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Abstract we analyzed vertical component short-period ScP waveforms for 26 earthquakes occurring in
the Tonga-Fiji trench recorded at the Alice Springs Array in central Australia. These waveforms show strong
precursory and postcursory seismic arrivals consistent with ultralow-velocity zone (ULVZ) layering beneath
the Coral Sea. We used the Viterbi sparse spike detection method to measure differential travel times and
amplitudes of the postcursor arrival ScSP and the precursor arrival SPcP relative to ScP. We compare our
measurements to a database of 340,000 synthetic seismograms finding that these data are best fit by a ULVZ
model with an S wave velocity reduction of 24%, a P wave velocity reduction of 23%, a thickness of 8.5 km,
and a density increase of 6%. This 1:1 Vs:Vp velocity decrease is commensurate with a ULVZ compositional
origin and is most consistent with highly iron enriched ferropericlase.

1. Introduction

A salient feature of the core-mantle boundary (CMB) region is the existence of ultralow-velocity zones (ULVZs).
ULVZs have been detected using many seismic phases, including SPdKS [e.g., Thorne and Garnero, 2004], PcP
[e.g., Mori and Helmberger, 1995], ScP [e.g., Garnero and Vidale, 1999], ScS [Avants et al., 2006], PKP precursors
[e.q., Vidale and Hedlin, 1998], and anomalies in travel time or slowness of a variety of different phases [e.g., Xu
and Koper, 2009]. These studies show that ULVZs are characterized by a wide range of elastic parameters. For
example, S wave velocity reductions (6Vs) have been reported as large as 45% (all percentages reported with
respect to the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981]), P wave velocity
reductions (0Vp) as large as 20%, density increases (dp) of up to 10%, and thicknesses of up to 40 km (see Thorne
and Garnero [2004] for a review). Nevertheless, strong trade-offs typically exist in the model space [e.g., Garnero
and Helmberger, 1998], and many of these parameters are uncertain.

Of the elastic parameters, the P wave velocity reduction is the most well constrained parameter. The seismic
phase SPdKS is primarily sensitive to the P wave velocity reduction at the base of the mantle [see, e.g., Rondenay
et al, 2010]. In the southwest Pacific Ocean region, P wave velocity reductions of 10 to 15% are well constrained
[Thorne et al., 2013; Zhang et al., 2009] in at least one ULVZ. Density contrast is less certain, with one study
providing a constraint of 10 £+ 5% in a ULVZ beneath the Coral Sea [Rost et al., 2005] and another study providing
density constraints in ULVZs beneath the Philippine Islands from 5-10% and 20-25% [/dehara, 2011]. The
Swave velocity reduction appears quite variable, with one study demonstrating an S wave velocity reduction of
roughly 7% beneath the central Pacific using postcursors to the ScS phase [Avants et al., 2006], while Idehara
et al. [2007] examined ScP postcursors beneath the Philippine Sea to show that the S wave velocity decrease
must be at least 20%. Additional evidence beneath the Coral Sea from ScP arrivals shows an S wave velocity
decrease of 24% [Rost et al., 2006]. Due to the trade-off between P wave velocity, S wave velocity, and thickness,
it is difficult to determine the ULVZ elastic parameters precisely. Nonetheless, constraining these parameters is
paramount in determining what ULVZs physically represent.

The seismic phase ScP is of utmost importance in studying ULVZs as it is sensitive to all elastic parameters
[Garnero and Vidale, 1999]. ScP is an S wave that converts to a P wave at its reflection on the CMB. Figure 1a
shows the ScP raypath through the mantle, with the direct P wave path for comparison. The reason ScP is well
suited for ULVZ studies is because of the existence of at least two precursors and one postcursor that are
predicted if the ScP wavefield interacts with a ULVZ. These additional phases (Figure 1b) are (1) SdP—a
precursor occurring from the reflection off the top of the ULVZ, (2) SPcP—a precursor occurring when the
downgoing S wave converts to a P wave at the top of the ULVZ, and (3) ScSP—a postcursor that occurs when
the upgoing ScS wave converts to a P wave at the top of the ULVZ. A synthetic seismogram showing the
predicted ScP waveform for the PREM model is compared to the predicted waveform for a model including a
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Figure 1. (a) Direct P wave (black) and ScP rays are
shown at epicentral distances of 40°, 45°, and 50°.

