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Abstract

Surface hotspot motions are approximately a factor of two faster in the Pacific than the Indo-Atlantic, and the Pacific large low
shear velocity province (LLSVP) appears to be significantly shorter than the Indo-Atlantic LLSVP. Hypothesizing that surface
hotspot motions are correlated with the motion of plume sources on the upper surface of chemically distinct, intrinsically dense
LLSVPs, we use 3D spherical mantle convection models to compute the velocity of plume sources and compare with observed
surface hotspot motions. No contrast in the mean speed of Pacific and Indo-Atlantic hotspots is predicted if the LLSVPs are
treated as purely thermal anomalies and plume sources move laterally across the core-mantle boundary. However, when LLSVP
topography is included in the model, the predicted hotspot speeds are, on average, faster in the Pacific than the Indo-Atlantic,
even when modest topography is assigned to both LLSVPs (e.g., 100-300 km). The difference in mean hotspot speed increases
to a factor of two for larger and laterally variable LLSVP topography estimated from seismic tomographic model S40RTS (up
to 1100-1500 km for the Indo-Atlantic region versus 700-1400 km for the Pacific region) and our results also broadly reproduce
the convergence of Pacific hotspots toward the center of the Pacific LLSVP. These largescale features of global hotspot motions
are only reproduced when ambient mantle material flows over large, relatively stable topographical features, suggesting that

LLSVPs are chemically distinct and intrinsically dense relative to ambient mantle material.
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on average, faster in the Pacific than the Indo-Atlantic, even when modest topography is assigned to both
LLSVPs (e.g., 100-300 km). The difference in mean hotspot speed increases to a factor of two for larger
and laterally variable LLSVP topography estimated from seismic tomographic model S40RTS (up to
1100-1500 km for the Indo-Atlantic region versus 700-1400 km for the Pacific region) and our results
also broadly reproduce the convergence of Pacific hotspots toward the center of the Pacific LLSVP. These
largescale features of global hotspot motions are only reproduced when ambient mantle material flows
over large, relatively stable topographical features, suggesting that LLSVPs are chemically distinct and

intrinsically dense relative to ambient mantle material.

Key Points
1. Pacific hotspot motions are on average two times faster than Indo-Atlantic hotspots in commonly
used reference frames
2. Analysis of seismic tomographic model S40RTS suggests the Indo-Atlantic LLSVP is taller than
the Pacific LLSVP
3. Surface hotspot motions are reproduced in geodynamic models only if LLSVPs behave like

topography that plume sources are advected over



Plain Language Summary

Seismic observations reveal two continent-sized anomalies at the base of the Earth’s mantle, referred to
as Large Low-Shear-Velocity Provinces, or LLSVPs, through which seismic waves travel slowly. Slow
seismic velocity is generally interpreted as increased temperature. However, buoyant plumes of hot
material rise from the LLSVPs and produce hotspot volcanoes on the Earth’s surface, and the
geochemistry of these lavas suggest that LLSVPs are primordial. To explain why the LLSVPs have
remained at the base of the mantle for billions of years, they must have higher intrinsic density that the
ambient mantle in addition to being hot, but this is still debated. To contribute to understanding whether
LLSVPs are intrinsically dense, chemically distinct piles versus purely thermal, we compare the velocity
of ambient mantle flow, which advects plume sources over LLSVPs, with surface hotspot motions. Results
show that the largescale differences in surface hotspot motions are reproduced only when LLSVPs behave
like topography that deflects ambient mantle flow. Since LLSVPs would only behave like topography that
deflects ambient mantle flow if they are denser than ambient mantle material, our results provide

additional evidence in support of LLSVPs as dense thermochemical piles.



1. Introduction

The large low shear velocity provinces (LLSVPs) are among the most robust features recovered in global
seismic tomographic models of the Earth (Dziewonski, 1984; Woodhouse & Dziewonski, 1989; Becker &
Boschi, 2002; Ritsema et al., 2011; French & Romanowicz, 2015). In addition, most large igneous
provinces and hotspot volcanoes arise from LLSVP interiors and/or peripheries, and appear to have done
so for the past several hundred million years (Burke & Torsvik, 2004; Torsvik et al., 2006). Furthermore,
the geochemistry of hotspot-generated lavas suggests that LLSVPs may be the ancient, un-degassed
remnants of a differentiation event that occurred early in Earth’s history (e.g., 4.45 Ga) (Castillo, 1988;
Jackson et al., 2010; Mukhopadhyay, 2012; Harpp et al., 2014; Mundl et al., 2017; Harrison et al., 2017,
Jackson et al., 2017; Williams et al., 2015, 2019). As such, the LLSVPs provide fundamental constraints
on the composition, dynamics, and evolution of the Earth.

