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OUTLINE

➤ Clustering analysis of seismic tomographic 
models in the lower mantle 

➤ Agreement with regional higher-
frequency waveform studies in the 
varied morphology of Large Low Shear 
Velocity Provinces (LLSVPs) 

➤ Suggestions of mesoscale slow-velocity 
features 

➤ Observations of anisotropy at LLSVP boundaries 



CLUSTERING ANALYSIS OF PROFILES, ‘2D’

➤ Clustering analysis in 
the upper mantle 
shows it distinguishes 
‘tectonic’ regions. 

Lekic & Romanowicz 2011
Kustowski et al., 2008; Ritsema et al., 2011;  

Mégnin and Romanowicz, 2000; Houser et al., 
2008; Simmons et al., 2010

➤ Extend this method to map 
regions in the lower mantle 

➤ Here information from five 
models is collated in a vote 
map.

Lekic et al.  2012



CLUSTERING ANALYSIS OF PROFILES, ‘2D’

Kustowski et al., 2008; Ritsema et al., 2011;  
Mégnin and Romanowicz, 2000; Houser et al., 

2008; Simmons et al., 2010

➤ k- means clustering- set to two clusters 

➤ ‘distance’ is L2-norm between lower mantle shear wave velocity 
profiles

Lekic et al.  2012

mean velocity profiles for the two clusters



CLUSTERING ANALYSIS FOR 3 CLUSTERS

➤ Lowermost mantle represents a dichotomy with strong gradients in between.  

➤ The mid-lower mantle shows strong gradients around both fast and slow 
anomalies, suggesting a trichotomy. 

Median Vs (%) Range of Vs (%)

2700 km 

1700 km 



CLUSTERING ANALYSIS USING SLIDING WINDOWS, ‘3D’

➤We clustered all Vs perturbation 
profiles using 300 km depth range 
every 50 km depth 

➤Using 3 clusters. 
➤Including the latest Vs tomographic 

models: 

HSML-S (Houser et al. 2008)  
GyPSuM (Simmons et al. 2010)  
TX2011 (Grand 2002) 
S40RTS (Ritsema et al. 2011) 
Savani (Auer et al. 2014) 
SEMUCBWM1 (French & Romanowicz 2014) 
SPani (Tesoniero et al. 2015) 
ME2016-S (Moulik & Ekstrom 2016) 
SP12RTS (Koelemeijer et al. 2016)

1750-2050 km

2550-2850 km

Cottaar & Lekic 2016



COLOR SCALE - 3 CLUSTERS - 5 TOMOGRAPHIC MODELS

Cottaar & Lekic 2016



QUALITATIVE INTERPRETATION OF THE CLUSTERS

Labrosse et al. 2015 Li and McNamara 2013 Davies et al. 2012

➤ The fast velocities in the lowermost mantle are readily interpreted 
as slabs,  and thus associated with compositional variations. 

➤ The slower velocities are more difficult to interpret: 
➤ purely thermal variations 
➤ the introduction/creation, survival, and 

destruction of chemical heterogeneity



VOTE MAPS ACROSS  

DIFFERENT DEPTHS

1126 S. Cottaar and V. Lekic

Figure 2. Vote maps obtained by k-means cluster analysis of tomographic models, S40RTS, SAVANI, SEMUCB-WM1, SPani and ME2016-S, centred around
Pacific Ocean on the left and Africa on the right. The maps in each row correspond to z0 depths of 1100, 1500, 1900, 2300 and 2700 km. The colour scale is
shown in Fig. 1.

3.1 Morphology of LLSVPs or slow cluster

Cross-sections through the vote maps show wide variety in LLSVP
morphology and suggest the presence of a number of subpiles within
the larger piles. We stress that the uniformity of vote maps should
only be interpreted as consistency in classification across models
and by no means represents uniformity of structure within each
cluster domain (see also Supporting Information).

