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It has been proposed that volcanic hotspots and the reconstructed eruption sites of large igneous 
provinces (LIPs) are preferentially located above the margins of two deep mantle large low shear-wave 
velocity provinces (LLSVPs), beneath the African continent and the Pacific Ocean. This spatial correlation 
has been interpreted to imply that LLSVPs represent long-lived, dense, stable thermo-chemical piles, 
which preferentially trigger mantle plumes at their edges and exert a strong influence on lower-mantle 
dynamics. Here, we re-analyse this spatial correlation, demonstrating that it is not global: it is strong 
for the African LLSVP, but weak for the Pacific. Moreover, Monte Carlo based statistical analyses indicate 
that the observed distribution of African and Pacific hotspots/reconstructed LIPs is consistent with the 
hypothesis that they are drawn from a sample that is uniformly distributed across the entire areal extent 
of each LLSVP: the stronger spatial correlation with the margin of the African LLSVP is expected as a 
simple consequence of its elongated geometry, where more than 75% of the LLSVP interior lies within 
10◦ of its margin. Our results imply that the geographical distribution of hotspots and reconstructed LIPs 
does not indicate the extent to which chemical heterogeneity influences lower-mantle dynamics.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction and motivation

Geochemistry provides clear evidence for a mantle that is het-
erogeneous in major- and trace-element composition, with mantle-
sourced magmas regularly including recycled plate tectonic mate-
rial and, occasionally, primitive material dating back to the early 
Earth (e.g. Hofmann and White, 1982; Zindler and Hart, 1986;
Hofmann, 1997, 2003; Tackley, 2007; Davies, 2011; Jackson and 
Carlson, 2011; Campbell and O’Neill, 2012). However, the distri-
bution, scale and dynamical significance of this heterogeneity re-
main unclear. Recent debate has focussed upon whether or not 
the primary seismic features of Earth’s lowermost mantle, large 
low shear-wave velocity provinces (LLSVPs) beneath the African 
continent and the south-central Pacific Ocean, represent long-
lived, dense, discontinuous thermo-chemical piles (e.g. Masters 
et al., 2000; Forte and Mitrovica, 2001; Tackley, 1998, 2002; Ni 
et al., 2002; Trampert et al., 2004; McNamara and Zhong, 2005;
Garnero and McNamara, 2008; Simmons et al., 2009; Schuberth et 
al., 2009, 2012; Davies et al., 2012, 2015). If this is the case, their 
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scale and volume would imply that chemical heterogeneity plays a 
key role in governing lower-mantle dynamics (e.g. McNamara and 
Zhong, 2005; Deschamps and Tackley, 2008, 2009).

LLSVPs are proposed to be thermo-chemical in nature based 
upon their: (i) strong shear-wave velocity anomalies; (ii) disparate 
signatures in shear and compressional-wave velocities; (iii) anti-
correlated shear and bulk-sound velocities; (iv) sharp sides, ex-
pressed in strong shear-wave velocity gradients; and (v) anti-
correlated shear-wave velocity and density anomalies (e.g., Ishii 
and Tromp, 1999; Masters et al., 2000; Karato et al., 2001; Ni 
et al., 2002; Trampert et al., 2004; Hernlund and Houser, 2008;
Garnero and McNamara, 2008). However, several recent stud-
ies demonstrate that the majority of these attributes can be 
equally well explained by thermal and phase related heterogene-
ity alone (e.g. Schuberth et al., 2009, 2012; Davies et al., 2012, 
2015), which is consistent with earlier studies showing that the 
lower mantle’s long-wavelength structure can be reproduced by 
thermal subduction history (e.g. Richards and Engebretson, 1992;
Ricard et al., 1993). Only an anti-correlation between shear-wave 
velocity and density anomalies would provide unambiguous ev-
idence for dense chemical heterogeneity. Although some studies 
have found such an anti-correlation (e.g. Ishii and Tromp, 1999;
Trampert et al., 2004), our ability to resolve lower-mantle den-
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Fig. 1. (a) Surface hotspot locations (Green circles: Steinberger, 2000) and the reconstructed eruption sites of large igneous provinces (Yellow stars: Torsvik et al., 2006, 2008b), 
plotted above the shear-wave tomography model SMEAN (Becker and Boschi, 2002), at 2800 km depth. The −1.0% dln V S contour, which approximately outlines large low 
shear-wave velocity provinces (LLSVPs) beneath Africa and the Pacific, is shown in grey; (b) Magnitude of horizontal shear-wave velocity anomaly gradients from the SMEAN 
model, at 2800 km depth. The −1.0% dln V S contour is shown once again (grey), alongside the −0.7% (blue) and −0.4% (green) dln V S contours. All contours consistently 
pass through the regions of highest dln V S gradients at the margins of the African and Pacific LLSVPs. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
sity heterogeneity is debated (e.g. Resovsky and Ritzwoller, 1999;
Romanowicz, 2001; Masters and Gubbins, 2003). Furthermore, the 
seismic evidence seems to require that the volume fraction of 
dense chemical heterogeneity is less than 1–3% of the mantle’s 
volume (Hernlund and Houser, 2008; Davies et al., 2015). Whilst 
this may be significant in generating geochemical heterogene-
ity with a range of residence times (e.g. Tackley and Xie, 2002;
Huang and Davies, 2007b, 2007a; Brandenburg et al., 2008), it 
would have a limited influence on the geometry and vigour of 
lower-mantle dynamics.

