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Abstract The distribution of Ultra-low Velocity Zones (ULVZs) is generally associated with the Large
Low Shear Velocity Zones (LLSVPs). However, subducted slabs may be important for the characteristics of
the ULVZs as well. Here we use ScS precursor (SdS) and postcursor (ScscS) phases, as well as Scd phases
recorded by USArray to investigate the lowermost mantle structure across the north Atlantic, which spans the
African LLSVP and the subducted Farallon slab. Our results show a ULVZ located near the edge of the African
LLSVP, with thicknesses ranging from 11-16 km and S wave velocity reductions of 12%-24%. At the same
time, a thin high-velocity layer (HVL) with thicknesses of 20-30 km, Vs increases of 3%—4%, is also detected
outside the LLSVP in the northwest region. Further west there is a clear D" layer at 250 km above the core
mantle boundary (CMB), overlaid by a low velocity layer with Vs reduction of 3%. This transition profile from
D" to HVL to ULVZ provides an excellent opportunity for us to understand the heterogeneities near the CMB
region. We propose that interactions between the subducted Farallon slab with ambient mantle and LLSVP
material, together with thermal effects, may result in this transition between different seismic structures along
the CMB.

1. Introduction

In the past few decades, seismological studies have demonstrated complex structures near the core mantle bound-
ary (CMB). Among them, ultra-low velocity zones (ULVZs) and their relationship to the Large Low Shear Low
Velocity Provinces (LLSVPs), subducted slabs and the D" layer, attract great interest.

LLSVPs (Large Low Shear Velocity Provinces) are two broad areas in the lowermost mantle below Africa and
the Pacific, where S wave velocity is lower than the average. The height of LLSVP is about hundreds of kilo-
meters and the width is of thousands of kms (He & Wen, 2009, 2012; Ni & Helmberger, 2003; Ni et al., 2002).
Understanding the composition of LLSVP, as well as the related structures in and around it provides first order
implications to our understanding of the evolution in the lower mantle.

ULVZs in general have lateral scales from several tens to about one thousand kms, and thicknesses in several
to several tens of kilometers (e.g., Cottaar & Romanowicz, 2012; He & Wen, 2009; Ma et al., 2019; Thorne &
Garnero, 2004), Vp and Vs reduction up to 25% and 50% (e.g., Brown et al., 2015; Rondenay & Fischer, 2003),
and density increase is up to 10%, respectively (e.g., Rost et al., 2006). Several hypotheses have been proposed
to explain observed ULVZs, referring their formation to partial melting (Berryman, 2000; Williams & Gar-
nero, 1996), remnants of a basal magma ocean (Labrosse et al., 2007; Nomura et al., 2011), chemical reac-
tions between mantle materials with the core (Buffett et al., 2000), iron enriched mantle materials (e.g., Mao
et al., 2006; Wicks et al., 2010), or involvement of chemical compositions from subducted slabs (Christensen &
Hofmann, 1994; Hu et al., 2016; Liu et al., 2016).

On the other hand, the D" region, which is characterized by a discontinuity at ~100-300 km above the CMB
and represents compositional and thermal changes in the lowermost mantle, is generally attributed to slab debris
(e.g., Masters et al., 2000; Sun et al., 2006). D" has been detected mostly around the circum-Pacific (e.g., Montelli
et al., 2004; Ritsema et al., 1998; Simmons et al., 2011). Previous studies show that D" displays complex charac-
teristics in terms of its depth, velocity gradient and composition (e.g., Sun et al., 2013, 2018; Wicks et al., 2010;
Wysession et al., 1998), which are important for unraveling the thermal and compositional dynamics of the CMB.
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Figure 1. ScS data used in this study. Red stars, yellow triangles and the
gray lines in the upper right corner represent earthquakes, stations and ScS
raypaths, respectively. Whereas red volcano symbol represents a hotspot and
green circles represent ScS CMB bounce points. Light green and dark green

circles are the data having Scd signal and SY energy, respectively. Background

is the S wave tomography of GyPSuM (Simmons et al., 2010), and the thick

gray line is the contour line of —0.

