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S U M M A R Y
Recent advances in seismic anisotropy studies that jointly use reflections and shear wave
splitting have proven to place tight constraints on the plausible anisotropic and deformation
scenarios in the D′′ region. We apply this novel methodology to a large area of the D′′ region
beneath the South Atlantic, in proximity to and within the African large low seismic velocity
province (LLSVP). This area of the mantle is characterized by a transition from fast to
slow seismic velocity anomalies and it is thought to be the location of deep-seated plumes
responsible for hotspot volcanism. Attempting to probe mantle composition and deformation
along the LLSVP borders may provide key information on mantle dynamics. By analysing
seismic phases sampling this region, we detect a D′′ discontinuity over a large area beneath the
South Atlantic, with inferred depth ranges ∼170 to ∼240 km above the core–mantle boundary.
We find evidence for a D′′ reflector within the area of the LLSVP. Shear wave splitting
observations suggest that anisotropy is present in this region of the mantle, in agreement with
previous studies that partially sampled this region. We model the observations considering
lattice- and shape-preferred orientation of materials expected in the D′′ region. A regional
variation of mineralogy, phase transition boundaries, and deformation direction is required
to explain the data. We infer two distinct domains of mineralogy and deformation: aligned
post-perovskite outside the LLSVP and aligned bridgmanite within the LLSVP. The scenario
depicted by this study agrees well with the current hypotheses for the composition of the
LLSVP and with the prevalence of vertical deformation directions expected to occur along the
LLSVPs borders.

Key words: Composition and structure of the mantle; Phase transitions; Atlantic Ocean;
Seismic anisotropy.

1 I N T RO D U C T I O N

The lowermost mantle beneath the South Atlantic Ocean is seis-
mically imaged as a transition from fast to slow velocity regions
going from west to east (e.g. Ni & Helmberger 2001; Amaru 2007;
Ritsema et al. 2011; Hosseini et al. 2018). The fast region is usu-
ally associated with subducted oceanic lithosphere now residing
at the core–mantle boundary (CMB), as proposed by several stud-
ies (Richards & Engebretson 1992; Grand 1994; Ni & Helmberger
2001; van der Meer et al. 2018) while the low velocity region, ap-
pearing in all global tomographic models (e.g. Fig. 1), is related
to the African Large Low Seismic Velocity Province (LLSVP; e.g.
Ritsema et al. 1999; Ni & Helmberger 2001, 2003a, b; Wang & Wen
2004, 2007a; Garnero et al. 2016). The African LLSVP seems to

extend upwards from the base of the mantle to the mid-mantle, per-
haps reaching the upper mantle beneath eastern Africa, and thought
to be the cause for flood basalts and rifting along the East African
Rift system (e.g. Ritsema et al. 1999; Hansen et al. 2012; Civiero
et al. 2015; Garnero et al. 2016; Chang et al. 2020).

In general, the LLSVPs beneath Africa and the Pacific Ocean
cover about 20 per cent of the CMB area (Burke et al. 2008) and
are closely linked to the dynamics of the Earth’s deep mantle. The
African LLSVP has been related to deep mantle plumes feeding
Large Igneous Provinces (LIPs) through geological time (Burke &
Torsvik 2004; Burke et al. 2008; Torsvik et al. 2008; Dziewonski
et al. 2010), but the South Atlantic also hosts present-day hotspots
and volcanic islands, such as Ascension and Tristan de Cunha (Cour-
tillot et al. 2003; Torsvik et al. 2008). Due to its large size, the
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Figure 1. Study area covering the South Atlantic and part of the African LLSVP. The S-wave vote map for low velocities (Shephard et al. 2017) in the
background was computed using tomographic models incorporated in SubMachine (Hosseini et al. 2018). The colour bar indicates the number of tomographic
models which agree in finding a low velocity for each point of the map. Shaded areas show region of previous studies (see text for more detail).

LLSVP might also influence heat flux across the CMB, thereby af-
fecting the geomagnetic field (Gubbins et al. 2008; Mound et al.
2019) and possibly causing the South Atlantic Anomaly (e.g. Amit
et al. 2015; Tarduno et al. 2015), a prominent feature in the Earth’s
magnetic field.

Despite their geodynamic importance, the precise location of the
LLSVP borders is not well constrained, with controversial results
particularly for the edges of the African LLSVP (see Garnero et al.
2016; McNamara 2019). In addition, the density and mineralogy
of the LLSVP are not well constrained yet (e.g. Koelemeijer 2021;
Vilella et al. 2021). It is crucial to infer their geographical location,
composition and structure, since they impact whole Earth dynamics
and evolution, and are linked to superficial magmatism and plate
tectonics (see the recent work by Niu 2018; McNamara 2019; Chang
et al. 2020; Koelemeijer 2021). Furthermore, LLSVPs may influ-
ence flow in the lowermost mantle (e.g. Cottaar & Romanowicz
2013; Ford et al. 2015; Tommasi et al. 2018; Reiss et al. 2019; Li
2020; Chandler et al. 2021).

The observation of seismic anisotropy provides a way to infer
and locate deformation and flow direction at different depths in
the mantle (e.g. Silver & Chan 1991; Savage 1999; Long & Silver
2009; Nowacki et al. 2011; Mainprice 2015; Maupin & Park 2015;
Romanowicz & Wenk 2017). Observations of shear wave splitting
for seismic phases travelling in the lowermost mantle, together with
mineral physics constraints, have helped in the estimation of the

style and degree of anisotropy at the bottom of the mantle (the D′′

region, Bullen 1949 ) and in retrieving scenarios of deformation
around the CMB (e.g. Kendall & Silver 1996, 1998; Wookey &
Kendall 2007; Long & Silver 2009; Nowacki et al. 2010, 2011;
Mainprice 2015; Romanowicz & Wenk 2017).

Several studies have targeted anisotropy within and around the
African LLSVP (see Fig. 1). In a recent collection of worldwide
shear wave splitting measurements for lowermost mantle anisotropy,
Creasy et al. (2019) showed that the South Atlantic region is poorly
covered, with only one study of Wang & Wen (2007b). Using
SK(K)S splitting, Wang & Wen (2007b) found complex anisotropy
within the African LLSVP and its border, with splitting delay times
of ∼1 s and fast polarization directions changing over small dis-
tances. They concluded that alignment of lowermost mantle min-
erals, due to varying mantle flow pattern, can explain their results.
Moreover, no ScS splitting observations have been published for the
South Atlantic. The ScS waves experience splitting when traversing
the D′′ region and the D′′ splitting contribution can be isolated from
upper mantle anisotropy with S-ScS differential splitting measure-
ments (e.g. Wookey et al. 2005; Wookey & Kendall 2008; Nowacki
et al. 2010; Pisconti et al. 2019).

Across the southern edge of the African LLSVP, off the coast
of Antarctica, waveform modelling of diffracted Sdiff waves indi-
cates a complex pattern of anisotropy due to the presence of the
LLSVP border (Cottaar & Romanowiz 2013). Outside the LLSVP,
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seismic anisotropy is strong and possibly due to alignment of post-
perovskite (e.g. Murakami et al. 2004), while it rotates at the border
of the LLSVP and seems to decrease or be absent within the LLSVP.
This behaviour might indicate that the flow in the deep mantle is
influenced by the LLSVPs (McNamara & Zhong 2005; Garnero &
McNamara 2008; Cottar & Romanowicz 2013). On the opposite
side of the African LLSVP, beneath Eastern Africa, Lynner & Long
(2014) also found a weakening of SKS-SKKS differential splitting
towards the interior of the LLSVP, while Ford et al. (2015) used ScS
and SKS-SKKS splitting and suggested that the LLSVP edge might
deflect the mantle flow upwards. Their observations are consistent
with alignment of post-perovskite along the [100] crystallographic
axis, but other scenarios might match their findings. Recently, Reiss
et al. (2019) collected a large data set of SKS-SKKS splitting dis-
crepancies and mapped changes in the flow geometry within and
around the African LLSVP, but they find that various scenarios can
explain their data.

Overall, studies of splitting-based seismic anisotropy provide
observational constraints on the dynamics and mineralogy of the
deep mantle. However, discriminating between different causes
for anisotropy, mineralogy and mantle flow requires sampling the
chosen geographical region with crossing paths. As suggested by
Nowacki et al. (2011), multiple distinct crossing paths can distin-
guish azimuthal anisotropy, such as orthorhombic symmetry (e.g.
post-perovskite). With present-day distribution of seismic stations,
one often deals with large azimuth gaps in the D′′ seismic cover-
age and this limits our ability to investigate low symmetry media.
Therefore, constraining azimuthal anisotropy remains challenging.

Besides shear wave splitting, an alternative way to explore miner-
alogy and flow is the use of seismic reflections from discontinuities
in the mantle (Thomas et al. 2011; Saki et al. 2018; Pisconti et al.
2019). Reflections of P and S waves from D′′ discontinuity have
been found in many places, revealing physical parameters of the D′′

region such as thickness, velocity jumps, topography, and compo-
sition (see Cobden et al. 2015; Jackson & Thomas 2021, for recent
reviews). As shown by Thomas et al. (2011), mapping azimuthal
variation of reflection coefficients of D′′ reflected waves provides a
powerful tool to test mineralogy, phase transformation, deformation
direction and slip systems.