An additional and key observation that is often invoked as evi-
dence for the thermo-chemical nature of LLSVPs and, hence, the 
dynamical significance of chemical piles, is that surface hotspot 
locations and the reconstructed eruption sites of large igneous 
provinces (LIPs) appear to concentrate above LLSVP margins (e.g. 
Thorne et al., 2004; Torsvik et al., 2006, 2008b, 2010; Burke et 
al., 2008) (Fig. 1a). In a dynamically isochemical mantle, plumes 
would be expected to rise throughout LLSVP interiors, with no 
clear preference for their margins (e.g. Davies, 1999). Accord-
ingly, the plume localisation implied by this observation is gen-
erally attributed to the interaction of mantle flow with the edges 
of deep mantle thermo-chemical piles (e.g. Thorne et al., 2004;
Torsvik et al., 2006; Tan et al., 2011; Steinberger and Torsvik, 2012;
Bower et al., 2013). A recent global Monte Carlo based statisti-
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cal study by Austermann et al. (2014), however, has challenged 
this view, demonstrating that the available sample of reconstructed 
LIPs is spatially correlated with both LLSVPs and LLSVP margins 
and that these correlations cannot be statistically distinguished. It 
is therefore premature to claim that plumes are preferentially gen-
erated at LLSVP margins (Austermann et al., 2014).

In this paper, we further analyse the spatial correlation of vol-
canic hotspot locations and the reconstructed eruption sites of LIPs 
with LLSVP margins, and specifically test whether results are con-
sistent for the African and Pacific domains. We begin by illustrating 
the correlation and its sensitivity to a range of parameters, follow-
ing the approach of Torsvik et al. (2006) (Section 2). However, this 
conventional approach does not account for statistical effects of 
small sample sizes, variable sample sizes between the African and 
Pacific domains and, most significantly, geometrical differences be-
tween the elongated African LLSVP and its more rounded Pacific 
counterpart. Accordingly, in Section 3, we build on the recent study 
of Austermann et al. (2014), by undertaking Monte Carlo based sta-
tistical analyses that overcome these limitations. Our results and 
their implications for the nature of lower-mantle dynamics are 
summarised in Section 4.

2. Conventional correlation analyses

For the first part of our analyses, we follow the approach out-
lined by Torsvik et al. (2006), who assessed the spatial correla-
tion of hotspots and reconstructed LIPs with LLSVP margins by 
calculating the minimum angular distance between hotspot/recon-
structed LIP locations and a specific negative shear-wave velocity 
anomaly (dln V S ) contour, at a chosen depth, in a tomographic 
model. Our analyses are undertaken globally as well as regionally 
for hotspots/reconstructed LIPs that are located within the African 
and Pacific domains (for regional hotspot/reconstructed LIP classi-
fication, see Supplementary Fig. 1). We also analyse the sensitivity 
of results to a range of assumptions, including the choice of tomo-
graphic model and the definition of the LLSVP boundary.

2.1. Methods

Individual tomographic models differ in their distribution of 
deep mantle heterogeneity due to differences in datasets and 
choices made during the inversion, including parameterisation and 
regularisation. For this reason, Thorne et al. (2004) utilised six 
different tomographic models when analysing the correlation be-
tween hotspots and deep mantle seismic structure, Torsvik et al.
(2006) used the SMEAN model (Becker and Boschi, 2002), which 
is an amalgamation of three separate pre-2002 models: S20RTS, 
SB4L18 and NGRAND (Ritsema et al., 1999; Masters et al., 2000;
Grand, 2002), whilst Austermann et al. (2014) considered these 
pre-2002 models separately. We will consider five shear-wave 
tomography models, derived using distinct datasets and tech-
niques: (i) SMEAN – for direct comparison with the results of 
Torsvik et al. (2006); (ii) S40RTS (Ritsema et al., 2011) – generated 
from measurements of Rayleigh-wave phase velocities, teleseis-
mic body-wave travel times and normal-mode splitting functions; 
(iii) HMSL-06 (Houser et al., 2008) – generated using travel times 
measured by a cluster analysis of long-period body waveforms; 
(iv) S362ANI (Kustowski et al., 2008) – an anisotropic model, gen-
erated using long-period waveforms and body-wave travel times; 
and (v) Gypsum-S (Simmons et al., 2010) – generated using body-
wave travel times, in conjunction with models for surface plate 
motions, free-air gravity, dynamic topography and the core–mantle 
boundary’s excess ellipticity.