The Pacific LLSVP (Fig. 4) can be roughly divided into three
anomalies. The ‘West Pacific anomaly’ lies beneath the Caroline
hotspot to the northeast of Australia. At its centre, it extends
1000 km above the CMB, and is flanked to the west by a flat,
∼300 km high anomaly (Fig. 4cC). To the east, a corridor of a
relatively low vertical extent (∼400 km) connects this anomaly
to a second anomaly beneath the central Pacific, the ‘Superswell
anomaly’ (Figs 4cC and dD). The Superswell anomaly is more cone-
shaped with relatively shallowly sloped sides; its base is thousands

of kilometres across and rapidly narrows with height above CMB.
This anomaly extends throughout the depth of the lower mantle,
and reaches the mantle transition zone beneath the South Pacific
Superswell where the Samoan, Marquesas, Tahiti, Pitcairn, Mac-
donald and Easter hotspots lie. Further to the east, and connected
by a vertically thin zone, we find a third anomaly, the ‘East Pacific
anomaly’ (Fig. 4cC). The East Pacific anomaly appears ridge-like,
and features particularly steep sides. It extends less than 1000 km
high above the CMB, and lies just to the west of the Galagapos and
Juan Fernandez hotspots.

The African LLSVP appears as a larger and more continu-
ous feature (Fig. 5). The main anomaly lies beneath southern
Africa, but tilts towards the northeast and seems to continue to-
wards the mantle transition zone beneath eastern Africa and Afar,
and is therefore named the ‘East African anomaly’. The tilting
of the anomaly creates an overhang on the northeastern flank
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VOTE MAPS  

VS vs. VP

1126 S. Cottaar and V. Lekic

Figure 2. Vote maps obtained by k-means cluster analysis of tomographic models, S40RTS, SAVANI, SEMUCB-WM1, SPani and ME2016-S, centred around
Pacific Ocean on the left and Africa on the right. The maps in each row correspond to z0 depths of 1100, 1500, 1900, 2300 and 2700 km. The colour scale is
shown in Fig. 1.

3.1 Morphology of LLSVPs or slow cluster

Cross-sections through the vote maps show wide variety in LLSVP
morphology and suggest the presence of a number of subpiles within
the larger piles. We stress that the uniformity of vote maps should
only be interpreted as consistency in classification across models
and by no means represents uniformity of structure within each
cluster domain (see also Supporting Information).

The Pacific LLSVP (Fig. 4) can be roughly divided into three
anomalies. The ‘West Pacific anomaly’ lies beneath the Caroline
hotspot to the northeast of Australia. At its centre, it extends
1000 km above the CMB, and is flanked to the west by a flat,
∼300 km high anomaly (Fig. 4cC). To the east, a corridor of a
relatively low vertical extent (∼400 km) connects this anomaly
to a second anomaly beneath the central Pacific, the ‘Superswell
anomaly’ (Figs 4cC and dD). The Superswell anomaly is more cone-
shaped with relatively shallowly sloped sides; its base is thousands

of kilometres across and rapidly narrows with height above CMB.
This anomaly extends throughout the depth of the lower mantle,
and reaches the mantle transition zone beneath the South Pacific
Superswell where the Samoan, Marquesas, Tahiti, Pitcairn, Mac-
donald and Easter hotspots lie. Further to the east, and connected
by a vertically thin zone, we find a third anomaly, the ‘East Pacific
anomaly’ (Fig. 4cC). The East Pacific anomaly appears ridge-like,
and features particularly steep sides. It extends less than 1000 km
high above the CMB, and lies just to the west of the Galagapos and
Juan Fernandez hotspots.

The African LLSVP appears as a larger and more continu-
ous feature (Fig. 5). The main anomaly lies beneath southern
Africa, but tilts towards the northeast and seems to continue to-
wards the mantle transition zone beneath eastern Africa and Afar,
and is therefore named the ‘East African anomaly’. The tilting
of the anomaly creates an overhang on the northeastern flank
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Morphology of seismically slow lower-mantle structures 1131

Figure 7. Vote maps obtained by k-means cluster analysis of P-wave tomographic models, HMSL-P, GyPSuM, LLNL_G3Dv3-P, SPani and ME2016-P, centred
around Pacific Ocean on the left and Africa on the right. The maps in each row correspond to z0 depths of 1100, 1500, 1900, 2300 and 2700 km. The colour
scale is shown in Fig. 1.

anomaly is 350 km wide, 250 km high and −6 per cent slow. If
this is corrrect, then only the stem appears slow enough in a few
tomographic models to be classified with the slow cluster in our
analysis.