Pisconti et al. (2019) extended this method to use reflection po-
larity data for P and S waves combined with shear wave splitting
through both modelling and observations. This approach provides
tighter constraints on anisotropy beneath the Central Atlantic using
a single path direction (Pisconti et al. 2019). The best-fitting model
of Pisconti et al. (2019) consists of a phase transformation from
bridgmanite to post-perovskite [100](010) and deformation point-
ing towards the African LLSVP. This approach of using diverse
seismic phases is more efficient than using only one type of mea-
surements (i.e. splitting) but with different azimuths (Creasy et al.
2019). Following this, Creasy et al. (2021) extended an existing
data set of splitting and polarity measurements for seismic waves
cross-sampling the lowermost mantle beneath Siberia, by including
SK(K)S and PKS splitting measurements for a tight constraint on
deformation and mineralogy in this region. Overall, these studies
have shown that the combination of seismic phases and method-
ologies is an efficient way to place constraints on low symmetry
anisotropy, even in poorly sampled regions with large azimuthal
gaps.

Looking at the geographical distribution of D′′ studies (Fig. 1),
one finds that the South Atlantic and the region below South Africa
have yielded few observations of D′′ reflected waves (Wysession
et al. 1998; Cobden et al. 2015; Lay 2015; Jackson & Thomas

2021). To our knowledge, the only published study on a D′′ reflector
beneath the South Atlantic is by Rost & Revenaugh (2003) (Fig. 1),
who used bottom side reflections of PKdKP (a PKKP wave that is re-
flected at the mid-point from the underside of D′′ discontinuity, see
also Fig. 2); their work place the reflector ∼300 km above the CMB.
Weber & Körnig (1990, 1992) analysed a global data set using the
International Seismological Center (ISC) bulletin and found no low-
ermost mantle reflections in the South Atlantic, indicating that either
there was no coverage or that there is possibly no D′′ discontinuity
present at locations very close to those tested by Rost & Revenaugh
(2003). However, Pisconti et al. (2019) have shown that a complex
behaviour of reflected waves can be generated from an anisotropic
D′′, leading to observations and non-observations of D′′ reflections
within a narrow range of azimuth–distance combinations. There-
fore, the lack of observed reflections does not necessarily imply the
absence of a reflector.

The situation outlined above illustrates the importance and com-
plexity of the D′′ region beneath the South Atlantic but also illu-
minates the current poor data coverage of this area, especially in
terms of reflections and splitting observations. Motivated by the re-
cent advances in constraining seismic anisotropy in the D′′ region,
particularly the insights gained by the combination of methods (re-
flection and splitting; Pisconti et al. 2019; Creasy et al. 2019, 2021),
we extend the region covered by Pisconti et al. (2019) to sample the
D′′ region outside and inside the African LLSVP. We intend to (i)
detect and explore PdP and SdS reflections, (ii) measure ScS split-
ting parameters and (iii) model these observations jointly in terms
of plausible mineralogy and deformation settings. We test whether
differences in main mineralogical composition and deformation sce-
narios occur across the southwestern border of the African LLSVP,
since these factors may play a role in the scenarios for the origin
and formation of the LLSVPs (e.g. Deschamps et al. 2012; Vilella
et al. 2021).

2 DATA S E T

In this study, we collected a large data set from the International
Federation of Digital Seismograph Networks (FDSN), aiming to
detect reflected waves from the D′′ layer, such as PdP and SdS
phases (e.g. Weber 1993), and measure splitting parameters of ScS
waves (e.g. Wookey et al. 2005) sampling the lowermost mantle
beneath the South Atlantic. Ray paths in the Earth for these waves
in the relevant distance ranges are shown in Fig. 2(a). The arrays
used in this study are mainly deployed in Africa and South America
(Fig. 2b), while the events are distributed along the subduction zones
and mid-ocean ridges around the South Atlantic (Fig. 2b). Event
locations were taken from the National Earthquake Information
Center (NEIC) catalogue. Lists with networks and events used in
this study are provided in the Supporting Information (Tables S1
and S2).

We explore an epicentral distance range from 50◦ to 80◦, ex-
tending the search for observations, and the consequent modelling,
to shorter distances than Pisconti et al. (2019) who explored a dis-
tance range from 60◦ to 80◦. In principle, other distances and seismic
phases could be investigated when simultaneously looking at both
D′′ reflections and splitting phenomena, using core phases, that is
PKdKP, SK(K)S, and Sdiff waves. Indeed, Rost & Revenaugh (2003)
observed D′′ bottom-side reflections (PKdKP) in the South Atlantic
(see Fig. 1). However, such observations of PKdKP are difficult
to observe due to their very small amplitudes and, furthermore, to
sample a common D′′ geographical area, the PKdKP reflection and

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/232/1/705/6696377 by Yale U

niversity, C
ushing/W

hitney M
edical Library user on 11 O

ctober 2022



708 A. Pisconti et al.

PdP/SdS

ScS

PKdKP

SKS

SKKS

Sdiff

D''

CMB

ICB

focus

50-80°

~105°

110-120°

> 100°

(a) (b)

Figure 2. (a) Ray paths of the major seismic phases used to detect the D′′ discontinuity with reflected waves (i.e. PdP/SdS and PKdKP, solid lines) and measure
splitting parameters (ScS, SKS, SKKS, Sdiff, dashed lines) in the lowermost mantle. Black stars indicate earthquake foci and black triangles indicate seismic
stations at the relevant distances. Ray paths are traced using the PWDK model of Weber & Davis (1990) for events at depth of 200 km. The D′′ region is
represented as a grey-coloured layer with thickness of about 300 km. Note that in the distance range 50–80◦ both reflections and splitting from a common D′′
location (blue box) can be observed using the same source–receiver configuration. (b) Events (black stars), stations (grey triangles) and ray paths (grey lines)
used in this study to probe the lowermost mantle beneath the South Atlantic. Only the ray paths to the central station (black triangles) of the arrays are shown
in the case of reflection(s), while, for splitting measurements, individual ray paths for each event-station pair are shown.

the splitting of Sdiff and SK(K)S would have to be observed at dif-
ferent source and receiver locations (see Fig. 2a), posing a technical
challenge. Thus, this possibility remains a challenging alternative
for applying our strategy of looking at anisotropy; we therefore re-
frain from using it here. Nevertheless, in some cases, multiple data
sets including a wide diversity of seismic phases, such as PdP, SdS,
ScS, SK(K)S and PKS, can be used and are very effective, as shown
in the recent study of D′′ anisotropy beneath Siberia (Creasy et al.
2021).

Even though the area investigated in this work offers many po-
tentially usable events, given the presence of subductions beneath
South America and South Sandwich Islands, we mainly restricted
the analysis to events with depth larger than 50 km. In general,
deep events usually have a more impulsive waveform, which allows
for a better resolution of the slowness of the PdP and SdS phases
by avoiding the interference with depth phases of the direct P/S
phases. Therefore, the inspection of waveforms and polarities after
the stacking process is facilitated when considering deep events (e.g.
Rost & Thomas 2002; Thomas et al. 2011; Pisconti et al. 2019).
In addition, source side shear wave splitting is generally expected
to decrease with depth (e.g. Wookey et al. 2005; Long & Silver
2009; Nowacki et al. 2011), although there are observations of sig-
nificant seismic anisotropy in the subduction zones even for deep
events (e.g. Wookey et al. 2005; Rokosky et al. 2006; Nowacki
et al. 2015). In the attempt to search for crossing paths, which
would better constrain anisotropy, we also collected a few shallower
events that occurred mainly along the mid-Atlantic and Southwest
Indian Ocean ridges (Fig. 2b). Events along the mid-ocean ridges
have been used previously to constrain D′′ anisotropy while correct-
ing for upper mantle contribution using differential S-ScS splitting
measurements (e.g. Nowacki et al. 2010).

Preliminary processing and a check for good quality signals (clear
and impulsive first arrival of P and S waves) reduced the number
of usable earthquakes. This reduction of the size of data sets is
common when targeting the deep Earth and, combined with source-
to-receiver restrictions (e.g. event distance and depth requirements),
consequently reduces availability of crossing paths in the chosen
region. However, as found by Pisconti et al. (2019), this sparsity
of data can be compensated for by the combination of methods
(reflection and splitting).

In total, we analysed 79 event-array pairs in search for PdP and
SdS reflections and 268 event–station pairs for measuring S-ScS
splitting. Like other studies focusing on D′′ seismic signals (e.g.
Thomas et al. 2011; Cobden & Thomas 2013; Pisconti et al. 2019;
Reiss et al. 2019; Wolf et al. 2019), we filtered our recordings using
a Butterworth bandpass filter with corner periods 1, 3, 10 and 15 s
for the P waves and 3, 6, 15 and 25 s for the S waves.