Dynamically, one would expect plumes to rise from regions 
with high thermal and/or compositional gradients (e.g. Lowman et 
al., 2004; Davies, 2005; Zhong, 2006; Davies and Davies, 2009). 
Hence, Thorne et al. (2004) compared surface hotspot locations 
with regions of high seismic velocity gradient in the lowermost 
mantle, inferring a strong correlation. Their analysis also demon-
strates that the strongest lateral shear-wave velocity gradients tend 
to surround LLSVPs. Since LLSVPs are imaged as distinct, coher-
ent structures (e.g. Lekic et al., 2011), isocontours also outline 
the margin successfully (Torsvik et al., 2006). Motivated by the 
observation that steep shear-wave velocity gradients in the tomo-
graphic model SMEAN lie close to the −1.0% dln V S contour, this 
contour was used by Torsvik et al. (2006) to define the LLSVP 
boundary. However, as demonstrated in Fig. 1(b), other dln V S con-
tours also pass through the same high seismic velocity gradient 
regions. Within the limits of tomographic resolution and the lateral 
variability of this resolution, these contours will yield a compa-
rable approximation to LLSVP boundaries (which is also implied 
by the different velocity/velocity-gradient LLSVP boundary defini-
tions of Austermann et al., 2014). As such, we analyse the sensi-
tivity of results to the dln V S contour value (testing values from 
dln V S = −0.1% to −1.0%). Tests were undertaken at 2600, 2700 
and 2800 km depth, although results were consistent across all 
three depths and, hence, they are only presented for the latter.

The sensitivity of results to the angular search tolerance, θ

(i.e. the maximum angular distance between a hotspot/LIP and the 
LLSVP margin that is permitted if the hotspot/LIP is to be classified 
as a ‘margin’ hotspot/LIP), is also examined. Torsvik et al. (2006)
used θ = 10◦ , motivated by the numerical models of Steinberger
(2000), which predict that plumes can be deflected by up to 10◦
from their deep mantle source. In our dynamic models, the ma-
jority of plumes are deflected by 6–8◦ at most from their deep 
mantle source (e.g. Davies and Davies, 2009). Furthermore, the 
maximum spatial resolution of various global tomography models 
in the lowermost mantle ranges from ∼5 to 10◦ . Consequently, θ
values ranging from 5 to 10◦ are examined here.

Finally, hotspot catalogues have their own ambiguities, as differ-
ent studies impose different selection criteria, leading to catalogues 
with anything from ∼20 to ∼100 hotspots (e.g. Morgan, 1981;
Vogt, 1981; Steinberger, 2000; Courtillot et al., 2003; Montelli et 
al., 2006; Boschi et al., 2007). However, to allow for direct com-
parison with the results of Torsvik et al. (2006), we consider 
the catalogue of Steinberger (2000), which contains 44 hotspots 
and is constrained by surface observations of age and anomalous 
buoyancy-flux. Most recent catalogues comprise only slight varia-
tions on this catalogue, or include only a subset of the data (such 
as hotspots underlain by specific seismic expressions: Montelli 
et al., 2006). The reconstructed eruption sites of LIPs are taken 
from the catalogue of Torsvik et al. (2006), supplemented by the 
Skagerrak-Centered LIP (SCLIP) of Torsvik et al. (2008b), with re-
constructions based upon the global palaeomagnetic absolute ref-
erence frame (note that results should largely be insensitive to the 
absolute reference frame used: Austermann et al., 2014). This is 
the most recent and comprehensive reconstructed LIP catalogue 
available. All hotspot and reconstructed LIP locations are shown in 
Fig. 1(a). Note that for the remainder of this paper, unless explicitly 
stated otherwise, when we refer to LIP locations we are referring 
their reconstructed eruption sites.

2.2. Results

Representative results are shown in Fig. 2, where we display the 
percentage of ‘margin’ hotspots and LIPs, as a function of θ , using 
a range of dln V S contours from the SMEAN tomographic model 
at 2800 km depth to define the LLSVP boundary. We present re-
sults globally and regionally for the African and Pacific domains. 
Results for the tomographic models S40RTS (Ritsema et al., 2011), 
HMSL-06 (Houser et al., 2008), S362ANI (Kustowski et al., 2008)
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Fig. 2. The percentage of hotspots (top) and LIPs (bottom) located within an angular distance (θ ) of LLSVP margins, at 2800 km depth, as delineated by a specific negative 
dln V S contour in the SMEAN tomographic model. Note that the results presented here are only a subset of our full analysis – comparative plots for other tomographic 
models (Houser et al., 2008; Kustowski et al., 2008; Simmons et al., 2010; Ritsema et al., 2011) are presented in Supplementary Figs. 2 and 3. The designation of African 
and Pacific hotspots and LIPs can be found in Supplementary Fig. 1. The trends shown here, including the significant difference between African and Pacific distributions, are 
generally consistent across all tomographic models.
and Gypsum-S (Simmons et al., 2010) are presented in Supplemen-
tary Figs. 2 and 3.