Beneath Kamchatka, He et al. (2014) model S(diff) phases to infer
the presence of an 850 km high anomaly, with a weak −1.2 per cent
velocity reduction at the top, increasing in strength to −3 per cent
velocity reduction at the bottom. Our cluster analysis vote map for
VS (Figs 6eE and fF) finds only little evidence for a much smaller
anomaly in this region. This discrepancy could result from the fact
that the amplitudes of the putative Kamchatka anomaly are gen-
erally weaker than what is found in waveform studies at LLSVP
boundaries and weaker than the −6 per cent velocity anomalies

found for the Perm anomaly (Lekic et al. 2012) and the Iceland
anomaly (He et al. 2015). Surprisingly, this anomaly does appear
strongly in the vote map for VP (see Figs S3eE and fF, Support-
ing Information). This potential lack of VS reduction and observed
discrepancy between the vote maps for VS and VP raises the ques-
tion whether the anomaly beneath Kamchatka has a different com-
position and origin than the other meso-scale anomalies and the
LLSVPs.

Due to their smaller size, meso-scale structures represent more
challenging targets to global tomographic imaging; therefore, fur-
ther regional waveform analysis is needed to confirm or rule out
the presence and better characterize the dimensions of meso-scale
features detected in this study.
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S velocity vote maps P velocity vote maps

HSML-P (Houser et al. 2008) 

GyPSuM (Simmons et al. 2010) 

LLNL_G3Dv3-P (Simmons et al. 2012) 

SPani (Tesoniero et al. 2015) 

ME2016-P (Moulik & Ekstro ̈m 2016) 



CROSS-SECTIONAL VIEW OF VOTES

Morphology of seismically slow lower-mantle structures 1129

Figure 5. Cross-sections through the African LLSVP showing the vote results for VS models. Map view shows clustering results at a depth of 2700 km.
Cross-section (aA) runs south-to-north across the ‘toe’ of the African LLSVP. The solid line represents the northern boundary of the LLSVP as modeled by
Sun et al. (2009), while the two dashed lines bound the approximate region of the studies of Ni et al. (2005), To et al. (2005), Sun et al. (2009) and Cottaar &
Romanowicz (2013). Cross-section (bB) runs south-to-north across the West African anomaly to the Iceland anomaly. Cross-section (cC) crosses the length
of the anomaly from the West African anomaly across South Africa and beneath the Indian Ocean. Cross-section (dD), running from the southwest to the
northeast across eastern Africa, shows the anomalous nature of the East African anomaly: it tilts towards the northeast, creating an overhang. The colour scale
is shown in Fig. 1.

report a height for the slow anomaly of 400 km, which agrees well
with the results of our study, while He et al. (2006) reported a lower
height of 220 km. While comparing vertical extents, we should note
that the radial sliding window used in the cluster analysis causes
potential smearing and vertical uncertainty up to 150 km. Therefore,
our results should not be interpreted to favour either study over the
other.

Using the waveforms and traveltimes of a suite of shear wave
phases sampling the lowermost mantle, He & Wen (2009) infer that
the West Pacific anomaly reaches 740 km above the CMB and has
steep sides. In He & Wen (2012), they confirm the presence of a
separate anomaly to the east, 450 km high and bounded by shallowly
sloped sides. These two anomalies are the two westernmost anoma-
lies seen in the vote map in Fig. 4cC. Our results are consistent with
the inference of steeper sides of the West Pacific anomaly. Zhao
et al. (2015) analyse the same anomaly beneath the northern Pacific
using observations of waveform broadening and suggest it extends
to 600–900 km above the CMB and also argue that it has shallowly
sloped sides. The specific geometries used by He & Wen (2012) and
Zhao et al. (2015) constrain the shallow slopes only on the northern
and eastern edge of this anomaly. Our vote map suggests that this
anomaly, which we dubbed the Superswell anomaly, does indeed
have shallowly sloped sides, but also continues further to the south
where it extends throughout the lower mantle (Fig. 4dD). Therefore,
the vertical extents inferred by He & Wen (2012) and Zhao et al.
(2015) would represent apparent heights along the corridor where
their data are sensitive to the anomaly, and would not be represen-

tative of the maximum height of the anomaly. The height of the
Superswell anomaly up to the mantle transition zone beneath the
southern Pacific Ocean is independently confirmed by the P-wave
tomography models of Tanaka et al. (2009) and Suetsugu et al.
(2009).

