZ models. Additional events showed complex multi-pathed
looking waveforms which are similar to what we observe in Fig. 8 panels (b) and (d). These
multi-pathed data could be marking the boundary of the ULVZ in this region. The locations of
ScP bounce points in our study area are on the far side of these multi-pathed data, hence we do

not believe that the post-cursors we are measuring are due to an indirect hit on the ULVZ, as Fig.



S4 panels (e) and (f) demonstrate could give rise to waveforms similar to those we analyze.
Thus, we believe the data we examine in this study are due to a direct strike on the ULVZ such
as is pictured in Fig. S4c. There is an additional post-cursor visible in Fig. 8c (marked with a
green asterisk). The position and amplitude of this post-cursor varies depending on the exact
location of the far edge of the ULVZ with respect to the ScP bounce point and likely corresponds
with a diffracted arrival off the far edge of the ULVZ. Hence, if the additional post-cursor we
observe in this study is due to the interaction with the far edge of this ULVZ then we could
potentially measure the lateral size of the ULVZ along the CMB. Additional computation of
high frequency synthetic seismograms would be necessary to complete this step and is reserved

for future endeavors.

It is also important to note that previous studies examining the ScP waveforms have not
considered the effects of 2- or 3D ULVZs. Hence, we caution interpretation of ULVZ position
when only ScP postcursors have been examined. Absence of ScP precursors could be due to the

ScP bounce point missing the ULVZ, yet a post-cursor may still be present.



S5. Mineral physics calculations
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Supplemental Figure S5. Percent change in Vs, Vp, and p with respect to PREM for various

phase proportions of (a) hcp Fe, (b) Fe-pPv, (c), Fe-Pv, and (d) Fe,O3 pPv mixed with PREM.

Dashed line indicates the observed -23% decrease in Vs and Vp.




(a) FeSi (b) Fp 35
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Supplemental Figure S6. Same as figure S4, but for (a) FeSi, (b) Fp 35, and (c) Fp 84.

For the calculation of seismic velocities we use a combination of experimental and

theoretical literature values for shear modulus (G), bulk modulus (K) and density (p). In guiding

our choices of mineral phases to explore, we considered that the appropriate phase not only

needs to have significantly slower velocities than the Preliminary Earth Reference Model

(PREM) [Dziewonski and Anderson, 1981] but the phase must also be significantly denser than

PREM such that it can match both the velocity reduction and provide ~10% density increase




over PREM. Based on these guidelines we choose to explore Fe enrichment of silicates and
oxides or the mixing of pure Fe metal or FeSi as possible sources for ultra-low velocities. Phases
tested are (Mgo.es,F€0.35)O ferropericlase (Fp35), (Mgo.16,F€0.84)O ferropericlase (Fp84), FeSiOs;
post-perovskite (Fe-pPv), Fe O3 pPv, FeSiOs perovskite (Fe-Pv), hexagonal close-packed Fe

(hcp-Fe), and B2 structured FeSi.

To correct G and K to high temperature (T) we adopt a simple linear approximation.

Namely,
Gpr=Gpo + aG/aT(T ~To) (Eqgn. S1)
Kp1=Kpo+ aK/aT(T - TO) (Eqn. 82)

where Ty is a reference temperature, typically 298 K. Density is corrected to temperature using

the following equations:

T (Eqn. S3)
pr = Pr,exp — f a(T)
Ty
where
a(T) = ay + a.(T) (Eqn. S4)

where a is thermal expansion and p is density.

For ferropericlase we use sound velocity measurements of Chen et al., [2012] for Fp35,
and from Wicks et al., [2010] for Fp84. To extrapolate these datasets to core-mantle boundary
conditions we only use data collected after the high-spin to low-spin transition. For the

correction of the elastic properties of Fp35 and Fp84 to high temperature we use values from

theoretical calculations for aG/aT and aK/aT of pure end member MgO periclase [Karki et al.,



2000]. Density and pressure is taken from Chen et al., [2012] for Fp35 and from [Karki and
Crain, 1998] for Fp84. Thermal expansion values of a, and a; for (Mgoes, F€o36)O [van

Westrenen et al., 2005] were used to correct density of Fp35 and Fp84 to high temperature.