Torsvik et al. (2006) found that, globally, ∼55% of hotspots are 
located above LLSVP margins, the result shown in Fig. 2 at θ = 10◦
and dln V S = −1.0%. This spatial correlation, however, is reduced 
to <30% at lower θ and shows substantial regional variability be-
tween the African and Pacific domains, with strong correlations 
generally observed for the former (>80%, at θ ≥ 8◦) and weak cor-
relations for the latter (<50%, even at high θ ). If hotspot locations 
showed a clear preference for LLSVP margins, one would expect a 
maximum correlation at the dln V S value that best represents the 
margin. However, in the SMEAN results presented in Fig. 2, corre-
lation maxima: (i) occur at different dln V S contour amplitudes in 
the African and Pacific domains; and (ii) occur at different dln V S

contour amplitudes for different θ . These trends are not indicative 
of a clear association with a specific dln V S contour.

For Africa, all tomographic models predict correlation maxima 
at different dln V S amplitudes, which is to be expected, due to 
the different range of anomalies recovered by each model (Sup-
plementary Fig. 2). Nonetheless, the various tomographic models 
analysed reveal similar patterns: maximum correlation values of 
≥80%, when θ ≥ 8◦ . We therefore conclude that hotspots are more 
concentrated above the margins of the African LLSVP than within 
its low-velocity interior. However, for the Pacific domain, hotspot 
correlations are weak for all tomographic models considered (with 
values regularly <40–50%, even at the highest θ values) and often 
without a clear maximum as a function of dln V S contour am-
plitude. For the SMEAN model, the strongest correlations are dis-
played at the lower and upper limits of the dln V S contour range 
examined. This is consistent with the map presented in Fig. 1(a), 
which shows that hotspots occur both above the interior (high 
dln V S amplitudes) and above the margins (low dln V S amplitudes) 
of the Pacific LLSVP.

The global correlation between reconstructed LIP locations and 
LLSVP margins is generally stronger than that for hotspots. At 
θ = 10◦ and dln V S = −1.0%, the result is that of Torsvik et al.
(2006), with >80% of LIPs located above LLSVP margins. This global 
trend, however, is dominated by African LIPs, since 16 of the 24 
LIPs examined occur within the African domain (Supplementary 
Fig. 1). Furthermore, results show a strong dependence on the 
exact (θ, dln V S) combination. If hotspot/LIP locations showed a 
clear preference for LLSVP margins, and these margins were well-
defined, one would expect the maximum in correlation to coincide 
for both hotspots and LIPs, which is not apparent for the SMEAN 
model results presented in Fig. 2. Indeed, across all tomographic 
models considered, there is no consistency between the location 
of correlation maxima as a function of dln V S contour amplitude 
for hotspots and LIPs. Note that results within the Pacific domain 
should be treated with caution, due to the small LIP sample size 
(only 6 LIPs occur within the Pacific domain). Again, the major 
trends described are consistent across all tomographic models ex-
amined (Supplementary Fig. 3).

2.3. Summary, limitations, outstanding questions and recent progress

Our re-analysis confirms the result of previous studies (e.g. 
Burke et al., 2008; Torsvik et al., 2006, 2008b, 2010) that volcanic 
hotspot locations and the reconstructed eruption sites of LIPs are 
concentrated above the margins of the African LLSVP. However, this 
is not the case within the Pacific domain, where hotspot locations 
show no clear preference for the margins of the underlying LLSVP, 
whilst the small sample of reconstructed LIPs only shows a pref-
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Fig. 3. Regions of the: (a) African; and (c) Pacific LLSVPs that are sampled when using an angular search tolerance of θ = 5◦ (light grey), θ = 7.5◦ (grey) and θ = 10◦ (dark 
grey), with the −1.0% dln V S contour of SMEAN (red line) delineating the LLSVP margins, at 2800 km depth. It is noteworthy that if a θ = 10◦ criterion is used to quantify the 
spatial correlation between hotspots/reconstructed LIPs and LLSVP margins (Torsvik et al., 2006), a significant portion of LLSVP interiors is also sampled: 75% of the African, 
60% of the Pacific LLSVP (b/d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
erence at specific (θ , dln V S ) combinations. Torsvik et al. (2006)
place less emphasis on results for the Pacific domain, due to the 
smaller sample of LIPs and poorer tomographic resolution. This, 
however, highlights the limitations of this conventional approach 
of analysing the spatial correlation between hotspot/LIP locations 
and the margins of deep mantle LLSVPs. Besides not accounting 
for the statistical effects of small sample sizes and variable sam-
ple sizes between the African and Pacific domains, it does not 
take into account geometrical differences between the elongated 
African LLSVP and its more rounded Pacific counterpart, which 
may be a significant factor: as illustrated in Fig. 3, with an angular 
search tolerance of θ = 10◦ , a large areal fraction of LLSVP interi-
ors is sampled (i.e. considered ‘margin’), with only ∼25% (∼40%) 
of the African (Pacific) LLSVP interior unsampled (i.e. considered 
‘interior’).