3 O B S E RVAT I O N S

3.1 Observation of reflection polarity

To search for PdP and SdS reflected waves, we used array seis-
mology techniques as shown in other studies (e.g. Weber & Davis
1990; Weber 1993; Thomas et al. 2002, 2004a, b, 2011; Kito et al.
2007; Cobden & Thomas 2013; Pisconti et al. 2019). In general,
waveform stacking across an array allows the detection of signals
with low amplitude, as stacking usually decreases incoherent noise
and permits a slowness-based seismic phases distinction (Muirhead
& Datt 1976; Rost & Thomas 2002, 2009; Schweitzer et al. 2012).
To reduce the effect of local structures and topography beneath the
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arrays, prior to stacking, we performed a static correction on the
direct P and S reference phases (e.g. Jacobeit et al. 2013).

For all available events, we computed and manually inspected
the vespagrams for the vertical and transverse component for P
and SH waves, respectively. In total, we retained 30 good quality
vespagrams for the vertical component and 49 for the transverse
component. We found 12 PdP observations and 8 SdS observations
(Figs 3 and 4 and Tables S3 and S4). These data represent the first-
time detection of a D′′ discontinuity over a large area beneath the
South Atlantic, apart from the localized findings of Rost & Reve-
naugh (2003). In Figs 3 and 4, we also show some of the vespagrams
displaying PdP and SdS reflections, with reflection points located
in the lowermost mantle across a large area from South America to
South Africa. This configuration has the potential to provide infor-
mation from outside the LLSVP via the border to within the African
LLSVP. Our data do not show any evidence of a second reflector in
the D′′ region, as reported in previous studies targeting other areas
(e.g. Thomas et al. 2004a, b, 2011; Hutko et al. 2006; Lay et al.
2006; van der Hilst et al. 2007).

Several vespagrams with a good quality of the stacked signal
(clearly visible P, PcP and S, ScS phases) did not show PdP or
SdS phases (Figs 3 and 4). We labelled those samples as non-
observations (white circles in maps of Figs 3 and 4). Weber &
Körnig (1990, 1992) and Wysession et al. (1998) also reported a
lack of D′′ reflections for P and S waves beneath South Atlantic for
some propagation directions and locations.

It is interesting to note that in the low velocity region, close to
southwestern Africa, none of the vespagrams (except for one event)
show D′′ reflected S waves despite large direct S-wave amplitudes
(Fig. 4). Instead, a P-reflector is mapped at this location (compare
maps of PdP and SdS reflection point locations in Figs 3 and 4). The
lack of SdS reflections could suggest the presence of a D′′ interface
transparent to S waves, but able to reflect P waves. Causes for this
behaviour may be attributed to physical properties of the sampled
media, affecting the impedance contrast across this area or perhaps
to a distance-azimuthal effect of the SdS reflection coefficient. In
previous work (i.e. Pisconti et al. 2019), the modelling indeed indi-
cated that certain scenarios of anisotropy lead to a strong reduction
of the reflection coefficient along some directions and distances.
This behaviour will be considered in the modelling and interpreta-
tion of the observations collected in this study as shown below.

Following Thomas et al. (2011) and Pisconti et al. (2019), we
analysed the polarity of the reflected waves. We noted that the
lowermost mantle beneath the South Atlantic causes changes in
PdP polarity, either the same (positive) or opposite (negative) with
respect to main phases PcP or P (see Fig. 3), while the SdS phase
always shows the same (positive) polarity as the ScS or S phases (see
Fig. 4). The arrows in the figures emphasize the positive (blue arrow)
or negative (red arrow) polarity of each wavelet. A similar pattern
was also found further to the north, beneath the Central Atlantic
(i.e. Pisconti et al. 2019). We exclude a source-related cause for
the change in the PdP polarity, as demonstrated and discussed by
earlier works from Thomas et al. (2011) and Pisconti et al. (2019).
The always positive polarity of the SdS phase is reported by many
observations in the literature along with PdP polarity variation (e.g.
Thomas et al. 2011; Cobden & Thomas 2013; Cobden et al. 2015;
Pisconti et al. 2019; Jackson & Thomas 2021). The occurrence of
such behaviour in many studies seems to indicate that this could be a
fingerprint of the D′′ reflector(s). It has been pointed out by Cobden
& Thomas (2013) that an impedance reduction across D′′ would lead
to a small reflection coefficient for S waves, thus resulting in a weak
SdS signal with opposite polarity possibly just above the detection

threshold that may not be detected. Still, we cannot yet rule out
that such a characteristic might pertain to the intrinsic nature of D′′

materials.
Modelling and observations shown by Pisconti et al. (2019) have

underlined the importance of the propagation direction (i.e. in plane
or out-of-plane) of the seismic phases for interpreting anisotropy
using reflections. This step of the data analysis is particularly im-
portant for the interpretation of the PdP polarities for two reasons:
(i) complex pattern of PdP-wave polarity depends on the propaga-
tion direction and (ii) modelling shows that PdP polarity abruptly
changes with azimuth, while SdS exhibits a smoother behaviour, as
indeed shown by the data at a global level (see Pisconti et al. 2019
or Cobden & Thomas 2013; Cobden et al. 2015; Jackson & Thomas
2021, for recent reviews).

To measure the ray direction of the reflected waves, we conducted
slowness-backazimuth analysis on all events with PdP and SdS. In
contrast to the Central Atlantic study (Pisconti et al. 2019), we found
that the reflected waves travel mostly in-plane with backazimuth
variations less than 5◦ from the theoretical great circle path (Fig. S1).
In some cases, however, the PdP waves display slowness variations
up to 0.5–0.6 s deg–1 with respect to the PWDK reference model
of Weber & Davis (1990), as shown in Fig. S2. These variations
may suggest a slight change in the depth of the reflector due to
topography or reflections at a tilted interface (e.g. Weber 1993).

Following the approach of previous studies (e.g. Weber & Wicks
1996; Schumacher & Thomas 2016; Schumacher et al. 2018; Pis-
conti et al. 2019), to find the depth of the reflector we used a ray
tracer and we back-projected the reflections to their most likely
bounce points location, provided by the measured slowness, back-
azimuth, and traveltimesXXX. As expected, the reflection points lie
very close to the great circle paths (Fig. 3) but at different depths
due to the slowness variation (Table S3). Analysing the depth of the
PdP reflection points, we found an average depth of 2730 ± 70 km
(∼170 km above the CMB) for PdP waves reflecting outside the
LLSVP and a slightly shallower reflection depth within the African
LLSVP with an average depth of 2660 ± 100 km (∼240 km above
the CMB). The high standard deviation of the latter is due to the
high variability of the data, with shallower depths (i.e. 2522 km)
at the centre of the LLSVP. Although the values overlap within
their standard deviations, the smooth change indicates that the D′′

discontinuity shallows inside the LLSVP. However, the scarcity of
data and the reduced capability of this methodology to infer topog-
raphy compared with detailed waveform studies (e.g. Wen 2002)
precludes further interpretation of these observations. Overall, our
estimations place the D′′ reflector in the South Atlantic slightly
deeper in the mantle than the previous localized findings of Rost &
Revenaugh (2003).

The SdS observations show very small slowness variation with
respect to the standard PWDK model of Weber & Davis (1990) and
negligible backazimuth deviation from the great circle path (see
Fig. S3). Furthermore, given the quasi absence of SdS reflections
within the LLSVP (we found only one reflection datum), we cannot
compare inside versus outside the LLSVP with the available data.
However, previous detailed waveform analysis performed on the
S waves by Wen (2002) indicate a steep sided edge with elevated
topography (∼300 km) near the LLSVP border.

To summarize: firstly, the PdP waves reflecting along the border
and outside of the LLSVP show polarity changes, while reflections
inside the LLSVP do not experience such polarity changes. Sec-
ondly, the SdS waves only show polarities that are the same as the
S and ScS waves, in the area outside the LLSVP, and do not re-
veal a reflector inside the LLSVP, except for one single observation
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Figure 3. Vespagrams showing some of the collected PdP observations and non-observations in the studied area. Blue (or red) arrows in the vespagrams
indicate PdP with same (or opposite) polarity with respect to P and/or PcP. The map at the centre of the figure shows the PdP bounce point locations (blue
and red circles), together with the source (black stars) and receiver (grey triangles) configurations. Blue circles indicate positive PdP polarity, red circles
indicate negative PdP polarity, while white circles indicate non-observations. The background vote map for P-wave low velocity anomaly is computed using
tomographic models incorporated in SubMachine (Shephard et al. 2017; Hosseini et al. 2018).

showing a weak and slightly unclear signal with slowness and trav-
eltime expected for an SdS arrival (Fig. 4, top right). This event
samples the LLSVP and shows high amplitude ScS waves which
are delayed by ∼10 s with respect to the PWDK reference model
(Weber & Davis 1990), indicating a low velocity within the D′′

region.
As in our previous studies (Thomas et al. 2011; Pisconti et al.