Deep mantle flow driven by descending slabs has long been understood to move thermal
instabilities (i.e., plume sources) across the core-mantle boundary (Olson, 1987), and discrete plume
sources appear to also be affected by the structure of the LLSVPs (Davaille et al., 2002; Jellinek & Manga,
2002; McNamara & Zhong, 2004; Li & Zhong, 2017). The LLSVPs may represent relatively stable, dense
piles at the base of the mantle, with “topography” that interacts with flow in the surrounding mantle,
potentially explaining the motion of plume sources at the base of the ambient mantle, and hotspot motions
at the surface. If correct, then the study of surface hotspot motions may provide insight into the
morphology and dynamic stability of the LLSVPs, and their interaction with the ambient mantle.

The Indo-Atlantic LLSVP is significantly taller than the Pacific LLSVP based on the vertical
gradient of seismic velocity in a multitude of cross-sections (Yuan & Li, 2022), and the mean speed of
Pacific hotspots (21.5 mm/yr) is a factor of two larger than that of the Indo-Atlantic hotspots (10.6 mm/yr)
in the Fixed Hotspot Reference Frame (presented below). Differences in Indo-Atlantic and Pacific LLSVP
topography, and their location relative to major subduction zones, might explain some of the differences
in the associated hotspot motions. We hypothesize that the slow lateral motion of the Indo-Atlantic
hotspots may be due to the taller and steeper topography of the Indo-Atlantic LLSVP which impedes the
lateral motion of plume sources. Meanwhile, the more rapid and convergent motion of the Pacific hotspots
may be correlated with the smaller LLSVP topography and, in part, with mantle flow related to descending
slab material. In this paper, we investigate how large scale mantle convection may interact with stable
LLSVPs to influence plume source motion and surface hotspot motion using 3D-spherical models of

mantle convection and a variety of estimates of LLSVP topography.



2. Observed Hotspot Motions

The present-day motions of 34 hotspots are estimated from the observed azimuth and rate of hotspot tracks
over the past 5-10 Ma (Morgan & Phipps-Morgan, 2007). Of these 34 hotspots, 29 are of deep mantle
origin based on geochemical and seismic evidence (Jackson et al., 2018). We neglect the remaining five
hotspots which are located near the Pacific-North American plate boundary (Bowie, Cobb, Yellowstone,
Guadalupe, and Raton).

An individual hotspot’s motion is estimated relative to the plate it pierces, and to reference all
hotspot motions relative to a common reference frame, we subtract the respective plate motion in the No-
Net-Rotation reference frame (NNR; DeMets et al., 2010; Argus et al., 2011) from each hotspot. This
gives

Dnotspot = Dnotspot ~ Dptate (M
where subscripts and superscripts denote what is moving relative to what, respectively. The average speed
of the 29 hotspots relative to NNR is 22.5 + 13.5 mm/year overall, or 29.2 &+ 14.9 mm/year in the Pacific,
and 15.7 £ 7.8 mm/year in the and Indo-Atlantic (Figure 1a).

The Fixed Hotspot Reference Frame (FHRF) is defined as the rigid body rotation which minimizes

the sum of residual hotspot motions. Consider an arbitrary rotation vector with origin located at the center
(0

of the Earth and unit length, p; (i.e., a pole). The velocity associated with this rotation, Aﬁll , 1s given by

the cross product with a position vector, 7; (e.g., for each hotspot, ),
Aﬁi(jo) =p; @7 (2)

Hotspot velocities in the reference frame defined by p; can be expressed by subtracting the velocity of

rotation
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where 3V is the velocity of each hotspot (j) relative to NNR (i.e., equation 1). This can then can be
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generalized for a pole of arbitrary rotation rate, p; = w;p;,

l—;(l) — 1—7>.(NNR)

=>(0)

We now have an expression that is general in terms of the position of the pole (i) and its length (w;). We

will first solve w; for a given pole position by minimizing the sum of the hotspot motion residuals
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The minimum of equation (5) is given by
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We first solve w; for each pole position p; on a coarse 3°x3° grid. We then iterate about the best fit pole

(7)

w; =

on local, refined grids of £10° and 1°x1° resolution, then +2.5° and 0.25°x0.25° resolution, and finally
+0.05° and 0.005°x0.005° resolution.

The resulting pole of the FHRF is defined by coordinates 256.8 °E, 46.8 °N, and a rotation rate of
0.167 °/Myr relative to NNR. The mean residual hotspot motions are 16.7 = 12.9 mm/year overall, or 21.5
+12.7 mm/year in the Pacific, and 10.6 £ 9.8 mm/year in the Indo-Atlantic (Figure 1b). In both the FHRF
and NNR, the velocity of the Pacific hotspot motions are faster than Indo-Atlantic hotspot motions by a
factor of ~2 on average, have a greater scatter by a factor of ~1.6, and Pacific hotspots converge toward
the central Pacific (Figure 1).

