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Abstract The D” region consists of many different structures on many length-scales and here we test
whether an inhomogeneous scattering region could potentially explain two of these seismic observables,
namely PKP precursors, which are generated by scattering near the core-mantle boundary, and reflections of

a seismic discontinuity in the lowermost mantle. The focus of this study is on modeling PKP precursors and
lower mantle reflections. Testing different heterogeneity models with a range of correlation lengths and velocity
perturbations for D”, we find that some of our models can produce both waves. Comparing our synthetic
seismograms to real data for precursors in adjacent locations beneath the mid-Atlantic near South America

we find the best fitting model with correlation length of 10 km and velocity perturbation of 5% with a gradual
increase of scattering defined by a taper from 200 to 400 km above the core-mantle boundary.

Plain Language Summary The lowest 300 km of the Earth's mantle (called D” layer) consists of
many different structures that range from small-scale features such as scatterers to large-scale structures such as
large regions with lower seismic velocity than the surrounding mantle. The structures are visible with a range
of seismic waves but many studies are restricted to only one wavetype. In this study, we focus on two seismic
waves that are usually associated with different structures. First, PKP precursors that are P waves scattered

at small-scale features in the lowermost mantle and second the PdP wave that reflects off the D” boundary
which is associated with a sharp velocity change. We compute synthetic seismic data assuming a scattering
region in D”, testing models of different scatterer sizes and strength and find that some of these models can in
fact produce both wavetypes. Additionally, we find a best fitting model by comparing the synthetics with real
earthquake data imaging the lower mantle beneath the mid-Atlantic near South America. We thereby show that
perhaps some structures in the lowermost mantle, previously interpreted as different features, are in fact related.
This may help to improve our knowledge of the geodynamical processes in the lower mantle.

1. Introduction

The Earth's mantle above the core-mantle boundary (CMB) is characterized by a variety of seismically visible
structures at many different length-scales, ranging from small-scale features such as scatterers (e.g., Mancinelli
etal., 2016) to large-scale structures such as large low seismic velocity provinces (LLSVP), visible in tomographic
inversions (e.g., French & Romanowicz, 2015; Ritsema et al., 2011). The D” layer (Bullen, 1949), defined as the
lowest 200-300 km of the mantle, is considered to be a thermochemical boundary layer (e.g., Lay et al., 1998;
Lay, 2015) and studies focusing on this layer have detected signals indicating a variety of different structures,
such as ultralow velocity zones (ULVZ; e.g., Garnero et al., 1998; McNamara et al., 2010; Rost et al., 2005),
subducted slabs (e.g., Davies & Gurnis, 1986; Hutko et al., 2006), scatterers (e.g., Bataille et al., 1990; Mancinelli
et al., 2016), LLSVPs (e.g., Garnero et al., 2016; Koelemeijer, 2021; McNamara, 2019), and seismic anisotropy
(e.g., Kendall, 2000; Maupin, 1994; Nowacki et al., 2011). In short, the CMB region and D” layer seem to be as
heterogeneous as the lithosphere with strong variations on all length-scales.

The different structures in the D” region are detected using a range of different methods, seismic waves and
source-receiver combinations. For example, to investigate scatterers in D”, mostly PKP precursors have been
used (e.g., Cleary & Haddon, 1972; Hedlin & Shearer, 2000) while, for example, D" anisotropy is often tested
with splitting of S-waves (e.g., Nowacki et al., 2011) and ultra-low velocity zones (ULVZs) have been detected
with so-called SPdiffKS waves (e.g., Garnero et al., 1998; Thorne et al., 2020). While the different waves indi-
cate the presence of one type of structure, it is possible that due to interrogating with different frequencies, ray
angles, and seismic wave resolution, one might actually test the same structure but due to the lack of more infor-
mation one might derive an incomplete picture of the structure and therefore interpret the results differently. To
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Figure 1. (a) Schematic representation of ray paths of PKP precursors (PKPpre, blue line), PKPdf as well as P-waves, PcP and PdP reflections (green line). The gray
area denotes the scattering region, the star indicates the source while triangles show the receivers in 70° and 140° (CMB: core-mantle boundary). (b) Source-receiver
combinations of the events shown in this study. The PKP precursors (blue great circle paths) were recorded at KN, the PdP reflections (green great circle paths) at the
Miinster-Morocco array (Tables S1 and S2 in Supporting Information S1). The stars represent the epicenters of the events shown in this study, the triangles indicate the
location of the stations. The blue and green dashed circles represent the areas of the PKP precursor pierce points and the PdP bounce point region, respectively. They
were approximated with regard to our detections of precursors and reflections in the data.