5% velocity reduction, which roughly

represent the African Large LowShear Velocity Zones boundary.

Seismic studies show that the distribution of ULVZs is generally associated
with the LLSVP (see review by Yu & Garnero, 2018). Most detected ULVZs
seem to be clustered inside and at the boundary of the LLSVPs (e.g., Avants
et al., 2006; Cottaar & Romanowicz, 2012; Helmberger et al., 2000; Thorne
etal., 2013), while some ULVZs have been observed near the subducted slabs
(Yao & Wen, 2014). On the other hand, both D" and ULVZ could coexist near
the LLSVP boundary (e.g., Sun et al., 2019; Tao et al., 2020). For example,
studies show that around the north boundary of the Pacific LLSVP, slabs
(related to D" structures) and ULVZs are observed in the same region (He &
Wen, 2009, 2012; Sun et al., 2019). Isolated ULVZs are also observed at the
eastern boundary of the Pacific LLSVP, which may also be related to active
subductions nearby (e.g., Deng et al., 2017; Ma et al., 2019). All these results
suggest complex interactions of the LLSVP with the surrounding mantle.

Although ULVZs associated with the Pacific Ocean have been extensively
investigated (e.g., Cottaar & Romanowicz, 2012; Courtier et al., 2007; Ma
et al., 2019; Thorne et al., 2013), due to the limitations of data, only a few
ULVZs have been found around the African LLSVP (e.g., Ma & Sun, 2017;
Rost & Garnero, 2006; Simmons & Grand, 2002; Vanacore et al., 2016).
Moreover, interactions of the African LLSVP and structures in the lower
mantle are seldom investigated. The Pacific and African LLSVPs are dif-
ferent in terms of their heights (Pacific LLSVP, few hundred kms; African
LLSVP, few hundreds of kms to over a thousand kms, e.g., He & Wen, 2012;
Ni & Helmberger, 2003; Sun & Miller, 2013), their velocities (e.g., He &
Wen, 2009; Ni et al., 2002), compositions and their boundaries (e.g., He &
Wen, 2012; Wang & Wen, 2007). Moreover, active subducting slabs exist
around the Pacific LLSVP yet it is not the case for the African LLSVP. Con-
sidering the similarities and differences of the Pacific and African LLSVPs,
it is necessary to probe more structures in and around the African LLSVP and
compare them with those in the Pacific LLSVP, so as to better understand
lower mantle dynamics, such as whether these differences can affect ULVZ
and/or D" locations.

In this study, using ScS data recorded by USArray, we investigated differ-
ent CMB structures in a long profile in north Atlantic, across the northwest

boundary of the African LLSVP and the east end of Farallon slab (Figure 1). The changes of the ULVZ to thin
high-velocity layer to D" from east to west direction suggest that in regions without active subduction, materials

from different structures may interact and mix with ambient mantle and finally result in a smooth transition.

2. Data

Our study region is near the northwest boundary of African LLSVP (Figure 1). Considering data availability and
our need for CMB structure detection, we choose ScS waveforms to investigate the CMB structures. We system-
atically search earthquakes from 2000 to 2020 in Europe. In the search process, we require the earthquakes to
have focal depth deeper than 100 km, magnitude greater than 5.5, and have simple source time functions to ensure
good signal-to-noise ratio (SNR). We also require the epicentral distances of the data to be between 30°-80°, thus
clear ScS phases can be identified. Finally, we obtain the data set with one event in Strait of Gibraltar (Table 1),
which is recorded in USArray with excellent ScS waveforms in an epicentral distance range 45°-80° (Figure 1).