In the following sections, we compute velocities in the deep mantle for a variety of LLSVP
morphologies. Assuming that hotspot motions are correlated with plume source motions at the base of the
mantle, we use these results to constrain the dynamic effects of the LLSVPs on large-scale basal mantle
flow. We will show that some of the large-scale features of observed hotspot motions may be caused,
under certain conditions, by buoyancy-driven flow in the ambient mantle interacting with the topography

of intrinsically dense piles or LLSVPs.

3. Methods and Model Setup

We use 3D-spherical, instantaneous thermal convection models to investigate how basal flow over
LLSVPs might affect surface hotspot motions via the motion of hotspot source regions. We solve the
velocity field from the conservation equations of mass, momentum, and energy in the Boussinesq
approximation using CitcomS (Zhong et al., 2008). The buoyancy field is derived from the seismic

tomographic model S40RTS converted to temperature with a uniform scaling factor equal to 0.035 and



mean nondimensional temperature equal to 0.5196. We consider viscosity structures that are either purely
layered or layered and temperature-dependent with a factor of 60 increase in viscosity at 660 km depth

(Table 1), plus addition modification to viscosity in the LLSVPs (see below). Temperature-dependent

viscosity is assigned following the Arrhenius form n = n, exp (}f—T) with activation energy, E, set to 120
kJ/mol (e.g., Bellas et al., 2018). We set the upper mantle viscosity equal to 4.2x10%° Pa s and lower
mantle viscosity to 2.5x10%? Pa s (e.g., Mao et al., 2021).

The finite element grid, which spans a nondimensional radius 0.55 to 1.0, is divided into 12
spherical caps, each with 81 vertical nodes and 65 horizontal nodes. Vertical grid refinement is applied in
the lower mantle to produce grid resolution equal to ~30 km up to ~1400 km above the core-mantle
boundary (CMB) to resolve flow over the LLSVP surfaces (i.e., plume source motions). Models are
instantaneous such that the velocity field represents present-day flow in the mantle based on the present-
day buoyancy structure. Surface and bottom boundary conditions are free-slip.

In addition to reference models without LLSVPs (Case 0a and Case Ob), the model setup contains
stable LLSVPs at the base of the mantle, with LLSVP topography (height above the CMB) determined
from S40RTS. Low topography, or “deflated”, dense-cored LLSVPs are supported by a recent study
(Richards et al., 2023), while taller LLSVP topography is suggested by another (Yuan & Li, 2022).
Following Richards et al. (2023), cases 1-3 are formulated with low-topography LLSVPs that have lateral
extent defined by regions at the base of the mantle where seismic velocity is slower than average (Figure
2c; Figure 3c-d). In these regions, the LLSVP topography is uniform and set equal to 100 km for Case la
and Case 1b, to 200 km for Case 2a and Case 2b, and to 300 km for Case 3a and Case 3b (viscosity is
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purely layered in cases ending with “-a”, and viscosity is layered and temperature-dependent in cases
ending with “-b”).

In order to stabilize the LLSVPs, we artificially increase the viscosity of material within the
LLSVPs by an amount sufficient to retard flow within the LLSVPs. For the purely layered viscosity cases,
an increase in viscosity by a factor of 10 is sufficient to stabilize the LLSVPs. For the temperature-
dependent viscosity cases, an increase in LLSVP viscosity by a factor of 100 is needed to stabilize the
LLSVP material (Figure 2). Note that this is not an assertion that LLSVPs have a high viscosity, but only
that we use viscosity as a proxy to test the dynamical effects of relatively stable and intrinsically dense
material on the buoyancy-driven flow of ambient mantle material.

We also examine cases in which LLSVP topography is laterally variable. We estimate the

topography of the LLSVPs by computing a 300 km radial-moving-window-average of S40RTS,



dvs3%%m (0 ¢,r) because this approach prevents the identification of the LLSVP surface with small-scale
perturbations in S40RTS. Searching upward from the CMB, we estimate the position of the upper surface
of the LLSVP as the location where dvs®?%™ first becomes faster than a threshold value. The seismic
velocity threshold that defines the upper surface of the LLSVPs is -1.0% (Case 4a and Case 4b), and
-0.75% (Case 5a and Case 5b). This method of estimating LLSVP topography produces two distinct piles
which reach a maximum height of ~700 km in the Pacific and ~1100 km in the Indo-Atlantic (Case 4a
and Case 4b) and ~1400 km in the Pacific and ~1500 km in the Indo-Atlantic (Case 5a and Case 5b).
These differences in height are substantially smaller than those estimated by Yuan & Li (2022) who
considered the vertical gradient in dvs.

We compare the predicted velocity of ambient mantle material over the LLSVP surfaces to
observed present-day hotspot motions assuming (i) that the lateral motions of plume sources are driven,
at least in part, by the flow of ambient mantle material, (i1) that basal flow in the mantle is relatively stable
over the last ~30 Ma (i.e., mantle transit time), and (iii) that velocities in the mid-mantle are dominantly
vertical. We consider all of these assumptions to be reasonable, but because they are approximate in
nature, and because of the large uncertainties associated with converting S40RTS to buoyancy, we do not
expect precise agreement between our predictions and the observations. Our aim is to reproduce large-
scale features of the observations.