The following questions therefore arise: (i) does the conven-
tional approach reveal a spatial correlation between hotspot/LIPs 
locations and LLSVP margins or are hotspot/LIP locations actually 
correlated with LLSVP interiors? (ii) Are such correlations distin-
guishable? (iii) Could the sampling of a larger areal fraction of 
the African LLSVP’s interior when compared to its Pacific coun-
terpart explain the superior correlations predicted for the African 
domain? In a recent innovative study, Austermann et al. (2014)
showed how a Monte Carlo based sampling approach can be used 
to address the first two questions. Specifically, 1000 simulations 
were run, in which 24 points (the global LIP sample size) were 
randomly positioned on a sphere. LIPs were considered to be spa-
tially correlated with LLSVP margins if their mean angular distance 
from these margins (8◦) was smaller than 95% of the mean an-
gular distances obtained in Monte Carlo sampling. Similarly, LIPs 
were considered spatially correlated with LLSVPs if the percent-
age of LIPs overlying LLSVPs (87.5%) was greater than 95% of the 
percentages obtained via Monte Carlo sampling. Austermann et al.
(2014) concluded that: (i) the available sample of reconstructed 
LIPs is spatially correlated with both LLSVPs and LLSVP margins; 
and (ii) these correlations cannot be statistically distinguished.

Regional variations in correlation between the African and Pa-
cific domains, however, were not analysed and neither was the 
spatial correlation between hotspot locations and deep mantle 
seismic structure. Accordingly, in the following section, we revisit 
the first two questions separately for the African and Pacific do-
mains and consider both hotspot and LIP data. To additionally an-
swer the third question, we require a sampling strategy that differs 
to that of Austermann et al. (2014), alongside statistical measures 
that are more robust than mean angular distances and percentages. 
We use the Kolmogorov–Smirnov test, which is valid for small 
and variable sample sizes and provides a robust and quantitative 
measure of the difference between synthetic and observed distri-
butions.

3. Monte Carlo based statistical analyses

In this section, we present a set of Monte Carlo based statisti-
cal analyses of the spatial correlation of hotspots and reconstructed 
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Fig. 4. All tomographic models examined herein (Houser et al., 2008; Kustowski et al., 2008; Simmons et al., 2010; Ritsema et al., 2011), excluding SMEAN (Becker and Boschi, 
2002), are combined to yield composite LLSVP boundaries for our Monte Carlo based statistical analyses. Specifically, our boundaries enclose regions where all tomographic 
models predict dln V S amplitudes below a threshold value of −0.1% (blue contour), −0.3% (not shown) or −0.5% (red contour), at 2800 km depth. These contours share many 
characteristics with the −1.0% dln V S contour of the tomographic model SMEAN, shown in grey. The dln V S = −0.1% composite boundary encloses a larger area, extending 
an additional ∼30◦ towards the South American continent in the south-eastern Pacific and a further ∼25◦ towards Iceland at the African LLSVPs northern margin, whilst the 
dln V S = −0.5% boundary mostly falls inside the −1.0% dln V S contour of SMEAN. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
LIPs with: (i) the full areal extent of LLSVPs; and (ii) LLSVP mar-
gins. Our analyses are applied separately to the African and Pacific 
domains.

3.1. Methods

It would be computationally prohibitive to apply these analy-
ses to all tomographic models and (θ, dln V S) combinations. In-
stead, we identify structures and seismic characteristics common 
to the tomographic models examined herein, to define compos-
ite LLSVP boundaries. Specifically, our boundaries enclose regions 
at 2800 km depth where all tomographic models find dln V S am-
plitudes that are less than a threshold value. Our reference case 
has a dln V S threshold of −0.1%, although we test the sensitiv-
ity of results to this choice by considering different threshold 
values of −0.3% and −0.5%. Note that our composite model ex-
cludes SMEAN, as it is an amalgamation of older models, including 
S20RTS, which has since been updated to S40RTS. Nonetheless, as 
illustrated in Fig. 4, our composite boundaries share many charac-
teristics with the −1.0% dln V S contour of the SMEAN tomographic 
model. With these LLSVP boundary definitions, we ask the follow-
ing questions (independently for the African and Pacific domains):

1. Are the observed locations of hotspots and LIPs drawn from 
a sample where plumes are uniformly distributed across the 
LLSVP’s entire areal extent?

2. Are the observed locations of hotspots and LIPs drawn from 
a sample where plumes occur within a specified angular dis-
tance, θ , of the LLSVP margin?

3. Can our statistical analyses reject either scenario? If not, is one 
more likely than the other?

To address these questions, we first compute a set of synthetic 
cumulative distribution functions (CDFs). These CDFs, which repre-
sent the areal fraction of the LLSVP that occurs within an angular 
distance of the LLSVP margin, are subsequently compared to the 
observed distribution of hotspots and LIPs.