(b) Detail of raypaths near the core-mantle boundary
for precursory and postcursory rays associated with a
ULVZ. Raypaths are drawn for a ULVZ model with
thickness = 20 km, 0Vs = —30%, and 6Vp= —10%. Rays
are color coded red and blue for the S and P legs of
the raypaths, respectively. (c) Vertical component
displacement synthetic seismograms calculated for the
PREM (Figure 1c, top) and ULVZ (Figure 1c, bottom)
models. The ULVZ model is the same as for which rays
are drawn in Figure 1b. Seismograms are aligned at
zero time on the PREM ScP arrival. In addition to the
arrivals drawn in Figure 1b, additional reverberations
inside the ULVZ are also observed—phases labeled
ScsscP and ScsscSP. Raypaths and synthetics in

Figures 1b and 1c are calculated for an epicentral
distance of 45°.

1-D ULVZ in Figure 1c. Additional reverberations within the
ULVZ, phases labeled ScsscP and ScsscSP in Figure 1c,

can be observed in synthetics yet are typically too low
amplitude to be observed in the data.

The value of ScP in determining the S wave velocity
reduction is that the amplitudes of the SdP and ScSP
arrivals are most strongly dependent on the S wave
velocity reduction [Rost and Revenaugh, 2003]. However,
precise determination of the amplitudes of the ScSP
postcursor is complicated by the presence of the ScP coda,
which is most pronounced in the short-period data.
Additionally, both of the precursor arrivals are predicted to
have relatively low amplitudes with respect to ScP (see
Figure 1c), and the majority of studies have only identified
a single precursor due to the interference of the two
low-amplitude phases [e.g., Rost et al., 2005]. In this paper
we examine ScP waveforms interacting with a known ULVZ
in the southwestern Pacific Ocean region [Rost et al., 2005,
2006]. We use the Viterbi sparse spike detection (VSSD)
method [Brown and Thorne, 2013] to accurately determine
differential travel times and amplitude ratios for ScP
precursor and postcursor arrivals. We compare this set of
measurements to synthetic predictions constraining S and
P wave velocity reductions in a single ULVZ.

2. ScP Data and Viterbi Sparse Spike
Detection Method

We analyze a data set of ScP records from 26 earthquakes
in the Fiji-Tonga area recorded at the Alice Springs

Array located in central Australia. Individual records were
band-pass filtered between 1 and 4 Hz and beamformed on
the ScP arrival to provide a single high signal-to-noise ratio
trace for each event (see Rost et al. [2006] for the details
on event beams, event locations, and bouncepoint location).
These events provide a tight cluster of ScP bounce points
(roughly 30 km x 30 km) on the CMB centered at 167.5°E
longitude and 25°S latitude, spanning an epicentral distance
range from 40.9° to 42.8°. Rost et al. [2006] identified a
precursor (arriving 1.9 s prior to the ScP arrival) identified as
the SdP arrival. An SPcP precursor and ScSP postcursor are
also apparent in these data; yet these arrivals are partially
masked by destructive interference from the ScP arrival.

We use the Viterbi sparse spike detection (VSSD)
technique [Brown and Thorne, 2013] to search for ScP
precursor and postcursor directly in the recorded traces

while simultaneously obtaining estimates of their relative amplitudes and differential travel times. Given

an approximate source time function, the VSSD method provides a statistically robust way to search a
predefined set of spike trains for the best nonlinear fit to a composite waveform, accounting for Gaussian
distributed random noise, errors in the source time function, and constructive/destructive interference
between closely spaced arrivals. A synthetic trace is built for each candidate spike train through convolution
with the source time function. A profile hidden Markov model (HMM) [Eddy, 1995] is built for each synthetic
trace. The profile HMM represents a stochastic model for generating synthetic waveforms, the most likely of
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which will be the synthetic upon which the model is based. The model consists of a linear array of match states,
where each match state corresponds to a sample in the synthetic seismogram, and is characterized by a
Gaussian distribution centered on the synthetic sample amplitude. The linear topology is augmented with
insert and delete states between match states, which allow the waveforms to contract and dilate, facilitating
nonlinearity in waveform alignments. The Viterbi algorithm [Viterbi, 1967] is applied to find the optimal
nonlinear alignment between a data trace and the profile HMM. This optimal alignment represents the path
through the HMM, which generates the data trace with the highest probability. The optimal path, z*, is the state
sequence which optimizes the following equation:

P* (Data|Model) =TT, af, g7 (d)), M

where i is a sample index for the data trace, d;is a sample of the data trace, ayis a transition probability associated
with transitioning from state k to /, and g; is a Gaussian distribution associated with each sample amplitude in
the synthetic model. The state integer 7 represents a specific state sequence that determines the values of k and
I. A log-odds score S is assigned to each profile HMIM, based on the optimal alignment to a data trace:
P(Data|ModeI))

T A/ Nea-liAN )

P(Data|W) @

S(Data|Model) = log (
where W is a white noise model. The log-odds score is a ratio of the likelihood of a given model producing a
given data trace over the likelihood of a white noise model producing the data trace. Travel times and
amplitudes for each individual arrival in a complex waveform are derived from the highest scoring model.
Relative amplitudes are taken directly from the spike train from which the model was built, and differential
travel times are adjusted based on the optimal alignment.