We choose to impose stability of the LLSVPs rather than employing thermochemical mantle
convection models because the ratio of thermal to compositional buoyancy in the LLSVPs is poorly
constrained, not to mention time-dependent. In addition, thermochemical convection models with imposed
surface plate motion over the past 80 Ma have already been investigated by Li & Zhong (2019), and they
did not reproduce the factor of 2 contrast in mean hotspot speeds between the Pacific and Indo-Atlantic.
Rather than introduce unknown parameters to the models, we choose to simulate the dynamic effects of
LLSVPs as stable piles by increasing their viscosity. It is important to note that the large temperature
inferred from the slow seismic velocity of LLSVPs would suggest that they are, in reality, of lower
viscosity than the ambient mantle, in which case their stability would be caused by other thermodynamic
properties (e.g., excess density associated with their chemical composition). The present study also
neglects boundary layer dynamics, and it is not clear how this can be reliably improved given the relatively
low resolution of seismic tomographic models and uncertainty in thermodynamic properties of the deep

mantle (e.g., rheology, compositional and thermal buoyancy).



4. Results

We begin with reference cases that treat LLSVPs as purely thermal anomalies. In Case 0a, model results
show divergent flow at the base of the mantle away from centers of negative buoyancy related to
subduction beneath the Middle East, Tibet, the Andes, and the Farallon slab region. This results in
convergent basal flow in the Indo-Atlantic LLSVP that is equal in strength to that in the Pacific LLSVP,
despite the close proximity of circum-Pacific subduction zones to the Pacific LLSVP (Figures 2a,b and
3a). If basal flow velocities are correlated with surface hotspot motions, then these results disagree with
the observed behavior of hotspots in the two domains. The average predicted speeds at hotspot locations
in the Pacific and Indo-Atlantic are 38 mm/year and 37 mm/year, respectively, which fail to reproduce the
factor of two contrast in observed speeds and significantly overestimate them in both domains (21.5
mm/year and 10.6 mm/year; Table 1). The agreement with observations is further degraded if temperature-
dependent viscosity is introduced in Case Ob, where the mean predicted hotspots speeds increase to 48.4
mm/year and 50.6 mm/year in the Pacific and Indo-Atlantic, respectively, such that Indo-Atlantic hotspots
move even faster than Pacific hotspots in this case (Figure 2a,c; Figure 3b).

In Cases 1a and 1b, we introduce LLSVPs as topographical features that ambient mantle material
flows over. LLSVP topography is assigned to be uniform and equal to 100 km in any region where seismic
velocity is slower than average at the base of the mantle (Figure 2d,e,f; Figure 3c¢,d). The viscosity is
increased by a factor of 10 inside the LLSVPs in Case 1a with otherwise purely layered viscosity (Figure
2d), and by a factor of 100 in Case 1b with layered and temperature-dependent viscosity (Figure 2¢). The
effect of introducing stable 100 km-high topographic features at the base of the mantle is to reduce the
magnitude of basal flow velocity over the Indo-Atlantic LLSVP to a greater degree than the Pacific
LLSVP (Figure 3c,d). In Case 1la, the predicted average hotspot speeds are 29.5 mm/year and 22.9
mm/year in the Pacific and Indo-Atlantic regions, respectively, and in Case 1b they are 23.4 mm/year and
18.1 mm/year (Table 1). Most importantly, the predicted average speed of Pacific hotspots is a factor of
1.3 greater than that of the Indo-Atlantic hotspots for Cases 1a and 1b. While this underestimates the
observed ratio of 2.0, the predictions do agree better with the observations than Case 0a and Case 0b with
no LLSVP topography.

In Case 2a and Case 2b, LLSVP topography is increased to 200 km but all else is the same (Figure
2g.h,1). The predicted average speeds of hotspots in Case 2a are 23.5 mm/year and 17.5 mm/year in the
Pacific and Indo-Atlantic regions, respectively, and in Case 2b they are 12.0 mm/year and 10.1 mm/year,

respectively (Table 1; Figure 3e,f). The predicted ratios of Pacific to Indo-Atlantic hotspot average speeds



are 1.3 in Case 2a, and 1.2 in Case 2b. In Case 3a and Case 3b, LLSVP topography is increased to 300 km
but all else is the same (Figure 2j,k,I). The mean predicted hotspot speeds are 20.8 mm/year and 15.6
mm/year in the Pacific and Indo-Atlantic in Case 3a, and 8.5 mm/year and 8.2 mm/year in Case 3b (Table
1; Figure 3g,h). The ratio of Pacific to Indo-Atlantic hotspot speeds are 1.3 and 1.0, respectively. Overall,
it appears that compact, uniform topography LLSVPs produce a ratio of Pacific to Indo-Atlantic hotspots
between 1.0 and 1.3, which is significantly smaller than the observed ratio, but a general improvement
relative to cases with no LLSVP topography.