The first case is modelled by uniformly distributing 106 points 
across the entire areal extent of the African (Pacific) LLSVP. To al-
low for plume tilting (e.g. Steinberger, 2000; Davies and Davies, 
2009), an external θ tolerance of 5, 7.5 or 10◦ is added to our com-
posite boundary. For each point, we calculate the minimum angu-
lar distance from the LLSVP margin and, subsequently, construct 
synthetic CDFs, which are shown for the composite dln V S = −0.1%
boundary in Fig. 5 (a, c: continuous blue lines). To address the sec-
ond question, we follow an identical approach, although in this 
case points are uniformly distributed within a specified angular 
distance (θ = 5, 7.5 or 10◦) of the LLSVP margin (Fig. 5a, c: dashed 
red lines).

Next, we test whether the observed distributions of hotspots 
and reconstructed LIPs differ significantly from the synthetic (uni-
form/margin) distributions, or if they are consistent with the vari-
ations that would naturally occur in different samples drawn from 
these distributions. The difference between two CDFs can be mea-
sured in a number of ways. The non-parametric Kolmogorov–
Smirnov (K-S) test uses a particularly simple measure: the maxi-
mum value of the absolute difference between two CDFs: the K-S 
statistic (e.g. Kolmogorov, 1933; Corder and Foreman, 2011). What 
makes the K-S statistic useful is that its distribution in the case of 
the null hypothesis (i.e. that datasets are drawn from the same dis-
tribution) can be calculated to a useful approximation, thus giving 
the significance of any observed non-zero value. Furthermore, it is 
valid with small sample sizes, like those considered here.

Results from K-S tests against synthetic uniform and margin 
distributions, at θ = 5, 7.5 and 10◦ , for both hotspots and LIPs, are 
presented in Fig. 5(b, d). The K-S probability values are calculated 
to answer the following question: if the two distributions were 
randomly sampled from identical populations, what is the prob-
ability that the two cumulative frequency distributions would be 
as far apart as observed? More precisely, what is the chance that 
the value of the K-S statistic would be as large as, or larger than, 
that observed? If the K-S statistic is larger than a critical value 
(or alternatively, if the K-S probabilities are smaller than a crit-
ical value), it can be concluded that the two distributions were 
sampled from populations with different distributions and, accord-
ingly, the null hypothesis can be ruled out. Our critical values are 
taken from Zwillinger (2011), at a significance level of 0.05.

3.2. Results

Focussing initially on results for the African domain (Fig. 5b), 
we see that across all θ values considered: (i) it is not possible 
to rule out the hypothesis that hotspots and LIPs are drawn from 
a sample where plumes are uniformly distributed across the en-
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Fig. 5. (a)–(c) Cumulative Distribution Functions (CDF) for hotspots (HS) (Steinberger, 2000) and LIPs (Torsvik et al., 2006, 2008b) as a function of angular distance from 
the composite dln V S = −0.1% contour shown in Fig. 4, alongside synthetic distributions, where plumes are uniformly distributed across the entire areal extent of LLSVPs 
(continuous blue lines) or uniformly distributed within a specified angular distance (θ = 5◦ , 7.5◦ and 10◦) of the LLSVP margin (dashed red lines). Angular distances are 
positive inside and negative outside LLSVPs. (b)–(d) Results from Kolmogorov–Smirnov (K-S) tests, which quantify the probability that the observed hotspot/LIP distributions 
are drawn from synthetic uniform (blue) or margin (red) distributions. If the K-S probability is less than a critical value, the null hypothesis (i.e. that the observed and 
synthetic distributions are drawn from identical distributions) can be rejected. Such cases are marked by a black cross, with critical values determined at a significance level 
of 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
tire areal extent of the LLSVP, as K-S probabilities always exceed 
critical P (K -S) values; and (ii) the probability that hotspots and 
LIPs are drawn from a sample where plumes are uniformly dis-
tributed across the entire areal extent of the LLSVP is consistently 
higher than the probability that hotspots and LIPs are drawn from 
a sample where plumes occur within a specified angular distance, 
θ , of the LLSVP margin, excluding θ = 5, where the probability that 
hotspots are drawn from a uniform sample is similar to a mar-
gin sample. Note that the hypothesis that LIPs are drawn from a 
sample where plumes occur exclusively within 10◦ of the LLSVP 
margin can be ruled out: P (K -S) for this case is less than the crit-
ical value applicable at this sample size.

Similar trends are observed for the Pacific domain (Fig. 5d). For 
all θ values considered, it is not possible to rule out the hypothesis 
that hotspots and LIPs are drawn from a sample where plumes are 
uniformly distributed across the entire areal extent of the LLSVP. 
However, without exception, the hypothesis that hotspots and LIPs 
are drawn from a sample where plumes occur within a speci-
fied angular distance of the LLSVP margin is always ruled out 
(unsurprisingly therefore, the probability that hotspots and LIPs 
are drawn from a sample where plumes are uniformly distributed 
across the entire areal extent of the LLSVP is consistently higher 
than the probability that hotspots and LIPs are drawn from a sam-
ple where plumes occur within a specified angular distance of the 
LLSVP margin).