According to the characteristics of the signal, our data can be divided into
two groups (Figure 1). One group is in distance range of 45°~70° (dark green

Table 1
An Event for This Study points in Figure 1), in which we find ScS precursor and postcursor signals
- to constrain small-scale structures such as ULVZ near the CMB. The other
Date Time Lat Lon Depth  Mag. .. . o - . . . .
group is in distances greater than 70° (light green points in Figure 1), in
2010-04-11 22:24:05 37.0075 —3.4764 619.6 63 which we find clear Scd phases and use them to detect D" structures (details
FAN ET AL. 20f 12
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Figure 2. Illustration of seismic ray paths and waveforms related to Ultra-low Velocity Zones (ULVZ) and D" discontinuity layer structures. (a) Raypath of ScS, ScS
precursors (SdS) and ScS postcursors (ScscS) for a model with ULVZ. (b) (Left) Synthetic seismograms calculated from ULVZ models with 30% S wave velocity
reduction and different thicknesses. The seismograms are aligned with ScS and the ULVZ thickness is labeled on the left side of each seismogram. (Right) The traces
are obtained by using FRS technique. SY represents ULVZ signal. (c) Ray-paths of S, Scd and ScS for a D" discontinuity model. (d) Example synthetic waveforms from
a typical D" discontinuity model at the right bottom, S phases are aligned at O time. The blue line represents arrive time of Scd phase, and the third phase is ScS phase.

are in Section 4). It is to note here that all the data are processed the same way (both ScS precursor and postcur-
sors, as well as Scd signals are investigated), but different signals are found in different distance ranges.

ScS precursor (SAS) and postcursor (ScscS) are reflections of S wave at the two boundaries of ULVZ (Figures 2a
and 2b), thus their positions and amplitudes are reflections of the characteristics of the ULVZ structure. On the
other hand, Scd waveforms are reflections of S wave from above the D" discontinuity, and their energy as well as
emerging distances are all used to constrain the D" characteristics (Figures 2c and 2d).

In the following sections, we investigate separately these two sets of data, and show different structures of a near
east-west profile near the CMB.

3. ULVZ Near the Boundary of the African LLSVP
3.1. Signal Extraction

We follow Zhao et al. (2017) apply flip-reverse-stack (FRS) method to enhance the ULVZ signals (ScS precursor
and postcursor, if there is any). In this method, we cut the peak/trough of ScS phase, flip and reverse half of the
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Figure 3. Summary map of bin distribution and final stack traces of ScS precursors and postcursors. (a) Original bin locations in the northwest boundary of African
Large Low Shear Velocity Zones. Each bin has a 2° radius. Black dots are ScS bouncing points from all data set. (b) Traces with clear SY phase are shown in black,
while traces with weak/no SY phase are shown in gray. The thick blue traces are the final FRS traces from different bins (light blue and light red circles), one displays
positive and the other displays negative peaks. Background is S velocity tomography model from GyPSuM (Simmons et al., 2010).

waveform and stack it with the remaining half. In this way, the main ScS phase is canceled out, yet the precursor
and postcursor of ScS are enhanced (Figure 2b).

In our data processing, we first remove the instrument response of all recordings, and then rotate them into great
circle path to obtain radial and transverse components (for simplicity, we only use S, waves); bandpass filtering
(corner frequency ranges from 0.015 to 0.3 Hz) is also applied. We cut these S,; waveforms in 40s time windows,
which center on both S and ScS phases for further processing.

We use stacked S waves as source time function and deconvolve it with ScS to remove the earthquake source
effect. It is noted that the length (or the frequency content) of the stacked S and ScS phases are not always the
same, so we compress or stretch S phase before deconvolution, which can minimize the effects of different paths
(details can also be found in Zhao et al., 2017).

The deconvolution method applied is a wavelet deconvolution (Berkhout, 1977). Basically, in the time domain, it
generates a wavelet inverse filter and calculate the least-square differences between the observed waveforms and
the desired delta-like spike function of normalized amplitude. In this study, we deconvolve a delta function by the
S phase to get an inverse filter, and then apply the filter to the ScS phase to obtain the deconvolution result. The
algorithm used to obtain the inverse filter from the delta function and the S phase is the Wiener-Levinson algo-
rithm (Levinson, 1946). To validate this deconvolution method, we test synthesized waveform with an epicenter
distance from 45° to 70°, and the results are shown in Figure S1 in Supporting Information S1.