Next, we use the 300 km radial-moving-window-average of S40RTS, dvs®"%m (0 ¢r), to
investigate the effects of larger and laterally variable LLSVP topography (Figure 4,5). In both Case 4a
and Case 4b, the maximum LLSVP topography is equal to 700 km in the Pacific and 1100 km in the Indo-
Atlantic. Case 4a predicts mean hotspot speeds in the Pacific and Indo-Atlantic are 28.3 mm/year and 18.6
mm/year, respectively. For Case 4b, the corresponding model speeds are 32.9 and 15.6 mm/year. The ratio
of Pacific to Indo-Atlantic mean speed increase to 1.5 in Case 4a, and 2.1 in Case 4b, in very good
agreement with the observations.

For Case 5a, with maximum LLSVP topography equal to 1400 km and 1500 km the Pacific and
Indo-Atlantic, respectively, the mean model hotspot speeds are 21.7 mm/year and 15.0 mm/year in the
Pacific and Indo-Atlantic, respectively (Figure 5c). For Case 5b, they are 19.6 mm/year and 10.5 mm/year,
respectively (Figure 5d). The ratio of Pacific to Indo-Atlantic mean speed is 1.4 in Case 5a and 1.9 in Case
5b, also in very good agreement with observations. In general, the factor of two contrast in observed
hotspot speeds is best reproduced by cases with large, laterally variable LLSVP topography, and
temperature-dependent viscosity (i.e., Case 4b and Case 5b).

Figure 6 shows the average speeds of the Pacific and Indo-Atlantic hotspots, as computed in each
model, and the ratio of Pacific to Indo-Atlantic mean hotspot speeds. Ultimately, Case 5b with temperature
dependent viscosity and LLSVP topography defined by dvs®?%"<-0.75% reproduces these observations
best. However, Case 4b reproduces the ratio of Pacific to Indo-Atlantic mean speeds of ~2, and thus is
comparably successful in explaining the more rapid mean speed of the Pacific hotspots.

In Figure 7, hotspot speeds are binned by 10 mm/year increments and shown as a distribution for
the Pacific (left panels) and Indo-Atlantic (right panels) domains. Most Indo-Atlantic hotspots move with
observed speeds of less than 10 mm/year, while most observed Pacific hotspot speeds are distributed
between 10 and 30 mm/year (Figure 7). Overall, Case 5a and Case 5b best-reproduce the distribution of

hotspot speeds, and Case 4a and Case 4b agree with observations fairly well too.
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Cases with large and laterally variable LLSVP topography generally reproduce the observed rapid
convergence toward the south-central Pacific (Figure 8), and we observe a consistent reduction in the sum
of convergent velocities in the Indo-Atlantic as LLSVP topography is increased from Case 1a to Case 5b
(Figure 9a), which represents a steady improvement in agreement with observations. Ultimately, it is only
Case 5a and Case 5b that reproduce the modest divergence of Indo-Atlantic hotspots, and therefore the

negative ratio of convergent velocities in the Pacific relative to the Indo-Atlantic (Figure 9b).

5. Discussion

In the present study, we sought to test whether the largescale features of surface hotspot motions

can be explained by basal flow over LLSVPs. The key results of our study are

(1) that the factor of 2 contrast in observed mean hotspot speeds between the Pacific versus
Indo-Atlantic is not reproduced by model predictions if LLSVPs are treated as purely
thermal anomalies,

(11) that if LLSVPs are treated as topographical features that ambient mantle must flow over,
then even small topography (e.g., 100-300 km above the CMB) is capable of reducing the
mean hotspot speed in the Indo-Atlantic while maintaining larger mean speeds in the
Pacific, and

(ii1))  that the observed contrast in hotspot speeds is reproduced only in cases where LLSVP
topography is large (>=700 km) and laterally variable (e.g., estimated from S40RTS as
height at which dvs3?%m<-0.75%, or dvs>?%m<-1.0%).

In particular, Case 5b best-reproduced the observed mean hotspot speeds, the factor of 2 ratio between the
mean speed of Pacific and Indo-Atlantic hotspots (Figure 5, Figure 6), the general distribution of hotspot
speeds within each region (Figure 7), and the convergent velocity pattern in the Pacific and Indo-Atlantic
(Figure 8, Figure 9). Individual hotspot motions are not well-reproduced by any of the models, but the
residual speeds scale with the predicted speeds (Figure 10), suggesting that there is an effectively random
contribution to the velocities of individual hotspot sources, which is perhaps a reflection of local
topography or other features at individual plume sources, or boundary layer dynamics. The result that the
observed large-scale features of surface hotspot motions can be explained by basal flow over topographical
features in the lowermost mantle contributes additional evidence in support of LLSVPs as dense
thermochemical piles, which are relatively dense and stable compared to ambient mantle material.