understand whether this is a possibility, here we focus on precursors to PKPdf and the PdP reflections (Figure 1)
to understand whether the same structure could generate both wavetypes. PKP precursors have been shown to be
generated from scattering at small-scale heterogeneities in the lower(most) mantle, while it is commonly assumed
that PdP and SdS waves result from a reflection of a P- or S-wave at the D” discontinuity. Below we will provide
more information on both wave types and how they have been used.

Short-period precursors that arrive before the PKPdf phase originate from scattering of PKPab and PKPbc in
the lower mantle and arrive at distances of about 120-145° (Figure 1a). The precursors were first observed by
Gutenberg and Richter (1934) and first interpreted as a result from scattering of PKP waves in the lowermost
mantle by Haddon (1972). Since then, many studies confirmed lowermost mantle scattering as cause for PKP
precursors (e.g., Cao & Romanowicz, 2007; Doornbos, 1976; King et al., 1974; Thomas et al., 1999; Vanacore
etal., 2010; Vidale & Hedlin, 1998; Waszek et al., 2015) but there are also other interpretations about the origin of
PKP precursors, such as scattering in the whole or lowest 1,000 km of the mantle (e.g., Cormier, 1999; Doornbos
& Vlaar, 1973; Hedlin et al., 1997; Margerin & Nolet, 2003; Mancinelli & Shearer, 2013) and scattering at CMB
topography (e.g., Ansell, 1973; Bataille & Flatté¢, 1988; Haddon & Cleary, 1974). Recently, it has also been
suggested that coherent PKP precursors could be scattered at small-scale ULVZs (Ma & Thomas, 2020), there-
fore connecting two of the lowermost mantle structures. Previous studies (e.g., Hedlin & Shearer, 2000; Vidale
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& Hedlin, 1998; Waszek et al., 2015) suggested that small-scale scatterers may also be related to partial melt
pockets or subducted slab material.

Seismic reflections from the top of the D” region (Figure 1a) were first reported by Lay and Helmberger (1983)
for S waves and by Wright et al. (1985) for P waves. The reflections are best detected between 60 and 80° epicen-
tral distance (e.g., Cobden et al., 2015; Wysession et al., 1998) and for these distances arrive between the direct
wave (P or S) and the core reflection (PcP or ScS). The reflections have initially been interpreted as originating
from a velocity increase across the D” discontinuity and this increase of P and S wave velocities at the top of D”
was subsequently the focus of many studies (e.g., Avants et al., 2006; Houard & Nataf, 1993; Hutko et al., 2008;
Lay et al., 1997; Reasoner & Revenaugh, 1999; Thomas & Weber, 1997; Thomas, Garnero, & Lay, 2004;
Thomas, Kendall, & Lowman, 2004; Weber & Davis, 1990). Interpretations invoked different mechanisms, such
as reflection off a phase change such as bridgmanite to its high-pressure phase post-perovskite (e.g., Sidorin
et al., 1999; Hernlund et al., 2005; Bower et al., 2013; Cobden et al., 2015; Lay, 2015), a reflection at subducted
lithosphere (e.g., Lay & Garnero, 2004; Thomas, Garnero, & Lay, 2004; Thomas, Kendall, & Lowman, 2004;
Hutko et al., 2006) or due to scattering related to subducted slabs (e.g., Scherbaum et al., 1997). However, D”
reflections have been detected also in regions without past subduction and therefore a different mechanism might
cause the reflections in these areas (see reviews by e.g., Wysession et al., 1998; Cobden et al., 2015; Jackson &
Thomas, 2021). In addition, some regions do not seem to generate D” reflected waves, therefore the D” reflector
might not exist in all places (e.g., Sun et al., 2016).