2019; Creasy et al. 2021), the PdP polarity change is interpreted in
terms of reflections with different incidence angles and propagations
directions atop of an anisotropic D′′ interface. Nevertheless, changes
in PdP polarity could also be due to the sampling of a locally
varying D′′ region in a heterogeneous lowermost mantle. To search
for anisotropy in the D′′ region that can cause this polarity change,
we additionally measured splitting of ScS waves traversing the D′′

region.

3.2 Observation of shear waves splitting

Estimation of lowermost mantle anisotropy based on shear waves
splitting measurements requires correction for upper mantle
anisotropy, which can be performed by differential splitting mea-
surements using a variety of seismic phases such as S, ScS, SKS
and SKKS (e.g. Long & Silver 2009; Nowacki et al. 2011; Ro-
manowicz & Wenk 2017, for reviews). In this study, we performed
S-ScS differential splitting measurements (e.g. Wookey et al. 2005)

to estimate lowermost mantle anisotropy in the relevant distance
range (see Fig. 2a), while correcting for the source side (using S
waves) and the receiver side [using SK(K)S waves]. Splitting mea-
surements on the S and ScS waves, and upper mantle corrections,
were conducted using SHEBA (Shear-wave Birefringence Analysis;
Wüstefeld et al. 2010), which implements the minimum eigenvalue
technique (Silver & Chan 1991) on multiple time windows (Teanby
et al. 2004). All splitting measurements were performed on zero-
phase filtered traces using a Butterworth bandpass filter with corner
periods of 3 and 25 s.

The correction for the upper mantle beneath the receivers was
conducted by taking previously published SK(K)S splitting from
the IRIS database (https://ds.iris.edu/spud/swsmeasurement). It is
worth noting that for an array deployed in Namibia, no SK(K)S re-
ceiver side splitting is available or published as of today. The avail-
able upper mantle shear wave splitting measurements across south-
ern Africa (Fig. S4) are very consistent in terms of fast polarization
directions, oriented SW–NE. Only one splitting measurement for
a station located in Namibia has been published (station TSUM),
which also shows a SW–NE trending fast polarization with small
delay time (0.42 s), as found by Barruol & Ben Ismail (2001). The
authors reported the occurrence of many nulls, as later confirmed
by Lynner & Long (2014) who invoked an apparent isotropic up-
per mantle beneath this station. A small splitting delay time in the
upper mantle would have a negligible effect on the ScS splitting
estimation which has delay time averaging in the range 1-3 s (e.g.
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Figure 4. As Fig. 3 but for SdS reflections.

Wookey et al. 2005; Ford et al. 2015; Nowacki & Wookey 2016;
Creasy et al. 2017; Pisconti et al. 2019; Wolf et al. 2019). Given the
consistency of the SK(K)S splitting measurements across southern
Africa, we assume similar shear wave splitting and upper mantle
anisotropy also beneath the array in Namibia. Thus, we consider
station TSUM as representative for the splitting at all the stations
of the array in Namibia (see Fig. S4) and, given the small delay
time, the upper mantle contamination on the ScS waves should not
be significant. Based on this assumption, we used the waveforms
recorded across the Namibia array for ScS anisotropy estimation in
the study region (see left panel of Fig. 5).

We evaluated source side anisotropy in the slab regions from
direct S waves splitting on a total of 83 good quality event-station
pairs. In the Supporting Information, we show typical diagnostic
plots for two examples of S wave splitting measurements corrected
for receiver side anisotropy (Figs S5a and S6a). In Fig. S4 and Table
S5, we show the results of the S-wave splitting analysis in terms of
fast polarization directions back-projected to the source, according
to previous work (e.g. Nowacki et al. 2010, 2015; Pisconti et al.
2019; Wolf et al. 2019), along with receiver side corrections from
the IRIS database.

The measured source side fast polarizations agree with previ-
ous estimates along the subduction zones beneath South America
(Lynner & Long 2015; Nowacki et al. 2015) and South Sandwich
Islands (Lynner & Long 2013). In general, shear wave splitting
directions beneath South America are oriented trench-parallel to
trench-normal, as also reported in literature (e.g. Lynner & Long
2015). This complex behaviour beneath the South America sub-
duction zone has been related to azimuthal and/or laterally variable
anisotropy (Lynner & Long 2015), and to highly anisotropic hydrous

phases within slabs (Nowacki et al. 2015). The splitting directions
observed beneath the South Sandwich Islands are consistent with
measurements reported by Lynner & Long (2013) who explain such
a pattern with invoking a sub-slab flow, driven by the migration of
the Scotia trench along the strike.

With the available upper mantle receiver and source corrections,
we carried out splitting measurements on the ScS phases (i.e. the S-
ScS differential splitting method of Wookey et al. 2005). In total, we
collected 44 ScS splitting measurements across a wide area of the
lowermost mantle from South America to the southwestern coasts
of Africa. Reflection points of ScS waves at CMB and splitting
parameters are shown in Fig. 5 and Table S5, respectively. Note that
the fast polarizations are projected into the ray reference frame (i.e.
following Nowacki et al. 2010; Pisconti et al. 2019; Reiss et al.
2019; Wolf et al. 2019).

In Fig. 5, we show two examples of ScS waves experiencing dif-
ferent degree of splitting when traversing the CMB region outside
and inside the African LLSVP. Two main characteristics are evident
when comparing these waveforms: (i) the late arrival of the ScS
wave, sampling the LLSVP, with respect to 1D Earth model pre-
diction (iasp91, Kennett & Engdahl 1991); (ii) the splitting delay
time reduction from about 2 seconds (outside) to 1 second (inside)
when crossing the border of the LLSVP. These observations suggest
a reduction of splitting delay time when sampling the low velocity
region beneath Africa. Further examples of ScS splitting estimates
and diagnostic plots are shown in Figs S5b and S6b.

In general, we found a horizontal to oblique fast polarization di-
rection in the region outside the LLSVP and a mixture of vertical
to oblique fast polarizations inside the LLSVP (Fig. 5). Complex
pattern of fast directions changing over small distances were also
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Figure 5. ScS shear wave splitting observations for two events targeting areas outside (left panel) and inside (right panel) the LLSVP. Left panel is for event
2011Nov22 1848 recorded in Namibia (station WP07). Right panel is for event 2008APR14 0945 recorded at the Africa Array (station KTWE). Shown are the
horizontal components and the selected time window for the splitting analysis (grey boxes) centred around the ScS waves. Theoretical marks (vertical dashed
lines) for the S and ScS waves are shown according to the iasp91 model (Kennett & Engdahl 1991). Fast (blue) and slow (red) components are also shown,
indicating a smaller splitting delay time for ScS sampling inside the LLSVP. The map at the centre of the figure shows the fast polarization directions, in the
ray reference frame, displayed at the ScS bounce points location for the source (black stars) receiver combinations (triangles). When the fast polarization is SV
(or SH), the black bar lies along (or perpendicular to) the raypath; in other cases, the fast polarization is oblique. ScS bounce point locations are colour-coded
with respect to the splitting delay time. Background vote map as in Fig. 1.

found by Wang & Wen (2007b) and in other areas in the vicinity
of the LLSVP border (e.g. Ford et al. 2015; Lynner & Long 2015).
The ScS splitting delay times, within the LLSVP and across its
border, observed in our study also agrees with observations on the
eastern and southern border of the African LLSVP and interpreted
as reduction in anisotropy strength within the African LLSVP (Cot-
taar & Romanowicz 2013; Ford et al. 2015; Lynner & Long 2015).
Splitting delay times of 1 s on the SKS-SKKS phases were also
measured by Wang & Wen (2007b) inside the LLSVP.

The splitting measurements for shear waves sampling the regions
outside the African LLSVP provide new results of D′′ anisotropy in
this part of the Earth which was not explored before (see Creasy et al.
2019 for a recently updated map of D′′ splitting studies). Overall, the
observation of splitting in the D′′ region beneath the South Atlantic
strengthens the hypothesis that the variation in the PdP polarity
might be caused by anisotropic reflections. These results agree with
our previous findings (Pisconti et al. 2019) over a contiguous D′′

area, further to the North beneath the Central Atlantic.
Some caveats exist with some of the assumptions we make when

interpreting splitting in the D′′ region. Synthetic modelling studies
(e.g. Maupin 1994; Komatitsch et al. 2010; Borgeaud et al. 2016;
Parisi et al. 2018) have shown that, for phases that sample the low-
ermost mantle, apparent shear wave splitting can arise in isotropic
media in certain circumstances, due to finite frequency effects. How-
ever, these studies have mainly focused on larger distances (>85◦)

and on different seismic phases (S and Sdiff) than those used here
(ScS at 50–80◦). Specifically designed waveform modelling tests on
ScS wide-angle reflections, in the relevant distance range, were per-
formed by Nowacki & Wookey (2016). These authors showed that
isotropic models do not produce ScS apparent splitting, validating
the S-ScS differential splitting method of Wookey et al. (2005) used
here, as later discussed by Wolf et al. (2019). Very recently, Wolf
et al. (2022a,b) looked at non-ray-theoretical effects on splitting due
to lowermost mantle anisotropy and at the effect of corrections for
upper mantle anisotropy contributions. These studies showed that
ScS/S and SK(K)S phases can be used to measure splitting in D′′ in
many or most circumstances (although with some caveats related to
the initial polarization of the ScS phases and the strength of upper
mantle anisotropy; see Wolf et al. 2022b), and that the interpreta-
tion in terms of D′′ anisotropy is in general reliable for stations with
weak receiver side upper mantle anisotropy, as in this study.