Our results favor tall, steep-sided LLSVPs (e.g., Cases 4-5) over relatively flat, deflated ones (e.g.,

Cases 1-3) on the basis that the factor of 2 contrast in hotspot speeds is only reproduced by the models
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that include tall LLSVPs. Our analysis of S40RTS (that is, the radius at which dvs®%%" first becomes
faster than -1.0% or -0.75%) predicts a maximum height of the Indo-Atlantic LLSVP that is taller than
that of the Pacific LLSVP by ~100-400 km. We suggest that larger and steeper topography of the Indo-
Atlantic LLSVP hinders lateral motion of plume sources at the base of the mantle and partially explains
the slower mean speed of hotspot in the Indo-Atlantic.

Chemically distinct and intrinsically dense LLSVPs are consistent with geodynamic observables
including the geoid, dynamic topography, and CMB ellipticity, when LLSVP topography is less than ~200
km at spherical harmonic degree 2 based on instantaneous convection models (Richards et al., 2023). In
our models, the degree-2 spherical harmonic component of LLSVP topography has an amplitude that is
less than 200 km and concordant Richards et al. (2023) in all cases except for Case 5a and Case 5b, for
which it is 375 km. However, we note that Case 4b reproduced the ratio of mean hotspot speeds between
the Pacific and Indo-Atlantic domains as well as Case 5b, and, with a reasonable increase in the viscosity
could equally well reproduce the absolute velocities in each domain. In addition, it is likely that there may
be vertical gradients in the density structure of the LLSVPs (e.g., Tan & Gurnis, 2005), such that the
height of the LLSVPs determined in this study may overestimate the vertical distribution of high density
material within them. In other words, the seismically-determined height of the LLSVPs might be
significantly greater than that of the denser material within the LLSVP, as was also suggested by Yuan &
Li (2023).

Time-dependent models of thermochemical convection have shown that LLSVPs with maximum
topography ~600 km can be dynamically stable on geologic timescales and consistent with present-day
geodynamic observables (Liu & Zhong, 2015). While the maximum LLSVP topography in our best-fit
Cases 4-5 exceeds 600 km, it is yet to be determined whether such topography is consistent with present-
day geodynamic observables, and there are tradeoffs between the initial volume of the chemically distinct
material, intrinsic density contrast, and the longevity of LLSVP survival (Yuan & Li, 2023). At present,
there are large uncertainties in and the thermodynamic properties of the LLSVPs and deep ambient mantle
material that make it difficult to rule out tall chemically distinct piles (e.g., the viscosity contrast,
compositional and thermal buoyancy contrasts, time-dependence).

The geometry and maximum topography of the LLSVPs that we obtain from S40RTS yields
different results from the analysis of Yuan and Li (2022), who concluded that the Indo-Atlantic LLSVP is
taller than that of the Pacific by 1000 km based on many seismic tomographic models. In order to

investigate the effect that such a geometry would have on hotspot speeds, we ran one additional model,
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with Pacific and Indo-Atlantic LLSVP topography set to uniformly 500 km and 1500 km, respectively
(Figure 11). The predicted mean hotspot speeds for this geometry are 17.8 and 8.1 mm/year, for purely
layered viscosity, or 21.8 and 8.9 mm/year for temperature-dependent viscosity, in the Pacific and Indo-
Atlantic, respectively. The results give mean speed ratios of 2.2 or 2.4, which exceed the observed ratio
of 2.0. Such large, chemically distinct, and intrinsically dense LLSVPs are likely not compatible with
geodynamic observables (Richards et al., 2023; Liu & Zhong, 2019), and exceed estimates of LLSVP
material occupying 8% of mantle volume (Cottar & Lekic, 2016), but serve to demonstrate the efficacy of
LLSVP topography in reproducing a contrast in Pacific to Indo-Atlantic hotspot speeds.

A previous study imposed surface plate motion history over 80 Myr in time-dependent
thermochemical convection models including dense LLSVPs, and produced statistically similar hotspot
motions in the Pacific and Indo-Atlantic (Li & Zhong, 2019). We suggest that the large-scale features of
hotspot motions are sensitive to the present-day buoyancy field and morphology of LLSVPs, which are
not necessarily reproduced by time-dependent models of mantle flow. Our results also differ from those
of Steinberger & O’Connell (1998) who employed the propagator matrix method and therefore neglected
all lateral gradients in viscosity.

Finally, recent studies of Stoneley modes (i.e., normal modes on the CMB) appear to rule out the
possibility of dense LLSVPs with topography that exceeds 100-200 km (Koelemeijer et al. 2017), but it
is yet to be seen whether the incorporation of full mode coupling will significantly alter this conclusion
(Robson et al., 2022). In summary, chemically distinct and intrinsically dense LLSVPs with topography
as in Cases 4-5 appear to be concordant with, or, at least, reconcilable with previous studies by Richards

et al. (2023), Liu & Zhong (2015) and Koelemeijer et al. (2017).