In the next step, we divide the CMB region into different bins according to ScS bounce points: We first divide the
bins according to latitude and longitude, with each bins having a two-degree radius (about 130 km at the CMB);
we then check the number of data observations in these bins and delete those with less than 10. Finally the bin
locations are adjusted to accommodate as much data as possible (Figure 3a).

In each bin, we deconvolve the stacked S wave from each ScS waveform, as described earlier. Quality-control is
performed on the source-deconvolved waveforms. We first choose those with a signal noise ratio (SNR) higher
than 5, and then check them again by eye, discarding recordings without clear S and ScS phases. Then we use
an iterative linear weighted stacking approach (Rawlinson & Kennett, 2004) to stack FRS traces. Twenty four
stacked FRS traces are obtained after the stack (as shown in Figure 3b). We then stack the traces with similar
shapes again (e.g., traces 7 and 8 in Figure 3b). Finally, we have two FRS traces, one has a positive peak and the
other has negative peak (blue traces in Figure 3b).
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3.2. Structure Modeling

Our waveform modeling shows that the stacked positive and negative wave-
forms are generated by negative (ULVZ) and positive velocity changes
(high-velocity layer, HVL) above the CMB, respectively. We apply a grid
search method to find the proper structures for each type of wave. First, we
generate a database including a set of different ULVZ or HVL models. The
thicknesses of ULVZ models change from 5 to 40 km, S velocities change
from —40% to 0% km/s, and density change from 0% to 10%. Each model has
thickness increment of 1 km, density increment of 2% and velocity decrease

Vs reduction(%) of 2%, respectively. For the HVL model, the thicknesses are from 5 to 40 km,

Figure 4. Fit coefficient (FC) map. The horizontal and vertical axis represents
Vs reduction and thickness of Ultra-low Velocity Zones, respectively. Colors
represent the value of FC. Black cross is the best fit model, and good models

are defined as those with FC > 0.9.

S velocities change from 0% to 4% km/s, and density change from 0% to 10%.
The changes of the model thickness, density and velocity are 5 km, 2% and
1%, respectively.

3480 1-D ULVZ and 140 HVL models are generated. For each model, we

synthesize S waveforms via direct solution method (Cummins et al., 1997;

Kawai et al., 2006), process them according to methods described earlier,
and get the corresponding FRS traces. We use these synthetic FRS traces as a database, and search within it, to
find the best fitting model for our two regional data stacks. We define the fit coefficient (FC) using following
equations, which is calculated considering the waveform cross correlation coefficient (CCC) as well as the shapes
(amplitude and width) of the waveforms:

FC=CCC* M, x Mp @))]
Ma = D1 = 1Agn = Agual /Asyn) @)
MB = [1 - (lwsyn - wdala|/wsyn)] * [1 - (lPsyn - Pdala|/Psyn)] (3)

where M, ASyn and A,  represent the amplitude coefficient, the FRS traces amplitude of the synthetic and the
data, respectively. Whereas My is a product of the difference between the width of synthetic (W_ ) and data
(Wdata dala)
(revised from Zhao et al., 2017). Only the fit coefficient of the main peak/trough of FRS traces is calculated because

) and the difference between the maximum FRS trace amplitudes of the synthetic (Psyn) and the data (P

it represents ULVZ/HVL structure energy. An example of the fit coefficient calculation is presented in Figure 4.

In the searching process, it is found that the density does have an effect on the amplitude of the SY (S pre/postcur-
sors). However, in our density range (0%—10%), the arrival time and shape of SY mainly depend on the thickness
and velocity while the density is the second-order factor (Figure S2 in Supporting Information S1). Therefore, the
density is not very well constrained.

3.3. ULVZ/HVL Characteristics

Our best-fitting models show ULVZ structures with thickness of 11-16 km and S velocity reduction of 12%—24%
(Figure 5). On the other hand, FRS stacks are best fitted by high-velocity layers (HVL) with thickness ranging
from 20-30 km and velocity increase of 3%—4% (Figure 5).