We create an empirical source, between 2 and 3 s in length, composed of a windowed and tapered direct
P wave arrival for each event (Figure 2a). The direct P wave arrival was too noisy to provide a suitable source
time function estimate for 10 of the 26 events, which led to their exclusion from this analysis. The ScP arrival
travels a longer path through the mantle and is more attenuated than the P wave arrival. Thus, the frequency
content of our empirical source is slightly higher than for the ScP arrival, but this variation in frequency
content is accommodated for by the VSSD method [Brown and Thorne, 2013].

3. Results

Figure 2a shows an example where we search for multiple (1 to 6) arrivals in a beamed trace from a single
event recorded at Alice Springs Seismic Array using the VSSD method. When only one arrival is searched for,
the algorithm finds the ScP arrival. When we search for two arrivals, we recover the ScSP arrival, the next
highest-amplitude arrival after ScP. The third arrival finds an additional postcursor, and the fourth arrival finds
the SPcP precursor. Looking for five and six arrivals does not reveal a consistent SdP arrival, and the increase
in log likelihood score starts to flatten. Additionally, the amplitude of arrivals greater than four becomes
increasingly lower and within the noise level; thus, we expect that no more than four arrivals can consistently
be determined in these data. The overall data fit increases when searching for five or six arrivals but does not
significantly influence the travel time or amplitude of the arrivals already determined, and we hence limit our
search to the five largest amplitude arrivals in the ScP wavefield for the events in our data set.

Figure 2b shows VSSD alignments and picks for the 16 events analyzed. The inclusion of the postcursor beyond
ScSPis necessary to get a good waveform fit for ScSP. This additional postcursor is possibly a diffracted arrival off
the far edge of the ULVZ and is too large amplitude to be consistent with one of the ULVZ reverberations shown
in Figure 1c. Figure 3a shows the differential travel times versus relative amplitudes for all 16 events. The
average ScP-SPcP differential travel time is 0.9094 + 0.0455 s, and the average ScSP-ScP time is 0.8625 + 0.0806 s.
Average amplitude ratios are SPcP/ScP= —0.2555 +0.0671 and ScSP/ScP=0.5073 + 0.1448.

Synthetic seismograms are computed using the generalized ray method (GRM) [Helmberger, 1983]. We use
the PREM background model with a 1-D ULVZ model embedded at the base of the mantle. Synthetic
seismograms are computed for a 500 km deep event at an epicentral distance of 42°. We used the GRM in
order to model individual arrivals obtaining a spike train similar to those obtained using the VSSD technique.
We compute synthetic seismograms where we allow the following ULVZ parameters to vary: (1) 6Vs decreases
from 0% to 50% in 1% increments, (2) dVp decreases from 0% to 30% in 1% increments, (3) dp variations from
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Figure 2. (a) Analysis of a single event occurring on 25 November 2000. The top trace (black line) shows the direct P wave. The
dashed blue line shows the windowed P wavelet used as the source time function estimate. The second trace from the

top (heavy black line) shows the raw ScP wavelet which is repeated for each trace below. Each subsequent trace shows the
best fit VSSD solution for this event using 1 through 6 arrivals. In each case, the red spike shows the best fit amplitude and
travel time for the number of arrivals being fit. The light blue trace is an overlay of the source time function convolved with the
best fit spike train. The log-odds score is shown to the right for each fit. Because the amplitudes for arrivals 5 and 6 are low, we
have highlighted their positions with red circles. (b) Travel time and amplitude picks (red spikes) computed by the VSSD
method for the 16 events analyzed in this study are shown. The beam-formed ScP trace for each event is shown as the gray
trace. The VSSD-derived waveforms are overlain (black traces). The lowermost two traces are GRM synthetic predictions
convolved with a 0.25 s dominant period source time function at an epicentral distance of 42°. The red trace is for a ULVZ
model with 6Vs = —24%, éVp= —23%, thickness = 8.5 km, and density = +6%, and the green trace is for a ULVZ model with
oVs=—24%, oVp= —8%, thickness = 8.5 km, and density = +10%.