Taken together, these results support the view that hotspot and 
reconstructed LIP locations cannot be distinguished from a dis-
tributed set across the entire areal extent of both the African and 
Pacific LLSVPs. However, results are sensitive to the exact location 
of the LLSVP boundary. To illustrate the sensitivity of results to this 
choice, we have computed K-S probabilities for composite contours 
with threshold values of dln V S = −0.3% and dln V S = −0.5%, with 
results presented in Fig. 6. Our calculations demonstrate that as 
the amplitude of the dln V S threshold value increases: (i) LLSVP 
areas decrease; (ii) the ratio between the areal extent of the LLSVP 
margin and its interior increases; and (iii) K-S probabilities are 
modified, with margin probabilities generally increasing and uni-
form probabilities generally decreasing. Indeed, at these threshold 
values, the probability that hotspots/LIPs are drawn from a sam-
ple where plumes are uniformly distributed across the entire areal 
extent of LLSVPs is not always higher than the probability that 
hotspots/LIPs are drawn from a sample where plumes occur within 
a specified angular distance of the LLSVP margin.

For the African domain (Fig. 6a, b), P (K -S) values for the 
dln V S = −0.3% and −0.5% threshold contours are reasonably con-
sistent for synthetic uniform and margin distributions. In only one 
case is it possible to rule out the hypothesis that hotspots/LIPs are 
drawn from uniform sample across the entire areal extent of the 
African LLSVP. However, in this case, the margin hypothesis is also 
ruled out. In addition, where margin probabilities are high, uni-
form probabilities are also generally high. This should be no sur-
prise: as the amplitude of the dln V S threshold value increases, the 
areal extent of the LLSVP margin and its interior become similar 
and, hence, distinguishing between both becomes difficult. Within 
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Fig. 6. Results from Kolmogorov–Smirnov (K-S) tests, which quantify the probability that the observed hotspot (HS)/LIP distributions are drawn from synthetic uniform (blue) 
or margin (red) distributions. The LLSVP margin is defined by composite dln V S = −0.3% and dln V S = −0.5% contours, with the −0.5% contour illustrated in Fig. 4. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the Pacific domain (Fig. 6c, d), however, P (K -S) values for LIPs 
are significantly higher for a sample that is uniformly distributed 
across the entire areal extent of the LLSVP than a sample where 
plumes occur within a specified angular distance of the LLSVP mar-
gin. For hotspots, P (K -S) values for synthetic uniform cases are 
greater than (Fig. 6c) or equal to (Fig. 6d) P (K -S) values for syn-
thetic margin cases.

3.3. Summary and limitations

In summary, despite results showing sensitivity to the LLSVP 
boundary location, across all (θ , composite dln V S ) combinations 
considered, the distribution of hotspots and reconstructed LIPs 
shows no clear preference for the ‘margin’ scenario first proposed 
by Torsvik et al. (2006). Our analyses, undertaken separately for 
the African and Pacific domains, demonstrate that the hypothe-
sis that hotspots/LIPs are uniformly distributed across the entire 
areal extent of LLSVPs is equally, or more, probable, thus con-
firming conclusions from the global analyses of Austermann et 
al. (2014). Furthermore, our statistical tests demonstrate that the 
apparent concentration of hotspots/LIPs above the margin of the 
African LLSVP, illustrated in Section 2, is to be expected as a con-
sequence of its elongated geometry, where more than 75% of the 
LLSVP interior lies within 10◦ of its margin (compared to only 60% 
in the Pacific).

It has been argued that the Pacific LLSVP is more poorly im-
aged than its African counterpart, due to source–receiver geometry 
and its location beneath the vast Pacific Ocean (see, for exam-
ple, Bower et al., 2013, for further discussion) and, hence, spatial 
correlations with the margin of the Pacific LLSVP carry greater un-
certainty. This uncertainty is further compounded for the analysis 
of reconstructed LIPs as: (i) only 6 LIPs occur within the Pacific 
domain (Torsvik et al., 2006, 2008b); and (ii) plate motion recon-
structions within the Pacific domain carry a larger uncertainty than 
those surrounding the African continent (e.g. Torsvik et al., 2008a). 
We note that there are additional uncertainties that have not been 
quantified herein, including: (i) incomplete knowledge of recon-
structed LIP locations with respect to the corresponding arrival site 
of the plume head at the lithosphere’s base; and (ii) whether or 
not all volcanic hotspots analysed have a deep-mantle source (e.g. 
Montelli et al., 2006; King, 2007; Conrad et al., 2011; Hwang et al., 
2011; Davies and Rawlinson, in press). The sensitivity of results to 
these factors is an avenue for future research.