There are trade-offs between the thickness and velocity variations in the models (shown in Figure 4). For ex-
ample, with thickness range from 11 to 16 km, and velocity decrease from 12% to 24%, the values of FC are all
greater than 0.9 (deep red in Figure 4). In this case, we could not judge one model is definitely better than other
ones. Therefore, we constrain our best models in a range.

4. D" Discontinuity Outside the African LLSVP

We also investigate S waves in distance range of 70°-80°, which show clear Scd phases (Figure 6). We remove
instrument response of the displacement records, rotate them to great circle path, and band-pass filter them from
0.05 to 1 Hz. Both radial and transverse components are considered. For the data selection, we first calculate
SNR of the S waveform, and select those with SNR>5; then we check the data again by eye, to further discard the

FAN ET AL.

Sof 12

85U8017 SUOWILLIOD BA 181D 8|qedl|dde au Aq pausenob ae sajole YO ‘8sn JO SanJ o} A%eiq1 T 8Ul|UO AB]1M UO (SUOTHPUOD-PUE-SWR)LI0D A8 M AseIq 1jeul [Uo//Sciy) SUORIPUOD pue swie 1 8y 88S *[£202/.0/70] Uo AriqiTauliuo AB1IM 'O AidiT yoe L 3 2LIUB DS Aq 62860009T202/620T 0T/I0p/LI0Y A8 |mAseiq1jeul|uo'sandnfey/sdny woy pepeojumoq ‘T ‘220z ‘£20252ST



At | . .
A\ Geochemistry, Geophysics, Geosystems 10.1029/2021GC009879
(c)

(a) -1 0 L L | 1 1 1 1 40
‘1 — fﬂtagkl — PREM —
° 0.5 1 odel 1 | -- Bestit model - 30 E
S o= S - . - 20 @
ol B ] e EEEEEEEEEEESEEsS o
£ -0.5 -] ! F - 10 $
< : [ Q
-1.0 - Lo L0 ﬁ

_1-5 T I I T 1 1 1 —10

(b) 1.0 L L 1 (d) 1 | | Il 40
+2 -
0.5 - - -~ - 30 E
3 L =
2 00 W 1 1 F 202

b |

g -05- . H - 10 §
< Ll (_)
11 c
-1.0 s ——Li r=

_1-5 I 1 1 T T 1 1 _10

0 4 6 8 10 5.5 6.0 6.5 7.0 7.5 8.0
T(s) Vs (km/s)

Figure 5. Waveform modeling of flip-reverse-stack (FRS) traces in different areas. (Left column) Stacked (black) and synthetic (red) SV waveforms in (a) positive peak
FRS trace and (b) negative peak. The gray shaded area is the error bound of stacked data. Models used in the synthetics are shown in the right. (Right column) Models
used to fit the positive peak observation (c) and negative peak observation (d). The preliminary reference Earth model velocity model (black line) and the best fitting
velocity models (dashed red lines) above the core mantle boundary are plotted.

recordings that do not show clear S or ScS. The final data set contains 383 recordings (both radial and transverse
components, Figures 6¢ and 6d).

We utilize AxiSEM (Nissen-Meyer et al., 2014), a parallel spectral-element method, to model the D" disconti-
nuity layer. The reference model is preliminary reference Earth model (PREM, Dziewonski & Anderson, 1981).
Various models are tested in order to fit both the SH and SV component of the data. We test different one-dimen-
sional velocity models with variable velocity gradients (Figure S3 in Supporting Information S1), we also test
two-dimensional models (Figure S4 in Supporting Information S1), and models with and without low velocity
layers above and at the bottom of the D" layer (Figure S5 in Supporting Information S1). Our tests show that
two-dimensional models are better to fit data in different azimuths. Moreover, in order to fit the amplitudes and
arriving times of Scd at different distance ranges, a low velocity layer on top of D" is needed. A low velocity
layer at the bottom of the model is also required, for the purpose of fitting the timing and relative amplitudes of
the large distance waveforms (S, Scd and ScS phases in both components, SKS phase in SV components are all
considered).