Multiple investigators have used Sdiff to probe the south-
ern boundary of the African LLSVP beneath the Indian Ocean
(Fig. 5aA); they have found both a sharp change in isotropic ve-
locities (Ni et al. 2005; To et al. 2005; Sun et al. 2009) as well as
anisotropy (Cottaar & Romanowicz 2013). Our vote map (Fig. 5)
shows some disagreement among models on the precise location
of this edge, while better agreement suggesting a steep boundary
can be seen at the northern edge. The northern boundary appears
slightly further south in the vote map than the location proposed by
Sun et al. (2009).

Sun & Miller (2013) map the LLSVP to the northwest of Africa
(Figs 5bB and cC) and find a slow anomaly that extends up to
600 km above the CMB. We find this West African anomaly thins,
but extends across the entire lower mantle. The geometry of their
data suggests it is sensitive to the region just to the east of the
extensive feature seen here, and thus do not capture the maximum
height of the anomaly.

One of the most striking comparisons is with the study of Ni et al.
(2002), which constrains the shape of the African LLSVP along a
cross-section from its southwestern to its northeastern edge. Wave-
form analysis along this corridor suggests a large, slow VS feature
sloping upwards and reaching 1900 km above the CMB (to a depth
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➤ Vote map shows variation in slope boundary



8 S Cottaar and V Lekic

Supplementary Figure 5. Cross sections through the African LLSVP showing the mean velocity in VS

models and the contours for m=4 (slow=red, neutral=yellow, and fast=blue). Regions lacking strong agree-

ment (m<4) for all three clusters are masked in grey.. Map view shows clustering results at a depth of 2700

km. Cross section (aA) runs south-to-north across the ’toe’ of the African LLSVP. The solid line represents

the nothern boundary of the LLSVP as modeled by Sun et al. (2009) while the two dashed lines bound

the approximate region of the studies of Ni et al. (2005); To et al. (2005); Sun et al. (2009); Cottaar &

Romanowicz (2013). Cross section (bB) runs south-to-north across the West African anomaly to the Ice-

land anomaly. Cross section (cC) crosses the length of the anomaly from the West African anomaly across

South Africa and beneath the Indian Ocean. Cross section (dD), running from the southwest to the north-

east across eastern Africa, shows the anomalous nature of the East African anomaly: it tilts towards the

northeast, creating an overhang. The color scale is shown in Figure 1.

➤ Clusters are not uniform in their velocity

CROSS-SECTIONAL VIEW OF VOTES

8 S Cottaar and V Lekic

Supplementary Figure 5. Cross sections through the African LLSVP showing the mean velocity in VS

models and the contours for m=4 (slow=red, neutral=yellow, and fast=blue). Regions lacking strong agree-

ment (m<4) for all three clusters are masked in grey.. Map view shows clustering results at a depth of 2700

km. Cross section (aA) runs south-to-north across the ’toe’ of the African LLSVP. The solid line represents

the nothern boundary of the LLSVP as modeled by Sun et al. (2009) while the two dashed lines bound

the approximate region of the studies of Ni et al. (2005); To et al. (2005); Sun et al. (2009); Cottaar &

Romanowicz (2013). Cross section (bB) runs south-to-north across the West African anomaly to the Ice-

land anomaly. Cross section (cC) crosses the length of the anomaly from the West African anomaly across

South Africa and beneath the Indian Ocean. Cross section (dD), running from the southwest to the north-

east across eastern Africa, shows the anomalous nature of the East African anomaly: it tilts towards the

northeast, creating an overhang. The color scale is shown in Figure 1.



TILT OF THE EAST AFRICAN ANOMALY

Ni et al. 2002  Ritsema et al. 1998 Wang & Wen 2007



PILES IN THE PACIFIC

He & Wen 2012

➤ Pacific anomaly consists of multiple smaller anomalies.



PILES IN THE PACIFIC

He & Wen 2012

~1400 km 

~900 km 

➤ Pacific anomaly consists of multiple smaller anomalies.



PILES IN THE PACIFIC - VARYING SLOPES

Frost & Rost 2014
➤ P wave travel times confirmation of the different suggested slopes.



3D COMPILATION SHOWING SUGGESTED LLSVP MORPHOLOGY

Cottaar & Lekic 2016

3/5 votes 
5/5 votes

➤ Total volume of 
LLSVPs of 8-9 %. 
across models, and 
~4% for consensus 
region. 

➤ Previous estimates are 
only 1-2% (Wang & 
Wen 2004, Burke et al. 
2008) 

➤ The African LLSVP is 
roughly 30% larger 
than the Pacific LLSVP