4 M O D E L L I N G A N D R E S U LT S

We model our observations following the procedure developed and
outlined in our previous studies (e.g. Creasy et al. 2019, 2021; Pis-
conti et al. 2019). The reader is referred to those studies for more
details, and here we only give a concise review, since this work
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represents a further advancement of our previous studies. Both Lat-
tice Preferred Orientation (LPO) and Shape Preferred Orientation
(SPO) scenarios are considered as possible causes for anisotropy in
the study region (e.g. Nowacki et al. 2011). Elastic constants and
densities for single crystals and fabrics of D′′ mineralogical phases,
such as bridgmanite (bm), post-perovskite (ppv), MgO, including
different slip systems, were taken from previous studies (Ford et al.
2015; Goryaeva et al. 2015, 2016; Karki et al. 1999; Yamazaki
et al. 2006; Mainprice et al. 2008; Walte et al. 2009; Miyagi et al.
2010; Thomas et al. 2011; Wu et al. 2017; Tommasi et al. 2018).
Following Thomas et al. (2011), in these anisotropic models the
slip direction is assumed to be parallel to the imposed deformation
direction. We also tested aligned tubular/oblate-shaped melt pock-
ets in SPO fabric (e.g. Kendall & Silver 1996, 1998; Nowacki et al.
2011; Ford et al. 2015). Elastic constants for all tested cases are
reported in Table S6.

Following Creasy et al. (2019; 2021), Pisconti et al. (2019) and
Thomas et al. (2011), in our models we assumed an isotropic lower
mantle over an anisotropic D′′ region, separated by a horizontal flat
and sharp discontinuity. It can be argued that these assumptions are
too simplistic with respect to real Earth complexity. In principle,
seismic anisotropy could be anywhere in the lower mantle below the
turning depth of S. As the ScS and S waves travel different paths,
particularly for short epicentral distances, splitting acquired along
the paths of S and ScS could differ. The presence of significant
anisotropy in the lower mantle just above the D′′ region would
imply the modelling of a two-layers anisotropic model. Such a
scenario would change the reflection coefficients, as shown for the
wadsleyite-olivine phase transition in mantle transition zone studies
(Saki et al. 2018). Future investigations will need to explore more
complex and perhaps more realistic settings.

As of today, there is no clear evidence and consensus on signifi-
cant anisotropy in the bulk of the lower mantle above D′′ away from
the subduction zones (see Romanowicz & Wenk 2017, and refer-
ences therein for a review) and mechanisms of deformation acting
in the lower mantle may not lead to observable anisotropy (Karato
& Li 1992; Karato et al. 1995; Meade et al. 1995; Karato 1998a,
b; Kendall 2000). Other studies have also consistently argued that
on a global scale, seismic anisotropy is present in the D′′ layer, but
generally not in the bulk of the lower mantle, based on different
types of observations (e.g. using normal modes: Moulik & Ekström
2014; using body waves: Meade et al. 1995; Usui et al. 2008; see
Romanowicz & Wenk 2017, for a recent review).

The hypothesis of an isotropic lower mantle was also tested by
Pisconti et al. (2019), who performed SdS splitting measurements
at single stations and found that the SdS phase displays roughly the
same splitting parameters as the S wave that bottoms in the lower
mantle above D′′. S and SdS both display much smaller splitting
delay time than the ScS wave, which propagates within the D′′

region. This observation indeed suggests negligible anisotropy in
the lower mantle in the few hundreds of km just above the D′′ beneath
the nearby region of the Central Atlantic, and that the larger ScS
splitting is accumulated within the D′′ region rather than just above
it. Unfortunately, the SdS splitting analysis performed by Pisconti
et al. (2019) is not usually feasible using single stations due to noise
and the consequent difficulty in picking such a weak arrival; the SdS
phase is usually detected with array processing (e.g. Rost & Thomas
2002). Additionally, the subset of waveforms for the present study
relevant to the short distances, where the S- and ScS-wave paths in
the lower mantle differ, show only a weak stacked SdS signal (Fig. 4),
preventing us from performing SdS splitting analysis in this work.
Because of this limitation, we rely on previous constraints on lower

mantle anisotropy to assume that in our study region the anisotropy
is mostly confined in the D′′ reflecting layer, as also assumed by
many other studies (e.g. Wookey & Kendall 2008; Nowacki et al.
2010; Ford et al. 2015; Creasy et al. 2017; Pisconti et al. 2019; Wolf
et al. 2019).

While we use a horizontal flat and sharp discontinuity, topography
of the D′′ reflector is documented in the literature (e.g. Thomas
et al. 2004a, b) and should be considered when interpreting seismic
phases bouncing off these structures. We have not yet found that
topography of the D′′ discontinuity causes polarity reversals in D′′

reflected waves; however, if topography of the D′′ discontinuity were
rough enough to cause polarity changes, it would likely also change
the propagation direction (i.e. significantly changing the slowness
and backazimuth of the waves, and thus the traveltime). We do not
find such large variation in our measurements (Figs S1, S2 and S3)
with respect to a standard 1-D model (i.e. PWDK, Weber & Davis
1990), implying that topography, if present, would be smooth, at
least in the studied areas. As in Thomas et al. (2011) and Pisconti
et al. (2019), we assume a sharp D′′ discontinuity considering that
an effective interface thickness as sharp as 40 km could be inferred
from our observations and their frequency content (for a 6 s SdS
reflection and for a 3 s PdP reflection).

Using these assumptions, we calculated PdP and SdS reflection
coefficients and ScS splitting parameters for all distances between
50◦ and 80◦ and azimuths between 0◦ and 360◦. Incidence angles
on top of D′′ discontinuity and CMB were computed using the
Taup Toolkit (Crotwell et al. 1999). Reflection coefficients and
splitting parameters were computed following Guest et al. (1993)
and Walker & Wookey (2012), as described in Pisconti et al. (2019).
As performed in previous studies (e.g. Nowacki & Wookey 2016;
Pisconti et al. 2019), in our ScS splitting predictions we consider
the effect of the ScS incidence angle (i.e. epicentral distance) and
the different splitting operator for the incident and reflected ScS
legs, on either side of the core reflection point. The accuracy of this
modelling approach has been recently investigated using global full
wavefield simulations by Wolf et al. (2022b), who found that this
style of ray-theoretical predictions is in general more accurate than
those that assume a horizontal ScS propagation through D′′.

As in our previous work (i.e. Pisconti et al. 2019), we rotated all
our models in all possible directions and retained only those models
which predict at least 68 per cent of each type of observations (i.e.
PdP, SdS polarity and ScS splitting). Further details concerning
the fitting procedure and the potential constraints on the models
gained by the joint use of reflections and splitting are found in
Pisconti et al. (2019). In this work we extended this approach to test
regional/lateral variation in anisotropy, mineralogy, and deformation
across the studied area based on the geographical distribution and
pattern shown by our data, therefore more emphasis is given to this
aspect as it follows.

The overall geographical distribution of PdP, SdS and ScS reflec-
tion points (Fig. 6) covers a large area of the D′′ region beneath the
South Atlantic despite the gaps in data coverage. Considering the
location of the African LLSVP and its border beneath the South
Atlantic, we subdivided these measurements in three subregions:

(i) region 0 pertains to D′′ areas located far from the LLSVP,
that is beneath South America. It contains few measurements (SdS
polarity and ScS splitting) and zero PdP polarity observations (see
Figs 3–5).

(ii) region 1 contains measurements located in the vicinity of the
LLSVP border beneath the South Atlantic Ocean, and it represents
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Figure 6. Geographical distribution of the bounce points (yellow circles)
for PdP, SdS and ScS waves collected in this study. Three subregions can
be identified, based on their location with respect to the LLSVP (see text).
Background vote map as in Fig. 1. Grey circles indicate reflection points
beneath the nearby region of the Central Atlantic (i.e. Pisconti et al. 2019)
as described in the text.

a collection of both PdP, SdS polarities and ScS splitting. In this re-
gion, the PdP reflected waves exhibit changes in polarity, in analogy
to the contiguous Central Atlantic region previously investigated by
Pisconti et al. (2019) for which region 1 might be considered as a
continuum further to the south.

(iii) region 2 groups observations falling within the LLSVP, in-
dicating a smaller amount of anisotropy (smaller splitting delay
times) compared to region 1, no PdP polarity changes and a seem-
ingly transparent D′′ discontinuity to shear waves.