We test different two-dimensional models, which have different thicknesses and velocity variations in the two
low velocity layers. We also vary the D" velocity increases as well as the positions of the D" eastern boundary
(Figure S4 in Supporting Information S1). Finally we find our best model (Figure 6). It has a 100-km low velocity
layer above the D" discontinuity (from 250 to 350 km above the CMB) with shear wave velocity decrease of 3%;
Below this layer, the velocity then gradually increases to 2% relative to PREM, and decrease again with 1.5% Vs
reduction at the bottom 100 km of the lowermost mantle. Note that the western boundary of the D" layer is not
constrained because of the data coverage.

Part of these data have actually been investigated previously (Yao et al., 2015). However, with the low velocity
layer at the top of the D" discontinuity, our model fit the data much better in both SH and SV component. For
example, on the SH components, a more obvious Scd phase appears at distance greater than 74°, and then it dis-
appears gradually at distances smaller than 74° (Figure 6¢). Our model fit this merging waveforms and amplitude
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Figure 6. Comparison of the synthetic and observed S waveforms from D" structures. (a) Study area of Scd phases. Blue
crosses are ScS bounce points. (b) The best fit S velocity model (red line) near the core mantle boundary (CMB) in our study
region. Obvious low velocity layers above the D" and the CMB are seen in our model. Preliminary reference Earth model
(back line) is shown as comparison. (c) and (d) are seismic waveforms in transverse and radial component, respectively. Raw
data (gray line) are stacked for every 0.5° (black lines), and synthetic waveforms (red lines) are superposed on them. Note that
clear Scd emerge in between S and ScS phases after the epicenter distance of 74°.
of Scd phases much better. Moreover, our model fit the S, Scd, ScS, and SKS phases in radial component as well
too (Figures 6¢ and 6d).
5. Discussion and Implications
5.1. CMB Structures Across the Northwestern Boundary of the African LLSVP
The velocity profiles at the lowermost mantle across the north Atlantic show complicated structure variations in a
distance range of about 20° (Figures 7 and 8). From west in the middle Atlantic to east at the northwest boundary
of the African LLSVP, there is clear transition from D" layer to relatively thin high-velocity layer (HVL) then to
ULVZ (ScS rays passing through them are shown in Figure 8). The D" discontinuity is located in the easternmost
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boundary of the paleo Farallon plate (e.g., Bunge & Grand, 2000; Conrad
et al., 2004; Simmons et al., 2015). Hence, the D" discontinuity is very likely
related to the remnant of the subducted slab (Goes et al., 2017).

The position of HVL seems to coincide with the boundary of the high and
low velocity regions at the CMB in mantle tomography results (e.g., Ritse-
ma et al., 2011; Simmons et al., 2010). Additionally, geodynamic modeling
shows that the mantle flow in this region is in the transition from down-well-
ing to up-welling (Conrad et al., 2004). Therefore, the HVL could be from
mixing of the ancient slab with the ambient mantle.

ULVZ structures have been found in regions very near to our study area (Ma
& Sun, 2017; Rost & Garnero, 2006) (Figure 7). In our study, the best-fit
model has and the S wave velocity reduction of 12%-24%, and a thickness
of 11-16 km (similar to the inferred minimum thickness of Rost & Garne-

ro, 2006). Ma and Sun (2017) identified ULVZs nearby, which is character-

-60" -55" -50° -45" -40° -35" -30" -25° -20° -15° -10° -5 O 3 ’ : )
[ — ized with 8.5% P wave reductions; at nearby locations further northwest, Rost
-3 - - 0 1 2 and Garnero (2006) also found ULVZ structures with an averaged P wave
3Vs(%) reduction of about 10%. If these ULVZs are of the same origin, the ratio of S