In this study we concentrate on the mid-Atlantic, near the north-eastern part of South America. In this region,
Weber and Kornig (1992) predicted the D” discontinuity at 260-310 km above the CMB and found that the
reflected PdP waves require a P-wave velocity contrast of 2%-3%. Pisconti et al. (2019) imaged the D” reflector
and shear wave splitting in this region. PKP precursors from this region have only been shown in global studies
(Ma & Thomas, 2020; Mancinelli et al., 2016) but to our knowledge no regional studies of PKP precursors exist
for this part of the Atlantic. While we will present data examples imaging the region beneath the Central Atlantic,
the focus of this study is on testing whether these observations can be generated with one mechanism, therefore
synthetic data are generated and analyzed.

2. Data

As part of this study we sampled the lowermost mantle with events that occurred in the western part of South Amer-
ica and were recorded at the Kyrgyz Seismic Network (KN) in Kyrgyzstan (Mellors, 1995; Vernon, 1992, 1998)
in order to search for scattering that results in PKP precursors. In addition, and in order to sample a similar region,
South American events recorded at the Miinster-Morocco-Array (Spieker et al., 2014) were analyzed to search
for D" reflections (Figure 1b). Source-receiver combinations that sample the same area with PdP waves and PKP
precursor waves were not found. We show two events for each wavetype (Figure 2) and their paths as well as the
region where they sample the lowermost mantle at the source side are shown in Figure 1b.

We chose a distance range of 120°-145° for the search for PKP precursors and 50°-95° for PdP reflections. In
agreement with previous studies, short-period filters around 1 Hz were best suited to detect the PKP precursor
waves and on the other hand periods from 1 to 10 s were useful for detecting PdP waves. In Figures 2a and 2b,
we show two events with good PKP precursor waves in a distance-dependent seismogram. The event in Figure 2a
shows a coherent precursor while in the event in Figure 2b, the precursor energy is smaller than in Figure 2a and
does not show clear coherent precursor energy.

Searching for reflections, stacking of traces is usually necessary to detect and distinguish the PdP or SdS waves
from other arrivals (e.g., Cobden & Thomas, 2013; Weber, 1993) since PdP arrivals are usually small (e.g., Figure
Sla in Supporting Information S1). Therefore, we use array techniques and generate vespagrams (e.g., Rost &
Thomas, 2002; Schweitzer et al., 2012). Figures 2c and 2d shows two events with PdP waves in a vespagram. The
PdP arrivals are visible, however, they are partly embedded in additional arrivals such as crustal reverberations,
recognizable by the slowness close to P-slowness, and also noise. Also, the amplitude of PcP compared with the
direct P wave differs between the two events shown in Figures 2¢ and 2d.
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Figure 2. Data examples of PKP precursors (shown in a distance-dependent seismogram section) and PdP reflections (shown in a vespagram). (a) PKP precursor waves
for the event 23 May 2010 recorded at a distance of approximately 141.1°. Dashed lines indicate arrivals of PKP and the earliest arrivals of precursors (PKPpre) (b) as
(a) but for the event 26 November 2015 recorded at a distance of approximately 135.3°. (c) Vespagram of a PdP reflection for the event 22 November 2011 recorded at
a distance of approximately 71.8°. The arrivals of P, PdP and PcP are shown. (d) Same as (c) but for the event 24 August 2011 recorded at a distance of approximately

74.5°. For all examples the used filter is provided.

For the following modeling we have chosen one of our precursor events (23 May 2010 in Figure 2a) and one
reflection event (22 November 2011 in Figure 2c). The details of the events are given in Table S1 in Supporting

Information S1.

3. Modeling of PKP Precursors and PdP Reflections, and Results

Our aim is to determine, whether the same D” structure can produce both PKP precursors and D” reflections.
For this we use AxiSEM, an axisymmetric spectral element method (Nissen-Meyer et al., 2014). The principle of
AxiSEM is to rotate a 1-D Earth model around an axis going through the source and the Earth's center, resulting
in a 2.5-D model which is used to compute the Green's functions for a single force. The synthetic seismogram
for a specific source and receiver can then be extracted from the Green's function database with Instaseis (van
Driel et al., 2015). In our application we used a modified form of the isotropic PREM model (Dziewonski &
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Figure 3. Random heterogeneity models of scatterers within the D” region. (a) The heterogeneity model inserted in the D” region. The scattering area has an average
thickness of 300 km and is placed at the colatitude range of 0°-60° with the source location at 0° ensuring scattering for PKP precursors at the source side only. Panels
(b)—(e) show different models: (b) Correlation length (corr) = 50 km, velocity perturbation (pert) = 5%. (c) Corr = 50 km, pert = 5%, with a cosine taper from 150 to
450 km above CMB. (d) Corr = 10 km, pert = 5%. (e) Corr = 10 km, pert = 5%, with a cosine taper from 150 to 450 km above CMB. (f) Linear (purple) and cosine
(orange) tapers of different widths around the upper D” boundary applied to the heterogeneity model to ensure a smooth onset of scattering compared with the sharp D”

boundary (red dashed line).