For Fe pPv and Fe,O3 pPv we use values of K, G and, p that were calculated using the
generalized gradient approximation + Hubbard U (GGA+U) approach for high-spin
antiferromagnetic Fe-PPv and low-spin antiferromagnetic Fe,O3; pPv [Stackhouse and Brodholt,

2008]. For Fe-pPv it is assumed that temperature derivative of elastic properties and density are

identical to MgSiOz post-perovskite and thus we use aG/aT’ aK/aT’ and 0p/aT from

Stackhouse et. al., [2007] to correct K, G and p to high temperature. Elastic properties at high

pressure and temperature for Fe-Pv are taken from Stackhouse et al., [2006].

For hcp-Fe we use K, G, p, and aG/aT derived from sound velocity measurements [Lin

et al., 2005]. oK / oT and a at 136GPa and 3500 K were taken from Isaak and Anderson [2003].

Calculated sound velocities of Ono [2013] combined with densities from the theoretical equation
of state of Caracas and Wentzcovitch [2004] were used to derive K and G for B2 structured FeSi.
Caracas and Wentzcovitch [2004] show densities obtained with both local density approximation
(LDA) and generalized gradient approach (GGA) and we use an average of these values for these
calculations. To correct density of B2 FeSi to high temperature we approximate this with the

thermal expansion coefficients for e-FeSi [Vocadlo et al., 2002].

Since the detailed mineralogical and chemical composition at the base of the mantle is
uncertain, rather than attempt to model a complete mineralogical mixture, we instead perform a

simple computation where the mineral phase of interest is mixed with PREM velocities and



densities. Note that this is identical to the approach adopted by Wicks et al., [2010]. This has the
advantage that precise mineralogical make-up of the surrounding mantle is not needed. However
in some cases it may underestimate mineral phase proportion. For example for ferropericlase
mixing, PREM already likely contains somewhere in the range of 20-35 volume % of Fp (with
~10% Fe) so a phase proportion of ferropericlase mixed with PREM will actually be

considerably smaller that the “true” percentage of ferropericlase.

To calculate elastic properties for polyphase aggregates we calculate the Voigt [Voigt,

1928] and Reuss bounds [Reuss, 1929]:

N
MVoist — z £ M, (Eqn. S5)
i

N
1 _NA4

jReuss = I, (Eqgn. S6)
l

Where MV°%9¢ s the Voigt average of the modulus, MRe¥ss js the Reuss average of the modulus,
fi is the volume fraction on phase i and M; is the modulus of phase i. We use a simple volume

average to calculate density of the aggregate.

N
Ppolyphase = z fipi (Egn. S7)
1
Where f; is the volume fraction of phase i and p; is the density of phase i.

Figures S4 and S5 shows results for % change in Vs, Vp, and p with respect to PREM for
mixing of the various phases tested. Only Fp84 can provide a 1:1 decrement ratio in Vs:Vp at a
~23% decrease in velocities with an ~ 10% increase in density. For very small decreases in

Vs:Vp velocities Fp35 can provide a 1:1 decrease but only for velocity decreases of ~5% or less.



For most ranges of mixing the decrement ratio is closer to 2:1. Crystalline hcp-Fe can provide
~23% decrease at an ~1.5:1 decrement ratio, but the density increase is much too large, ~35%.
In fact the very high density of Fe compared to mantle silicates and oxides is the main reason
why incorporation of Fe decreases seismic velocities rather than elastic properties. Thus one
could in principle distinguish this seismically from other models. All other phases (Fe-pPv, Fe-
Pv, Fe,O3 pPv, and FeSi) provide an ~2:1 decrement ratio for a 23% decrease in Vs or cannot in

the case of FeSi cannot provide a 23% decrement even with 100% FeSi.

S6. ULVZ formation

mantle upwelling
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Supplemental Figure S7. Stages of ULVZ formation. Liquid Fe (yellow blobs) percolates from
the outer core into the lower mantle. The reaction of liquid Fe with mantle silicates generates
FeSi (green blobs) and FeO (orange blobs). FeSi and FeO are denser than ambient lower mantle
and will settle to the CMB. Subsequent mantle flow concentrates FeO or FeSi into ULVZs that
pile up near the margins of LLSVPs.
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