Figure 7. Map of Ultra-low Velocity Zones (ULVZ) and D" locations from
various studies. Light and bold dashed outlines represent previous studies
and this study, respectively. Yellow patch is D" discontinuity location what

wave velocity reduction from our study and P wave velocity reduction from
previous study is around 2-3:1, which suggests thermal effect/partial melt-
ing may be involved in the ULVZ formation (Berryman, 2000; Williams &

detected by Scd phase (1, Yao et al., 2015; 4, this study); red patches represent Garnero, 1996). Previous studies (e.g., Rost et al., 2005; Yuan & Romanow-
ULVZ locations, which are detected by PKKP , (2, Ma & Sun, 2017; 3, Rost icz, 2017) show that hot spots may serve as the thermal source and we find
& Garnero, 2006) and ScS (5, this study); blue patch is the location of HVL that near our study area, which is possible that this hotspot may rise obliquely

(4, this study). The volcano symbol represents the location of Azores hotspot.
Background is S velocity model from GyPSuM (Simmons et al., 2010).

from the deep mantle near the boundary of the Africa LLSVP. Therefore, the
existence of Azores hotspot can provide heat for ULVZ formation. Besides,
although ULVZs formed of slab associated material have been hypothesized,
in this scenario it is unlikely to provide a valid explanation for our observations because the locations of slab seem
to be a bit far away from the ULVZ, thus we don't consider this scenario.

The Pacific and African LLSVPs share some similarities as well as differences. Recent studies have demonstrated
that the Pacific LLSVP have steep edges at the eastern/northeastern (e.g., Deng et al., 2017; Frost & Rost, 2014)
and western boundaries (He & Wen, 2009, 2012). On the northeastern boundary of mid-Pacific LLSVP, the lo-
cations of the ULVZ and D" layer as well as the shapes of LLSVP edges are strongly affected by the subducted
slab reaching the CMB (Sun et al., 2019), similar to the scenario at the eastern boundary of the African LLSVP
(Reiss et al., 2019). In this case, slab push may affect the incline of the LLSVP and the location of the ULVZ.
Moreover, considering the locations of these structures, formation of the ULVZ may also be related to the slab
materials (e.g., Hu et al., 2016; Liu et al., 2016)

However, in our study region at the northwestern boundary of the African LLSVP, we do not observe direct
interactions between the LLSVP/ULVZ and subducted slabs. Instead, we observe HVL in between the D" discon-
tinuity and ULVZ near the African LLSVP. Such a transition suggests that the slab may mix with ambient mantle
in geological time, and weakly affect ULVZ in far field.

5.2. Low Velocity Layer on Top of D" Discontinuity

There is clear low velocity layer on top of the D" discontinuity in our model. Although this low velocity layer
has been reported in previous studies (e.g., He & Wen, 2011; Kawai & Tsuchiya, 2009; Li et al., 2019; Sun
et al., 2016; Yao et al., 2015), however, its causes have not yet been fully explored.

One possible cause is thermal effects, in which additional heat release/accumulation may cause softening or
partial melting near the D." We noticed that the transition from bridgmanite to post-perovskite (ppv), which
caused the D" discontinuity, is an exothermic phase change with its Clapeyron slope (Kawai & Tsuchiya, 2009;
Murakami et al., 2004; Oganov & Ono, 2004; Tsuchiya et al., 2004); and the thermal diffusivity of post-per-
ovskite is higher than that of bridgmanite (e.g., Hunt et al., 2012; Nakagawa & Tackley, 2004). These may trap
additional heat at the top of D" and cause partial melting or softening of the material. However, based on the
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Figure 8. Schematic cartoon showing raypath of ScS phase and the lateral structure changes across the north Atlantic to near the northwest boundary of the African
Large Low 21 Shear Velocity Zones (LLSVP). The three ScS rays pass through the Ultra-low Velocity Zones (ULVZ (red)), high-velocity layer (HVL, light blue),
low-velocity layer (LVL, light brown) and D" discontinuity (dark blue) at epicenter distances of 50°, 68° and 76° (red, gray and blue dash lines), respectively. The
paleo-subduction slab (dark blue blocks) sunk into the lowermost mantle, which formed the D" discontinuity layer and two LVL. The foremost part of the slab may mix
with ambient mantle in the context of mantle flow (brown arrows) and form a thin HVL. Further east near the boundary inside the LLSVP, ULVZ is formed, which may
be affected by thermal or other compositional changes.

thermal parameters of bridgmanite and the post perovskite (Wu, 2016), we calculate that 2% velocity reduction
needs more than one thousand kelvin temperature change. This scenario is not possible.