—10% to 20% in 1% increments, and (4) ULVZ thickness (h) from 1 to 20 km in 1 km increments. In total, we
have a database of synthetic seismograms for nearly 340,000 ULVZ models.

In order to characterize the likelihood of models from the suite of synthetics, four Gaussian probability mass
functions were defined from the means and variances of the measured differential travel times and relative
amplitudes. Figure 3b shows P (0Vs, dVp), the likelihood of models considering only differential travel times
and amplitudes of ScSP relative to ScP, which we define as

Py (8Vs,0Vp) = argmax;, (< Pascsp(0Vs, 0Vp, dp, h) * Piscsp(dVs, Ve, dp, h) >), (3)

where h denotes ULVZ thickness, P s.sp(0Vs, dVp, dp, h) is the probability assigned to the ScSP/ScP differential
amplitude for a given synthetic model, P:s.sp(0Vs, Vp, dp, h) is the probability assigned to the ScSP-ScP
differential travel time, and <> denotes an ensemble average over density variations. Examination of
Figure 3b demonstrates that the ScSP postcursor provides a strong constraint on dVs, giving an approximate
value of —25%, which is consistent with the Rost et al.'s [2006] estimate of JVs.

Figure 3c shows P, (0Vs, dVp), the likelihood of models considering differential travel times and amplitudes of
both ScSP and SPcP relative to ScP, which we define as
< Pascsp(0V's, 0Vp, dp, h) * Prsesp(OV's, OVp, dp, h)*)

4
Paspcp(0V's, 0Vp, dp, h) * Pispep(0Vs, Vp, dp, h) >

Py (8Vs,0Vp) = argmaxh<

where Pspp(0Vs, OVp, dp, h) is the probability assigned to the SPcP/ScP differential amplitude for a given
synthetic model, P;spp(0Vs, Vp, dp, h) is the probability assigned to the ScP-SPcP differential travel time pick.
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Figure 3. (a) VSSD measured differential travel times versus relative amplitudes. The red circles show ScP-SPcP and —SPcP/ScP differentials, whereas the green circles
show the ScSP-ScP and ScSP/ScP differentials. The gray crosses show the average and 1o error bars for the measurements. The size of the circles is scaled by the
signal-to-noise ratio of the ScP beam. (b) Velocity variation likelihood, constrained only by ScSP travel times and amplitudes. (c) Velocity variation likelihood,
constrained by ScSP and SPcP travel times and amplitudes.

We see a clear peak in the likelihood plot (Figure 3c) located at 6Vp=—23% and Vs = —24%. The most likely
individual model is given by

p ax ( Pascsp(0Vs, &V, dp, h) * Prsesp(0V's, OVp, dp, h)* )
L =

= (5)
Paspcp(0V's, 0Vp, dp, h) * Pispep(0V's, Vp, dp, h)

This provides a best fit model with the following parameters: 0Vs= —24%, 6Vp=—23%, dp =+6%, and

h =8.5 km. The synthetic seismogram for this best fit model is shown in Figure 2b. The additional information
from SPcP resolves the ambiguity between Vp and h. Density variation within the ULVZ is the least well
constrained of the elastic parameters and does not lead to a significant change in model probability over the
range of density variations tested.

4, Discussion and Conclusions

The results of Rost et al. [2006] fit synthetic waveforms and determined a best fit model of 6Vs= —24%,
oVp=—8%, dp =+10%, and h =8.5 km, which we will refer to as the partial-melt model due to its 3:1 Vs:Vjp ratio.
A synthetic for this model is also shown in Figure 2b. There is not a large amount of difference in amplitude or
travel time for the SPcP and ScSP arrivals for these different predictions. Yet the partial-melt model predicts a
negative polarity SdP arrival, whereas our best fit model predicts a positive polarity SdP arrival. We are not
able to constrain amplitude or travel time of the SdP arrival in our individual event beams. We further apply
the VSSD technique to a trace created by forming a double beam of all events in order to further enhance an
SdP arrival. However, the SdP arrival is within the noise level, and the polarity of the SdP arrival cannot be
constrained (see supporting information); hence, the partial-melt model cannot be entirely ruled out.