4. Conclusions

We have re-analysed the spatial correlation between surface 
hotspot locations and the reconstructed eruption sites of LIPs 
with LLSVP margins at depth, using two different approaches. 
A straightforward correlation analysis, which builds on the work 
of Torsvik et al. (2006) by analysing the sensitivity of results to 
a wide range of parameters, confirms the conclusions of previous 
studies that hotspots/reconstructed LIPs are preferentially located 
above the margins of the African LLSVP (e.g. Torsvik et al., 2006, 
2010; Burke et al., 2008). However, this is not the case within the 
Pacific domain, where hotspots/reconstructed LIPs show no spatial 
correlation with the underlying LLSVP margin.

Regional Monte Carlo based statistical analyses, which com-
plement those of Austermann et al. (2014) by accounting for ef-
fects relating to the small sample size of hotspots and recon-
structed LIPs, variable sample sizes between the African and Pa-
cific domains, and the differential geometries of the elongated 
African LLSVP and its more rounded Pacific counterpart, demon-
strate that the regional variability in correlation for the African and 
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Pacific domains cannot be attributed to different hotspot/LIP sam-
ple sizes. Neither does it require distinct physical processes to be 
operating within both regions: the stronger spatial correlation of 
hotspots/reconstructed LIPs with the margin of the African LLSVP 
is expected as a simple consequence of the LLSVP’s elongated ge-
ometry, where more than 75% of the LLSVP interior lies within 
10◦ of its margin. We conclude, therefore, that by focussing on 
global amalgamations of hotspot/reconstructed LIP data, which are 
dominated by African hotspots/reconstructed LIPs, previous stud-
ies have overstated the significance of the spatial correlation be-
tween hotspot/reconstructed LIP locations and LLSVP margins: the 
observed correlation does not require a dynamical process that fo-
cusses plumes at LLSVP margins.

Our results imply that the distribution of hotspots and LIPs 
cannot be used as evidence for the thermo-chemical nature and 
stability of LLSVPs. This supports the conclusions of numerous 
studies, which demonstrate that the seismic and dynamical charac-
teristics of LLSVPs reflect their dominantly thermal nature and can 
be explained in the absence of substantial chemical heterogene-
ity (e.g. Richards and Engebretson, 1992; Ricard et al., 1993; Forte 
and Mitrovica, 2001; Simmons et al., 2009; Schuberth et al., 2009, 
2012; Styles et al., 2011; Davies et al., 2012, 2015). Nonetheless, 
we emphasise that, when considered alone, the correlation analy-
ses presented here and in Austermann et al. (2014) do not rule out 
the presence of dense thermo-chemical piles in the deep mantle 
beneath Africa and the Pacific. In the thermo-chemical models that 
we have examined previously (Davies et al., 2012) and those pre-
sented elsewhere (e.g. Tan et al., 2011; Bower et al., 2013), plumes 
rise from the pile interior, the pile margin and, less frequently, 
away from piles. We note that plumes from the edges of chemi-
cal piles can be triggered over shorter time-scales by the action of 
downwellings and, hence, for short evolution times, models may 
predict higher concentrations of plumes along pile margins (as is 
the case in the models of Steinberger and Torsvik, 2012). However, 
if piles exist on the spatial scale implied by LLSVPs, and are able 
to remain sequestered in the deep mantle for hundreds of mil-
lions of years, they will build up substantial excess temperatures 
compared to ambient mantle (e.g. Christensen and Hofmann, 1994;
Davies et al., 2012). Internal upwellings, in addition to those at the 
margins, would therefore be required if piles are to release their 
heat (e.g. Jellinek and Manga, 2002). Consequently, for both long-
lived thermo-chemical and thermally dominated LLSVPs, plumes 
are not expected to show a clear preference for LLSVP margins.

Finally, our results do support the notion of relatively long-
lived LLSVPs (Burke et al., 2008; Torsvik et al., 2008b, 2010), as 
they are consistent with a general correlation of hotspots and LIPs 
with LLSVPs. However, it should be noted that all 6 Pacific LIPs 
and 13 of 16 African LIPs analysed (excluding Skagerrak – 300 Ma, 
the Central Atlantic Magmatic Province – 200 Ma, and the Karoo 
– 182 Ma) were emplaced in the last 150 Myr. Several studies 
have demonstrated that recent subduction history is capable of 
maintaining the African and Pacific LLSVPs, in approximately their 
present-day configuration, for ∼150 Myr, with or without a contri-
bution from chemical buoyancy (e.g. McNamara and Zhong, 2005;
Zhang et al., 2010; Davies et al., 2012; Bower et al., 2013). How-
ever, given the small number of LIPs preserved with an age that 
exceeds 150 Ma, particularly within the Pacific domain, limited 
constraints are provided on LLSVP geometry and their potential 
fixity prior to this time (as has been hypothesised by Burke et al., 
2008; Torsvik et al., 2008b, 2010, 2014).
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