Anderson, 1981), that is, PREM light, as implemented in AxiSEM, as the reference model. The parameters in
AxiSEM are set to their default values (AxiSEM's user manual, Nissen-Meyer et al., 2014) except for the domi-
nant period which we set as 2 s, and the viscoelastic attenuation which is turned off since the included attenuation
model was not suitable enough for our small-scale scattering, resulting in a loss of shorter periods. Therefore,
important phase information of especially the PdP reflections but also in the PKP precursors would vanish in our
considered period ranges (Figure S2 in Supporting Information S1).

In the reference model, we replaced a defined region at the CMB by a heterogeneity model (Figure 3), situated at
the co-latitude range of 0°-60° (see Figure 3a) with the source at 0° leading to a source-side model for the PKP
precursors. This setup ensures that scattering of PKP waves occurs only at the source side and not at the exit from
the core at the receiver side. The heterogeneity model consists of randomly distributed scatterers in the D” layer
with different correlation lengths and relative perturbation values. For the correlation lengths we chose 10 and
50 km, and for the perturbation values 1%, 3%, and 5%. Furthermore, we varied the sharpness of the heterogeneity
boundary at the top by putting a taper of different shape and width at the edge of the region (see Figures 3b-3f).
A sudden onset of a scattering region would always generate reflections; therefore, we soften the transition to
test whether a smoothly increasing scattering region still explains our observations. The taper was only applied
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Figure 4. (a)—(b) Synthetic precursor data of event 23 May 2010, bandpass filtered with corner periods of 1-3 s, and aligned on PKPdf for two different scattering
models: (a) Corr = 10 km, pert = 1%. (b) Corr = 10 km, pert = 5%, including a cosine taper 200-400 km above the CMB. The red lines show the real data traces, while
the black traces are for the synthetic data (there were no data for two stations at the time of the event). (c)—(d) Vespagrams of synthetic data for event 22 November
2011, bandpass filtered with corner periods of 1-10 s. (¢) Corr = 10 km, pert = 1%. (d) Corr = 10 km, pert = 5%, including a cosine taper 200—400 km above CMB.
The arrival that could be interpreted as D” reflection is marked with PdP. The arrival in both figures with P-slowness is the Moho-multiple.

for perturbations of 3% and 5%, due to already very weak precursor and reflection signals from a 1% velocity
variation, which were reduced even further with a taper.

The synthetic seismograms of various heterogeneity models were computed for the events in Figures 2a and 2c.
Comparing the precursor data (Figures 4a and 4b), the model that generates synthetics most similar to the event
in Figure 2a has a correlation length of 10 km, a perturbation of 5% and a cosine-taper from 200 to 400 km above
the CMB (Figure 4b). For this we visually inspected the waveforms of three stations with different distances and
compared them to the corresponding traces of the real data. The model that led to the most similar waveforms
was defined as the best fitting model. In Figures 4a and 4b, the comparison is shown for all traces in the period
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range 1-3 s. Also using another random model with the same best fitting parameters (imitated by a slight shift of
the receivers) lead to similar waveforms. Using a correlation length of 10 km and a perturbation of 1%, precursors
to PKP are still visible, but much weaker than when using a stronger perturbation (Figure 4a). The greater the
correlation length and perturbation, the greater are the precursors amplitudes, which leads to a stronger scattering
(compare also Table S3 in Supporting Information S1). Observations of scattering in the Earth also show a large
range of amplitudes and therefore a range of perturbations and correlation lengths may explain published obser-
vations (e.g., Mancinelli et al., 2016; Ma & Thomas, 2020; Thomas et al., 1999; Waszek et al., 2015).