The origins of ULVZs have been suggested to be due to a variety of causes including a metal-bearing layer
[Manga and Jeanloz, 1996], iron-enriched postperovskite [Mao et al., 2006], iron enrichment of ferropericlase
(Fp) [Wicks et al., 2010], and partial melt [Berryman, 2000; Labrosse et al., 2007; Williams and Garnero, 1996].
Of these scenarios, partial melt has received the most attention. This partial-melt origin for ULVZs predicts
a 3:1 ratio for reduction of Vs:Vp wave speeds [Williams and Garnero, 1996], which is incompatible with our
most likely model which has a 1:1 ratio. This reduction is consistent with compositional or mineralogical
variations, and thus, we explore these scenarios.

Using elastic properties and densities available in the literature, we calculate changes in velocity and density
for several mineralogical models at conditions of 136 GPa and 3500 K. 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 perform a computation where the mineral phase of interest is mixed with PREM
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velocities and densities [Wicks et al., 2010]. We explore possible enrichment of Fp with 35% Fe (Fp35)
[Chen et al., 2012], Fp with 84% Fe (Fp84) [Wicks et al., 2010], hexagonal close packed Fe [Lin et al., 2005],
FeSiOs postperovskite [Stackhouse and Brodholt, 2008], Fe,05 postperovskite [Stackhouse and Brodholt, 2008],
FeSiOs perovskite [Stackhouse et al., 2006], and B2 structured FeSi [Caracas and Wentzcovitch, 2004; Ono,
2013; Vocadlo et al., 2002]. We find that 25-30% enrichment of Fp84 is the only model tested that provides a
decrement ratio of 1:1 with a 23% decrease in velocities and a 6% increase in density. Notably, Fp35 does
not provide a 1:1 decrease at these velocity reductions, which implies that very high Fe content is required
(i.e., in excess of 35% substitution). Thus, our seismic data are most consistent with a solid state ULVZ enriched
in high Fe content Fp, perhaps even approaching pure wiistite (FeO) end-member composition.

Since it is controversial if temperatures at the base of the mantle are hot enough to induce significant melting
of mantle material [Andrault et al., 2011], and because our observations are incompatible with partial melt,
we propose a mechanism that does not require melting of mantle material. In this mechanism, ULVZs are
formed through entrainment of core material followed by chemical reaction and gravitational settling. This
mechanism can explain observations for the formation of solid state (1:1) and partially molten (3:1) ULVZs.
When Fp is in contact with molten Fe, a morphological instability occurs, allowing liquid iron droplets to
penetrate deep into Fp, providing a mechanism for entrainment of core material into the mantle [Otsuka and
Karato, 2012]. Liquid Fe has a very high affinity for oxygen, so it is expected that liquid Fe should “strip”
oxygen away from the surrounding mantle material [Asahara et al., 2007]. As this Fe-enriched material
percolates upward from the core-mantle boundary, the steep geotherm in this region is likely to cause
precipitation of solid material. We expect that since the amount of Fe drawn out of the core is relatively small
compared to the volume of the surrounding mantle [Otsuka and Karato, 2012], the Fe droplets should become
highly enriched in oxygen. If there is sufficient oxygen enrichment, the material lies on the oxygen-rich side
of the Fe-FeO eutectic, pure solid FeO will precipitate [Seagle et al., 2008]. Reactions between liquid Fe and
mantle silicates to form FeO and FeSi have been documented in high pressure-temperature experiments
[e.g., Knittle and Jeanloz, 1989]. If FeSi is produced by such a reaction [Knittle and Jeanloz, 1989], and it has a
lower melting temperature than Fe [e.g., Santamaria-Pérez and Boehler, 2008], it should remain in the molten
state, likely alloyed with the molten Fe droplets. This residual molten FeSi alloy will be denser than mantle
silicate [Caracas and Wentzcovitch, 2004] and may eventually drain back to the core in the liquid state but may
temporarily form partially molten ULVZs. Percolation of Fe droplets into the mantle is strongly temperature
controlled [Otsuka and Karato, 2012], and we expect that this process is broadly occurring across the CMB.
However, in hotter regions (e.g., near Large Low Shear Velocity Provinces (LLSVPs)), this process will be more
efficient. Localized regions of Fe percolation could also give rise to temporary partially molten ULVZs. However,
as the Fe reacts with silicate mantle, FeO collection at the base of the mantle will occur. McNamara et al. [2010]
have shown that a dense ULVZ-like layer will get swept toward the edges of LLSVPs. Hence, FeO-rich ULVZs may
pile up into ULVZs observed at LLSVP boundaries.
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