This geographical subdivision of the measurements is merely
based on the available coverage and gaps, which could bias the in-
terpretation when modelling these observations separately, in the
sense that the geographical distribution might not reflect the actual
Earth complexity. Therefore, in the modelling of the observations,
we also considered all possible combinations of the subregions: that
is region 0-1 (i.e. region 0 + region 1), region 1-2 (i.e. region 1 + re-
gion 2) and region 0-1-2, the latter includes all the measurements
together. In principle, if a model can reproduce all the measure-
ments as an ensemble (i.e. region 0-1-2), that model could be taken
as the most likely scenario since is the simplest explanation for the
data variability over a large area. This case would imply a homoge-
neous (although anisotropic) medium for the D′′ beneath the South
Atlantic, from South America to Africa and traversing the LLSVP
border. We tested this hypothesis as starting point in the modelling.

Starting from the simplest scenario of homogeneous anisotropy
across the entire area (i.e. region 0-1-2), we found that none of the
models (explanation of cases in Fig. 7a) can adequately explain all
of the data (see Fig. 7b), therefore a lateral variation in anisotropy
must be invoked to account for the data variability. The best-fitting

model, case A, can reproduce the measurements of sub-region 2
within the LLSVP, but it fails to predict the PdP negative polarity in
sub-region 1, as shown in the pole figures of anisotropy in Fig. 7(c).
The same result is also true for the other models, such as case B and
C, where the PdP polarity variation cannot be reproduced. As for
the Central Atlantic (Pisconti et al. 2019), the PdP-wave polarity
provides a strong constraint on the plausible style and mechanism
of anisotropy, which is otherwise not achievable with shear waves
splitting alone. The inability of all models to reproduce the obser-
vations covering such a large area traversing the LLSVP border
suggests that the hypothesis that anisotropy is homogeneous in D′′

does not hold. Therefore, in a next step, we opted for a division
of the measurements in two subregions, that are (i) region 0 with
region 1-2 and (ii) region 0-1 with region 2.

Region 0 is unconstrained by the available data because there are
too few data to narrow down the number of plausible models (on
the order of 105) for a feasible interpretation. Moreover, no PdP
reflection data were found beneath South America, which would
help restricting the possible cases, as mentioned above. On the other
hand, the results for region 1-2 across and within the LLSVP border
are essentially the same as region 0-1-2, because region 0 does not
help with constraining a given model. Shear planes and directions
for the region 1-2 are shown in the Fig. S7, for a comparison with
Fig. 7.

Region 0-1 provides the best example of constraining the
anisotropy using a combination of reflections and splitting mea-
surements. Indeed, there is only one case (i.e. case E), with few
rotation combinations, that fit the observations while predicting the
variation in PdP polarity (Fig. 8a). Pole figures for anisotropy for
region 0-1 are shown in the Fig. 8(b). In contrast, region 2 (Fig. 9a)
is not well constrained by the available observations as region 0-1.
This might be a result of the limited spread in both azimuth and
distance but also by the consistent positive PdP polarity and only
one SdS observation. Region 0-1 and region 2 represent then two
extreme cases for our methodology with advantages and disadvan-
tages due to a good and poor azimuthal coverage, respectively.

When considering the best-fitting model for region 2, case A, it is
worth mentioning that this scenario is very effective in reproducing
the lack of SdS observations, as illustrated in the pole figures of
anisotropy in Fig. 9(b). Along these directions, the model predicts
very low SdS reflection coefficient, thus explaining the apparent
absence of a D′′ reflection in the S waves, while still reflecting the
P waves without any polarity change across the azimuths. At very
large distances this reflector seems to appear in the S waves (1
datum, see pole figures in Fig. 9b and the relevant vespagram in
Fig. 4, top right-hand panel). Furthermore, the best-fitting model
also reproduces very small ScS splitting delay time and varying fast
polarization directions, as found in our data for region 2 (Fig. 9b)
within the LLSVP.

The observations for region 2 seem to be incompatible with the
presence of a mineralogical phase transition from bm to ppv within
the LLSVP but can be explained invoking a change in fabric from
isotropic to LPO texture in bm. The alignment of bm may result
from a topotactic transformation, where LPO in ppv is inherited
into the bm stability field (e.g. Walker et al. 2018). The best-fitting
model for region 2 is also able to predict smaller splitting delay times
within the LLSVP, compared with region 0-1 outside the LLSVP.

In a last step we tested each sub-region separately. As already
explained above, region 0 is unconstrained and region 2 can be
represented by a set of rotations of case A. This leaves region 1 to
be tested, separately. From Fig. S8, we note that region 1 is well
constrained. However, when adding the few measurements from
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Figure 7. (a) Settings of the different cases tested in this study with elastic constants and densities as shown in Table S6. Top left-hand panel: schematic
illustration of a reflection from the D′′ discontinuity. Cases A to D, LPO with only texture change and no phase transformation. Cases E and F, LPO with phase
transformation. Case G and H, SPO with tubule and oblate melt pockets. (b) Stereonets (upper hemisphere projection) showing shear planes (great circles) and
directions (black points), for the rotated cases, colour-coded with respect to the misfit (i.e. number of fitted observations, low misfit-high number), for region
0-1-2. (c) Pole figures of anisotropy in terms of reflection coefficient and splitting for the best-fitting model for region 0-1-2. The model corresponds to case
A, with deformation direction rotated by 65◦ from north and a tilted shear plane dipping 25◦. Solid points on the pole figures indicate the observed reflections
(i.e. polarities) and the black bars indicate the splitting observations (i.e. fast polarizations) with colour-coded delay time. Note the incapability of this model to
reproduce the negative PdP polarity observations (red points). Blue points represent positive PdP and SdS polarity observations, whilst white points represent
non-observations.

region 0 (i.e. region 0-1, Fig. 8), extending the region outside the
LLSVP towards South America, both data sets are well represented
by a common model which tends towards a unique solution, that
is case E (compare Figs 8 and S8). This model reproduces more
observations (lower misfit) over a larger area compared with two
different models for regions 0 and 1. It also compensates for the
lack of constraints on region 0. For the sake of simplicity, we favour
a common model as it reproduces more measurements and can
plausibly explain both data sets.

The results presented above highlight the capability of the
combined approach of using reflections together with splitting in
constraining and narrowing down possible models. It is noteworthy
that D′′ reflection and splitting observations are complementary in
tightly constraining a given scenario of anisotropy, deformation,
and mineralogy (Pisconti et al. 2019). This explains the well
constrained scenario for the region outside the LLSVP (Fig. 8),
despite the comparatively small number of observations. This
approach was in addition quantitively assessed in a synthetic test
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Figure 8. (a) Stereonets showing shear planes and directions for region 0-1. (b) Pole figures of anisotropy for the best-fitting model for region 0-1. The model
corresponds to case E with deformation direction rotated by 60◦ from north and a tilted shear plane dipping 10◦.

(Creasy et al. 2019), who found that by adding only one reflection
polarity datum to a small data set of 6–7 splitting measurements,
the probability of uniquely recovering a starting model increases
by about 15–20 per cent. In that study, they also analyzed the effect
of the azimuthal distribution of the ray paths on the probability to
constrain a given starting model, finding that this dependency has
only a weak effect. These findings suggest that the combination

of different types of measurements (i.e. different methods and
wave types) is more efficient in recovering anisotropy than a
multi-azimuthal sampling but with only one type of measurement
(i.e. splitting). These synthetic results are supported by real data
sampling the D′′ region beneath the Central Atlantic (Pisconti et al.
2019) and Siberia (Creasy et al. 2021).
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Figure 9. (a) Stereonets showing shear planes and directions for region 2. (b) Pole figures of anisotropy for the best-fitting model for region 2. The model
corresponds to case A with deformation direction rotated by 75◦ from north and a tilted shear plane dipping 30◦.

5 D I S C U S S I O N

Modelling of the observations of reflections and splitting in the
lowermost mantle beneath the South Atlantic, we identified two
plausible distinct scenarios relating to two ensembles of measure-
ments: case E (isotropic bm over aligned ppv) for region 0-1 and
case A (isotropic bm over aligned bm) for region 2.

Region 0-1 is large and includes measurements on seismic waves
reflecting outside the southwestern border of the African LLSVP.