For the models used above we used traces in the distance range of the D” reflection event in Figure 2c and
produced vespagrams. Here, we focused on the question whether our models can produce any waves that would
be identified as PdP reflections, rather than expecting that the model matches the reflection data perfectly. We
found that small correlation lengths and perturbations create only very weak signals or no visible PdP arrivals
(Figure 4c, Table S4 in Supporting Information S1). However, our best fitting model for PKP precursors also
produces clearly visible PdP waves in the vespagram (Figure 4d), interestingly with a polarity that seems to be
opposite that of PcP which has also been observed in previous studies (e.g., Cobden & Thomas, 2013; Pisconti
etal., 2019; Thomas et al., 2011). The corresponding traces for this model are shown in Figure S1b in Supporting
Information S1 and a small coherent arrival is visible between P and PcP (marked as PdP). In other cases, we
find PdP reflections from our scattering models that have the same polarity as PcP waves. Furthermore, we find
that PdP waves were also observed for different tapers used to flatten the scattering boundary (as for example the
cosine-taper from 200 to 400 km above the CMB used in Figure 4d) therefore we assume that the reflection is not
generated by the onset of scattering. We also compared our random scattering model to a layered heterogeneity
(i.e., including a D” discontinuity) and found that a higher velocity variation is needed in a scattering model to
produce similar PdP reflections (Figure S3 in Supporting Information S1). In addition, we tested with our best
fitting model for precursors whether SdS-like waves in the T-component are generated and found a small wave
that we would identify as SdS phase similar to the PdP in Figure 4d.

4. Discussion

In previous works, Haddon and Cleary (1974) explained observed PKP precursors amplitudes by a scattering
medium with a correlation length of 30 km and a velocity variation of 1%, while Bataille and Flatté (1988) inferred
a similar velocity perturbation of 0.5%—1%. Instead, Cormier (1995), Wen (2000), and Niu and Wen (2001) found
that a velocity perturbation of up to 10% in the D" layer fit their data better than smaller perturbation, and finally
Vidale and Hedlin (1998) found a velocity perturbation of 13% and a scale length of 10 km in a thin (i.e., 60 km)
layer at the CMB. In contrast, the velocity variation of whole-mantle scattering ranges from 0.1% to 1% (e.g.,
Cormier, 1999; Mancinelli & Shearer, 2013; Margerin & Nolet, 2003).

Our models encompass the D” region with an average thickness of 300 km and our scattering heterogeneities
were modeled with parameters in the range of 10 and 50 km and 3% and 5%. The best fitting model with a veloc-
ity perturbation of 5% and a scale-length of 10 km is similar to the previously published parameters. However,
there is a highly variable range of the velocity variation in previous studies, which depend also on the depth
distribution of the scattering layer or on the location. Interestingly, our precursor amplitudes and timing of our
best fitting model shows a coherent precursor signal (similar to e.g., Ma & Thomas, 2020) and also agrees with
a similar arrival in the real data (Figure 2a). Such coherent precursors have also been modeled with ULVZs
embedded in a scattering regime (Ma & Thomas, 2020). The synthetic seismogram of a weak scattering model
(Figure 4a) on the other hand, agrees with the PKP precursor amplitudes in the event shown in Figure 2b. Detailed
relations of the model parameters as correlation length, perturbation and taper to the variability in PKP precursor
amplitudes and frequencies will be investigated in a follow-up study.

The dimensions of our scattering heterogeneity are similar to previous studies as explained above. In those stud-
ies, small-scale scatterers were related, among others, to ULVZs (e.g., Jackson & Thomas, 2021; Ma et al., 2019;
Ma & Thomas, 2020; Thomas et al., 1999). These seismic observations of ULVZs were explained by an iron-rich
post-perovskite model (Mao et al. (2006). On the other hand, Haugland et al. (2018) explained PKP scattering
with a model including mid-ocean ridge basalt (MORB). Also melt pockets have been suggested as cause for
small-scale scatterers (e.g., Hedlin & Shearer, 2000). As our scattering model is similar to those published and
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interpreted before, here we cannot differentiate between different causes for small-scale heterogeneity and more
work is needed to identify the cause of scattering in the lowermost mantle.