6. Conclusions

In this study, we sought to investigate whether the largescale features of surface hotspot motions can be
explained by basal flow over topographic features in the deep mantle. Given that LLSVPs are expected to
behave like topographic features if they are dense and stable thermochemical piles, but not if they are
purely thermal, our results have implications for the composition and buoyancy structure of LLSVPs. We
used 3D spherical models of instantaneous thermal convection and applied a scaling factor to the viscosity
within LLSVPs so that they would behave like stable topographic features that ambient mantle material
flows over. When LLSVPs are treated as purely thermal, the predicted mean hotspot speed in the Pacific
is approximately equal to that of the Indo-Atlantic. In contrast, when LLSVPs are treated like stable

topographic features that ambient mantle material must flow over, basal velocity projected from the
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LLSVP surface to the Earth’s surface at hotspot locations reproduces the large-scale observation that mean
hotspot speeds are a factor of 2 faster in the Pacific than in the Indo-Atlantic. Based on this finding, we
conclude that surface hotspot motions present evidence in support of LLSVPs as tall (>700 km)
thermochemical anomalies that are denser than ambient mantle material, and that ambient mantle flows
over these topographic features at the base of the mantle. We suggest that future studies consider the
vertically integrated effects of lateral mantle flow on hotspot motion, as well as potential offset in location
between the hotspot source and surface expression of the hotspot due to flow within the intervening

mantle.
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Table 1.
Case

Oa
0b
la
1b
2a
2b
3a
3b
4a
4b
S5a
5b

LLSVP
topography

None
100 km
200 km
300 km
dvgGokm<_1.0%

dvgB0km<.0.75%

LLSVP
i

[Pas]

10
100
10
100
10
100
10
100
10
100

E
[kJ/mol]

0
120
0
120
0
120
0
120
0
120
0
120

Avg speed (Pacific)
[mm/year]

37.8
48.4
29.5
23.4
23.5
12.0
20.8
8.5
28.3
32.9
21.7
19.6

Avg speed (Indo-Atlantic)
[mm/year]

37.0
50.6
22.9
18.1
17.5
10.1
15.6
8.2
18.6
15.6
15.0
10.5

*The observed average speeds of hotspots in the Pacific and Indo-Atlantic are 21.5 mm/year and 10.6 mm/year,
respectively, in the Fixed Hotspot Reference Frame. Mean hotspot speeds are projected from basal velocity at the
first node with radius greater than the local LLSVP surface.
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Figure 1. Surface hotspot motions relative to
(a) the no-net-rotation reference frame (NNR)
which is defined by surface plate motions,
and (b) the Fixed Hotspot Reference Frame
(FHRF). Regardless of the chosen reference
frame, the observations exhibit rapid
convergence in the Pacific and relative fixity
in the Indo-Atlantic.
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Figure 2. In the leftmost column is an equatorial slice of the seismic
tomographic model S40RTS. Dashed lines show the LLSVP topography for
the cases in the same row. Degrees of longitude are annotated around the
outer circumference, and dashed lines show the LLSVP topography. In the
middle and rightmost columns are the viscosity fields with velocity fields
superposed as vectors.
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Figure 3. Temperature at 2850 km depth based on a uniform scaling of S40RTS, and basal
velocity projected to the surface for Case 0a (a), and Case Ob (b), which treat LLSVPs as
ambient mantle. Red and green triangles mark the surface locations of hotspots, and
observed hotspot motions relative to the FHRF are plotted as magenta vectors. We present
the LLSVP topography and velocity field on the CMB or LLSVP surface, projected radially
to the surface as black vectors in Case la (c), Case 1b (d), Case 2a (e), Case 2b (f), Case 3a
(g), and Case 3b (h). Grey vectors show velocity at nodes just above the LLSVP surface.
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Figure 4. In the leftmost column is the seismic structure (S40RTS) with LLSVP
topography superposed as dashed lines in the equatorial plane for Case 4a and 4b (a) and
Case 5a and 5b (d). Degrees of longitude are marked on the outside circumference. In the
middle and rightmost columns are the viscosity fields and velocity vectors for Case 4a (b)

Case 4b (c), Case 5a (e), and Case 5b (f).
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Figure 5. LLSVP topography with predicted basal velocity projected radially to the
Earth’s surface in Case 4a (a), Case 4b (b), Case 5a (c), and Case 5b (d). All other
symbols are the same as in Figure 3.
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Figure 7. Observed and model hotspot speeds binned by 10 mm/yr increments, shown separately for the
Pacific (left panels) and Indo-Atlantic (right panels) for each case (see titles). The observed
distributions, relative to the FHREF, are plotted in solid blue. The predictions from each case are plotted
as red and hatched.
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Figure 8. The points of maximum convergence for hotspot motions in the Pacific (red
circles) and the Indo-Atlantic (yellow circles) based on observations relative to the FHRF
(a), Case 4a (b), and Case 4b (c), Case 5a (d), and Case 5b (e). The Indo-Atlantic antipode is
also shown since the point of maximum convergence sometimes lands in the Pacific
hemisphere.
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Basal Mantle Flow Over LLSVPs Explains Differences in Pacific and Indo-Atlantic Hotspot
Motions