These measurements are compatible with a phase transition from
randomly oriented bm to LPO in ppv accommodating deformation
along the [100](010) slip system (case E in Fig. 8a). From the family
of shear planes and directions, we computed an average deformation
direction of 63 ± 5◦ from north, which points towards the LLSVP
(Fig. 10) and is tilted by 9 ± 4◦ from the horizontal (i.e. CMB).
This model, although with a different deformation orientation, was
also found in the nearby region of the Central Atlantic, towards to
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S−wave low velocity vote map (N of models)
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region 0-1
region 2

N63/9° N70/28°

N36/12°

Figure 10. Deformation directions (purple arrows) in the lowermost mantle
beneath the South Atlantic, as inferred in this study. Region 0-1 (cyan circles)
displays a N63◦ oriented slip direction tilted by 9◦ upwards, whilst region 2
displays a N70◦ oriented slip direction tilted upwards by 28◦, both pointing
towards the LLSVP. The length of the arrows is approximately scaled with
respect to the size of the regions covered by the data sets. The Central
Atlantic study from Pisconti et al. (2019) (grey circles) is also indicated,
with deformation direction N36/12◦ (grey arrow). Background vote map as
in Fig. 1.

the north of the area studied here (see Fig. 10 and Pisconti et al.
2019). If a continuous D′′ region (and reflector) is assumed across
the Central and South Atlantic area, it might suggest the presence of
a homogeneous (although anisotropic) deep mantle off the western
border of the African LLSVP and dominated by the presence of
a bm to aligned ppv [100](010) phase transition with analogous
deformation style. However, the geographical gap in our data at
subequatorial latitudes needs to be covered in future work to assess
whether such a continuity is indeed present.

Ford et al. (2015) infer LPO in ppv [100](010) from splitting mea-
surements for a region located at the eastern edge of the African
LLSVP. We find that the same slip system for ppv explains the ob-
servations in the South Atlantic (i.e. region 0-1) and further North
in the Central Atlantic in a relatively fast region (i.e. Pisconti et al.
2019). Furthermore, slip on the (010) plane also agrees with theo-
retical calculations on plausible dominant deformation mechanisms
for ppv from Goryaeva et al. (2016, 2017) and used also by Tom-
masi et al. (2018) to predict seismic anisotropy at the base of the
mantle.

Palaeo-subduction reconstructions based on global tomography
(van der Meer et al. 2018) place an ancient slab beneath the South
America—South Atlantic area (across our region 0-1). The authors
suggest a possible common origin of such a slab (called Sao Fran-
cisco slab) with the Atlantis slab located beneath the Central At-
lantic and due to the subduction of the Triassic Panthalassa Ocean.
This interpretation agrees with the study of Cottaar & Romanowicz
(2013), who found ppv within fast seismic velocities in the region

outside the southern African LLSVP, off the coast of Antarctica.
For such palaeo-subduction regions, Nowacki et al. (2013) inferred
LPO of ppv, accommodating slip on (010), which agrees with our
results for region 0-1.

Region 2 includes observations that sample the lowest velocities
within the LLSVP, according to the vote map for low shear wave
velocity in tomography models (see Fig. 6). Here, the available ob-
servations suggest a texture transition from randomly oriented bm
to LPO in bm accommodating deformation along the [010](100)
slip system (case A of Figs 9a and 7a) which, according to Main-
price et al. (2008), would be the easiest glide system. However, the
quality of the fitting is weaker than in the other regions and other
scenarios might also be possible, such as cases B and C. These cases
also correspond to texture changes of ppv with two orthogonal slip
(shear) planes, i.e. (010) and (001), respectively. Shear plane ori-
entations of these cases differ by 90◦, but the shear (slip) direction
remains unaltered. Therefore, with the available results, these two
cases can be interchanged without changing mineralogy and defor-
mation direction, but only changing slip plane, as it was also found
by Pisconti et al. (2019) and Creasy et al. (2021).

In search for additional constraints, we compared these best-
fitting models with recent SK(K)S splitting measurements from
Reiss et al. (2019), which partially sample region 2 at the northern-
most border. Using these SK(K)S splitting results, we can rule out
case B, as the observed fast polarization directions do not match
this scenario, whilst cases A and C, for the relevant rotated cases,
still match the observations (Fig. S9). However, since the ray paths
for these SK(K)S observations only sample the northernmost bor-
ders of region 2 (inset of Fig. S9), we refrain from placing further
constraints based on these measurements. Despite the ambiguity of
the results on region 2 and if we rely on the model with the lowest
misfit, case A is our preferred model for this region (Fig. 9a). Using
case A, there are two different possible deformation directions with
the lowest misfit which average a direction of 70 ± 7◦ from the
North and tilted 28 ± 4◦ from the horizontal (Fig. 10).

By comparing the inferred deformation directions of region 0-1
(N63◦) and region 2 (N70◦) we note that the deformation slightly
changes within the LLSVP (Fig. 10) and, more significantly, in-
creases its vertical component from 9 ± 4◦ to 28 ± 4◦ relative to the
CMB (as schematically illustrated in the cartoon of Fig. 11). The
resulting deformation direction in the South Atlantic and the re-
sults of Pisconti et al. (2019) agrees with the deep mantle flow
pattern predicted by Simmons et al. (2009). Deep mantle flow
circulation which rotates and is deflected upwards at the LLSVP
border might be related to the LLSVP edge acting as a mechan-
ical boundary (Cottaar & Romanowicz 2013; Reiss et al. 2019).
Cottaar & Romanowicz (2013) also suggested a reduction in the
strength of anisotropy in the vicinity and within the LLSVP, which
agree with the findings of our study. Indeed, outside the LLSVP
(i.e. region 0-1), we found an average shear wave anisotropy of
1.6 ± 0.6 per cent due to LPO in ppv (case E), while inside (i.e.
region 2) it weakens to 0.98 ± 0.14 per cent due the LPO in bm
of case A.

Bm-enriched LLSVPs have been proposed in several studies in-
vestigating the compositional properties and the possible primitive
nature of these regions of the mantle, with iron-bearing bm being
most plausible (Deschamps et al. 2012; Vilella et al. 2021). If the
LLSVPs represent hotter regions of the mantle (McNamara 2019),
bm is expected to dominate the mineralogical composition rather
than ppv, due to the positive Clapeyron slope of the bm-ppv system
(Oganov & Ono 2004; Tsuchiya et al. 2004; Hernlund et al. 2005;
Catalli et al. 2009), although the stability fields depend on pressure
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Figure 11. Cross section (roughly W–E) cartoon depicting the most likely
scenario of the D′′ region beneath the South Atlantic, according to the
collected data sets. A thicker D′′ layer within the LLSVP is represented as
a slightly elevated D′′ discontinuity (dashed line), according to our data.
Purple arrows indicate deformation direction pointing towards the LLSVP
and increasing its vertical component in the vicinity of the LLSVP. LPO of
post-perovskite (ppv) and bridgmanite (bm) are expected outside and inside
the LLSVP, respectively, whilst an overall randomly oriented bm is present in
the lower mantle. The uncertain location of the ppv to bm lateral boundary is
illustrated as interlayering between the two domains. Less well-constrained
areas within the LLSVP and in the vicinity of the CMB are indicated with
shaded colours and question marks.

and on the amount of iron and alumina (e.g. Sun et al. 2018; Vilella
et al. 2021).

An underlying assumption in our models is the vertical uniformity
of fabric and mineralogy from the D′′ discontinuity to the CMB. It is
likely that the LPO changes laterally and in depth in the lowermost
mantle due to varying strain field (e.g. McNamara et al. 2002). An-
other hypothesis is the possibility of a back-transformation of ppv to
bm in the vicinity of the CMB (e.g. Hernlund et al. 2005). In prin-
ciple, these vertical variations would generate additional seismic
signals, as previously proposed for other regions (e.g. Hernlund
et al. 2005; see Jackson & Thomas 2021, for a review). Texture
changes might also contribute to a reflected signal in a similar man-
ner as PdP waves reflect from within the LLSVP in this study. In our
analysis, however, we do not find evidence for (or our resolution is
not good enough to resolve) a secondary arrival with intermediate
slowness and traveltime between PdP/SdS and PcP/ScS. Thus, we
do not invoke the presence of an additional structure representing a
vertical variation in mineralogy and/or fabric.

In our models, the depth of the bm-ppv phase transition and the
onset of the LPO of ppv coincide; however, in the real Earth this
may not necessarily be true. If we assume the existence of sharp
reflectors, there could be (in principle) two distinct reflected seismic
signals occurring in a depth range (i.e. one for the bm-ppv transition
and one for the fabric change, similar to the case above). Again, we
do not find such additional signals in the stacked vespagrams, which
suggests that there is little or no gap in depth between the phase
transition and the LPO onset, within the resolution of our analysis
(40 km vertically for 6 s SdS and for 3 s PdP). While this simplistic
scenario explains the observations, complexities in the D′′ region at
depth approaching the CMB may still be present (e.g. Jackson &
Thomas 2021) and cannot be ruled out in the investigated areas. The
non-observation of additional reflections from deeper structures still
represents valuable information, however.

Taken together with results from Pisconti et al. (2019), our find-
ings indicate the presence of a ppv rich lowermost mantle outside

the LLSVP and a bm rich lowermost mantle within the LLSVP. It ap-
pears that bm replaces ppv as the major constituent of the lowermost
mantle inside the LLSVP, where a different deformation direction is
likely to act. Our results agree well with a recent study by Chandler
et al. (2021), who use geodynamic modelling and atomistic models
to predict seismic anisotropy.