Since we test the hypothesis that the same structure in D” can generate different seismic observations when tested
with either different waves or methods, we find that our scattering model can also generate signals that would be
interpreted as D” reflections. In some of the vespagrams a wave appears with the correct slowness and timing for
such a reflection (Table S4 in Supporting Information S1). However, several of the vespagrams also show differ-
ent arrivals that would usually be ignored due to the different slowness values compared with expected PdP slow-
ness. In seismic data, PdP reflections appear highly variable in many studies (e.g., Cobden et al., 2015; Jackson &
Thomas, 2021; Wysession et al., 1998), displaying different travel times and often different waveforms caused by
for example, changes in the reflector depth, anisotropy or velocity gradient. Previous studies have also reported
two or more reflectors (e.g., Lay et al., 2006; Thomas, Garnero, & Lay, 2004) that have been interpreted as reflec-
tion at the phase transition to post-perovskite and further down back to bridgmanite (e.g., Hernlund et al., 2005)
or as due to a phase transition in mid-ocean ridge basalt and an ULVZ (e.g., Lay et al., 2006; Ohta et al., 2008).
Our models generate the same behavior as seen for D” reflections: We find variable amplitudes, slowness values
and timing as well as polarity variations of our signals that can be interpreted as D” reflection (Table S4 in
Supporting Information S1). PdP polarities have been discussed in the context of anisotropy before (Pisconti
et al., 2019) and we cannot exclude this possibility here. However, scattering would probably generate strongly
variable polarities over short distances, while anisotropy may generate more homogeneous polarity observations.
Anisotropic scattering as tested by Mancinelli et al. (2016) may also generate more coherent polarity observations
for PdP reflections but this case is not included in our study.

In our reflection data generated with the scattering model, many events show additional signals in the time
window between P and PcP (e.g., Figure 2¢) similar to events shown, for example, in Thomas, Garnero and
Lay (2004), Thomas, Kendall and Lowman (2004) and Chaloner et al. (2009), which could be interpreted as
double crossing signal (Hernlund et al., 2005) or noise contamination. In summary, our results provide an addi-
tional explanation for the strong variation in D” reflection data even within one region and could also help to
explain D” reflections within low velocity regions.

This is, however, not the first time that scattering has been invoked to explain signals between P and PcP: previous
studies by Scherbaum et al. (1997) and Brafia and Helffrich (2004) have already suggested that localized scatter-
ers could be responsible for intermittent D” reflection observations and our analysis shows that not only localized
scatterers as suggested by Scherbaum et al. (1997) and Brafia and Helffrich (2004) are generating the D” reflec-
tion but that also a random scattering medium generates D” reflection-like arrivals. Since the velocity perturba-
tion and correlation length have an effect on amplitude of both the PKP precursor waves and the D” reflection
data, a comparison of scattering amplitudes and PdP or SdS waves in the same areas could help to verify that both
waves are caused by the same mechanism. In our region beneath the Central Atlantic, the best fitting model can
explain both observations, however, the sampling region is not in exactly the same spot.

5. Conclusion

In this study, we test the hypothesis that a scattering medium can generate PKP precursor data and arrivals that
could be interpreted as D” reflections. Since many structures in D” are interrogated with different waves, epicen-
tral distances and frequencies, the connection between these structures are currently not clear. Using available
source-array combinations, it is difficult to test one region with a number of waves and methods, but we find
one region that shows both scattering and PdP reflections in real data albeit not exactly in the same place. To
test our assumption, we computed synthetic data for selected events where we could observe either strong PKP
precursors in real data, or D” reflections in P-wave data. The models implemented at the CMB are composed of
a scattering medium with different correlation lengths and velocity perturbation values. Our best fitting model
for generating PKP precursor consists of a correlation length of 10 km, a velocity perturbation of 5% and a
cosine-taper from 200 to 400 km above the CMB which avoids the sudden onset of scattering. This model also
produced a wave that we would usually identify as PdP. Our modeling shows variations in amplitudes, slowness,
timing of arrivals, polarities of waves and waveforms as seen in real data for PKP precursors and PdP waves. This
suggests that variations in observed data could potentially be explained by scattering regions with variable veloc-
ity perturbation and correlation lengths. Studying one region with a range of different waves such as diffracted
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or converted waves could determine whether structures in D” are related to each other and whether strongly
variable interpretations of D” structure are due to missing information, since many studies are only restricted to
one wavetype and method.
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