Other possibilities for the low velocity could be compositional or phase change related to subducted slab. Studies
show that in the lower mantle conditions (e.g., at 3000—4000K, 120Gpa), cubic Ca-perovskite (CaPv) has about
2% Vs reductions and 2.5% density increase than Fe-bearing Mg-Pv (e.g., Kawai & Tsuchiya, 2015). Moreover,
its density is lower than that of the post perovskite (ppv) (Murakami et al., 2004). Hence, when the CaPv of
subducted oceanic crust accumulate at the top of D" discontinuity, it provides a possible explanation for the low
velocity layer there. Moreover, MORB in the oceanic crust in the lower mantle condition (bottom 200-300 km of
the lower mantle) also has a 2.2% velocity reduction compared to PREM (Zhao et al., 2018). Thus, we propose
that the S wave velocity reduction at the top of D" discontinuity is very likely related to the subducted Farallon
slab.

If it is true that small-scale upwelling developing at the edge of slabs can cause low velocity layer as well (Li
et al., 2019), then it is possible that subducted Farallon slab can interact with upwelling at its edge, thus cause the
low velocity we observed.

It is generally believed that the velocity decrease of the bottom of D" discontinuity layer is related to the reverse
phase transition from ppv to bridgmanite (Lay et al., 2006). Kawai and Tsuchiya (2009) suggest that the reverse
transition together with increasing temperature would produce a velocity reduction of up to 5%, which is con-
sistent with the reduction of the bottom of D" discontinuity. Moreover, the average velocity in the lowermost
mantle would decrease with the increase of Fe and Al impurity content (Tsuchiya & Tsuchiya, 2006). Therefore,
the reverse transition, together with composition variations would be the cause of the low velocity layer at the
bottom of the D" layer.
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6. Conclusions

In this paper, using various waveforms and techniques, we detect different velocity structures above the core man-
tle boundary across a long east-west profile from northwest boundary of the African LLSVP to the mid-Atlantic.

An ULVZ is detected near the northwest boundary of the African LLSVP; Our results show that itis 11-16 km in
thickness, with a 12%—-24% reduction in Vs. Moreover, a thin high-velocity layer (HVL) and D" discontinuity are
also detected outside the LLSVP in the further to the west of our study region. The thickness of the HVL ranges
from 20 to 30 km and shows a Vs increase of 3%—4%. Even further west D" discontinuity is observed at ~250 km
high above the CMB with a shear velocity increase of 2%. In addition, there is a low velocity layer at top of D,"
whose Vs reduction is 3% and the thickness is about 100 km, while there is another low velocity layer at the base
of D" with Vs reduction is of 1.5% and thickness is of 100 km.

The transition of different structures across the northwestern boundary of the African LLSVP suggests interac-
tions of slab and LLSVP material with the ambient mantle, which may modify the thermal state and/or composi-
tion above the CMB, and result in different structures. We suggest that thermal effects or the remnants of a basal
magma ocean may play important roles in the origin of the ULVZ. We also propose that the low velocity layer we
observe above the D" is very likely related to Ca-Pv from the subducted Farallon slab and upwelling flow, rather
than the thermal effect.

The results in this paper provide a good case for understanding large scale structure transition near the CMB
region. Further small-scale structure investigations may be needed to unravel the detailed process.

Data Availability Statement

Seismic data from the USArray and Africa networks are accessed via the IRIS Data Management Center (IRIS:
www.iris.edu).
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