The presence of a lateral transition from a ppv domain outside the
LLSVP to a bm domain within the LLSVP (Fig. 11) might be due
to a temperature increase close to the LLSVP (McNamara 2019).
The geographical location of the two subsets of measurements (i.e.
region 0-1 and region 2) suggests that the lateral transition from
ppv to bm may occur somewhere close to the southwestern border
of the LLSVP, across a few hundred km (<800 km) wide zone.
Up to now, the geographical location of the LLSVP edges is not
well constrained, particularly for the African LLSVP and it is not
clear yet whether these sharp edges are thermal or thermochemical
boundaries, (see Hernlund & McNamara 2015; Garnero et al. 2016;
McNamara 2019, for recent reviews). Locating these borders is
crucial for our understanding of the dynamics and evolution of
the LLSVPs (see Ni & Helmberger 2003b; Torsvik et al. 2008;
Hernlund & McNamara 2015; Niu 2018; McNamara 2019). In this
context, our measurements add further information on the location
of such a border.

6 C O N C LU S I O N S

In this study, we focused on the application and expansion of a novel
combined methodology, which uses reflected wave polarity and
shear wave splitting, to gain information on anisotropy, mineralogy,
and deformation direction in the lowermost mantle. We explore
a large and complex area, located beneath the South Atlantic in
proximity and within the southwestern part of the African LLSVP.

With the help of array seismology, we detected a D′′ reflector
over a large area beneath the South Atlantic (using PdP and SdS
phases), extending the available knowledge on the geographical
distribution of such a discontinuity at global level (see the reviews
from Cobden et al. 2015; Jackson & Thomas 2021). In the regions
outside the LLSVP, a D′′ reflector at depth of about 2730 km causes
PdP polarity variations for reflections along different directions,
while the SdS reflections do not show any polarity variations. The
observation of varying ScS shear wave splitting parameters suggests
that azimuthal anisotropy is present in these portions of the mantle.
This supports the use of the anisotropic reflections to model the
polarity changes in the PdP waves. In contrast, the region inside
the LLSVP, beneath the southern African border, exhibits a simple
pattern of PdP reflections, a quasi-absence of reflected shear waves
(only one weak SdS signal) and smaller amount of ScS splitting,
suggesting a decrease in the strength of the anisotropy within the
LLSVP. The reflections constrain a D′′ discontinuity at a depth of
about 2660 km.

These observations are modelled considering alignment of dif-
ferent materials expected in the D′′ region, using mineral physics
inputs. The diversity shown by the collected data and their ge-
ographical pattern require a regionalization in terms of mineral-
ogy and deformation directions with two distinct domains: LPO
of post-perovskite outside the LLSVP is laterally replaced by LPO
of bridgmanite across the border and inside the LLSVP. The data
could not locate the extension and the location of the lateral transi-
tion precisely, although with the available coverage it may occur in
the vicinity of the postulated LLSVP edge, approximately beneath
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the mid-South Atlantic ridge. The two mineralogical and fabric do-
mains share a common horizontal deformation direction (63◦ and
70◦ from north), pointing towards the LLSVP, but when approach-
ing the LLSVP the deformation increases its vertical direction from
9◦ to 28◦ from the horizontal.

This work further validates the potential of the combined use of
reflections and shear wave splitting to place tighter constraints on
the plausible anisotropy, mineralogy and deformation scenarios in
the D′′ region. This approach can be improved in future work. Since
finite-frequency effects and lateral heterogeneities can affect the
interpretation of measured splitting parameters at long distances
(e.g. Komatitsch et al. 2010; Borgeaud et al. 2016; Nowacki &
Wookey 2016; Parisi et al. 2018; Wolf et al. 2022a, b), a necessary
step is to perform waveform modeling of both D′′ reflection and
splitting, simultaneously, to further test our methodology and move
towards a more precise assessment of this approach. Waveform
modelling in anisotropic media with heterogeneities (e.g. Suzuki
et al. 2021; Wolf et al. 2022a, b) may bring new insights into the
effect of the anisotropy, also on the polarity and amplitudes of the
D′′ reflected waves, an approach that has not been investigated yet.
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Figure S1. Vespagram (left) and slowness-backazimuth plot (right)
for the event 2015Aug26 1351 that occurred along the South Sand-
wich Islands subduction zone and recorded at an array (network
code: YQ) in Malawi and Tanzania. The black box in the vespa-
gram, centred around the PdP arrival, indicates the time window
used to produce the slowness-backazimuth plot. The PdP wave ar-
rives with an observed backazimuth about 3◦ larger (at the normal-
ized maximum amplitude) than the theoretical backazimuth to the
event (vertical dashed line). The stacked amplitude is normalized
with respect to the P wave.
Figure S2. Vespagram for event 2012Jun02 0752 that occurred
in South America and recorded at an array (network code: 6A)
in Namibia. Shown is the variation of the PdP observed slowness
(blue mark) by about 0.5 sec/deg with respect to the prediction
(black mark) for the PWDK model (Weber & Davies 1990).
Figure S3. Vespagram (left) and slowness-backazimuth plot (right)
for the event 2011Nov22 1848 that occurred beneath South America
and recorded at an array (network code: 6A) in Namibia. The black
box in the vespagram, centred around the SdS arrival, indicates the
time window used to produce the slowness-backazimuth plot. The
SdS phase arrives with an observed backazimuth (at the normalized
maximum amplitude) corresponding to theoretical backazimuth to
the event (vertical dashed line). The stacked amplitude is normalized
with respect to the S wave.
Figure S4. Receiver and source side splitting parameters used to
correct the ScS waves for upper mantle anisotropy. Receiver side
fast polarizations, taken from the IRIS database (https://ds.iris.edu/
spud/swsmeasurement), are indicated by the black bars centred at
the seismic stations. The reference station TSUM for the splitting
parameters beneath stations in Namibia (blue box) is represented
in blue colour (upper right panel). Source side fast polarizations
measured in this study, along the subduction zones, are indicated by
the black bars which are centred at the sources and colour coded with
respect to the events depth. Bar length is proportional to splitting
delay time. The global map at the centre of the figure indicates the
source (black stars) to receiver (black triangles) configuration and
ray paths (grey lines).
Figure S5. (a) Source side shear wave splitting estimated on the
direct S wave, while correcting for the receiver side. Top left panel
shows three-component recordings. Top right panel shows uncor-
rected and corrected waveforms for splitting. Bottom right panel
shows the error surface plot with estimated fast polarization and
delay time which best linearize the elliptical particle motion shown
on the bottom left. (b) D′′ shear wave splitting estimated on the
ScS wave, while correcting for both source and receiver. Note the
elliptical particle motion of the S wave in (a) and the ScS wave in
(b) before the analysis, and the linearized particle motion after the
analysis. This event (2011Mar06 143 236) that occurred along the
South Sandwich Islands subduction zone was recorded at station
YNDE of the African Array (network code: AF).
Figure S6. Caption as in Fig. S5. This event (2014Feb01 03 5843)
that occurred along the South Sandwich Islands subduction zone
was recorded at station Z05CS of an array (network code: XK).
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Figure S7. Stereonets (upper hemisphere projection) showing shear
planes (great circles) and directions (black points) for region 1-2.
Shear planes are colour coded with respect to the misfit (i.e. number
of fitted observations, low misfit-high number). See also text and
Fig. 7 of main manuscript.
Figure S8. Caption as in Fig. S7, but for region 1.
Figure S9. Pole figures of S-wave anisotropy and fast polarization
directions (black bars) for Cases A, B and C for the relevant rotations
for region 2. Magenta bars represent fast polarizations orientation
of SK(K)S splitting from Reiss et al. (2019). Black bars represent
fast polarizations predicted by each model. The inset in the upper
left indicates pierce points of the SK(K)S phases (magenta circles)
compared with the data set collected in this study for region 2
(yellow circles) within the LLSVP.
Table S1. List of the networks used in this study.
Table S2. List of the events used in this study. Events info were taken
from the National Earthquake Information Center (NEIC) catalog
available at: https://earthquake.usgs.gov/earthquakes/search/.
Table S3. List of the events showing a PdP arrival. Shown are also
the observed backazimuth, slowness and polarity, and the reflection

point depth after back-projection (see main text, section 3.1 and
Pisconti et al. 2019).
Table S4. List of the events showing an SdS arrival. Shown are also
the backazimuth, slowness and polarity, and the reflection point
depth according to the PWDK model of Weber & Davis (1990).
Table S5. Event-station information and S-ScS splitting measure-
ments used in this study. Source corrections are estimated using the
S waves, while receiver corrections are taken from the IRIS split-
ting database (IRIS DMC, 2012, Data Services Products: SWS-DBs
Shear wave splitting databases, https://doi.org/10.17611/DP/SWS.
1). In case of multiple available measurements for the receiver split-
ting, their average was used. S fast polarizations (φ′′) and ScS fast
polarizations (φ′) are back-projected in the ray reference frame, at
the source and D′′, respectively, according to Nowacki et al. (2010).
Table S6. Elastic constants in GPa and density in kg m–3 used in
the modelling.

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
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