A. Bellas & L. Royden

Abstract

Surface hotspot motions are approximately a factor of two faster in the Pacific than the Indo-Atlantic, and
the Pacific large low shear velocity province (LLSVP) appears to be significantly shorter than the Indo-
Atlantic LLSVP. Hypothesizing that surface hotspot motions are correlated with the motion of plume
sources on the upper surface of chemically distinct, intrinsically dense LLSVPs, we use 3D spherical
mantle convection models to compute the velocity of plume sources and compare with observed surface
hotspot motions. No contrast in the mean speed of Pacific and Indo-Atlantic hotspots is predicted if the
LLSVPs are treated as purely thermal anomalies and plume sources move laterally across the core-mantle
boundary. However, when LLSVP topography is included in the model, the predicted hotspot speeds are,
on average, faster in the Pacific than the Indo-Atlantic, even when modest topography is assigned to both
LLSVPs (e.g., 100-300 km). The difference in mean hotspot speed increases to a factor of two for larger
and laterally variable LLSVP topography estimated from seismic tomographic model S40RTS (up to
1100-1500 km for the Indo-Atlantic region versus 700-1400 km for the Pacific region) and our results
also broadly reproduce the convergence of Pacific hotspots toward the center of the Pacific LLSVP. These
largescale features of global hotspot motions are only reproduced when ambient mantle material flows
over large, relatively stable topographical features, suggesting that LLSVPs are chemically distinct and

intrinsically dense relative to ambient mantle material.

Key Points
1. Pacific hotspot motions are on average two times faster than Indo-Atlantic hotspots in commonly
used reference frames
2. Analysis of seismic tomographic model S40RTS suggests the Indo-Atlantic LLSVP is taller than
the Pacific LLSVP
3. Surface hotspot motions are reproduced in geodynamic models only if LLSVPs behave like

topography that plume sources are advected over



Plain Language Summary

Seismic observations reveal two continent-sized anomalies at the base of the Earth’s mantle, referred to
as Large Low-Shear-Velocity Provinces, or LLSVPs, through which seismic waves travel slowly. Slow
seismic velocity is generally interpreted as increased temperature. However, buoyant plumes of hot
material rise from the LLSVPs and produce hotspot volcanoes on the Earth’s surface, and the
geochemistry of these lavas suggest that LLSVPs are primordial. To explain why the LLSVPs have
remained at the base of the mantle for billions of years, they must have higher intrinsic density that the
ambient mantle in addition to being hot, but this is still debated. To contribute to understanding whether
LLSVPs are intrinsically dense, chemically distinct piles versus purely thermal, we compare the velocity
of ambient mantle flow, which advects plume sources over LLSVPs, with surface hotspot motions. Results
show that the largescale differences in surface hotspot motions are reproduced only when LLSVPs behave
like topography that deflects ambient mantle flow. Since LLSVPs would only behave like topography that
deflects ambient mantle flow if they are denser than ambient mantle material, our results provide

additional evidence in support of LLSVPs as dense thermochemical piles.



1. Introduction

The large low shear velocity provinces (LLSVPs) are among the most robust features recovered in global
seismic tomographic models of the Earth (Dziewonski, 1984; Woodhouse & Dziewonski, 1989; Becker &
Boschi, 2002; Ritsema et al., 2011; French & Romanowicz, 2015). In addition, most large igneous
provinces and hotspot volcanoes arise from LLSVP interiors and/or peripheries, and appear to have done
so for the past several hundred million years (Burke & Torsvik, 2004; Torsvik et al., 2006). Furthermore,
the geochemistry of hotspot-generated lavas suggests that LLSVPs may be the ancient, un-degassed
remnants of a differentiation event that occurred early in Earth’s history (e.g., 4.45 Ga) (Castillo, 1988;
Jackson et al., 2010; Mukhopadhyay, 2012; Harpp et al., 2014; Mundl et al., 2017; Harrison et al., 2017,
Jackson et al., 2017; Williams et al., 2015, 2019). As such, the LLSVPs provide fundamental constraints
on the composition, dynamics, and evolution of the Earth.

Deep mantle flow driven by descending slabs has long been understood to move thermal
instabilities (i.e., plume sources) across the core-mantle boundary (Olson, 1987), and discrete plume
sources appear to also be affected by the structure of the LLSVPs (Davaille et al., 2002; Jellinek & Manga,
2002; McNamara & Zhong, 2004; Li & Zhong, 2017). The LLSVPs may represent relatively stable, dense
piles at the base of the mantle, with “topography” that interacts with flow in the surrounding mantle,
potentially explaining the motion of plume sources at the base of the ambient mantle, and hotspot motions
at the surface. If correct, then the study of surface hotspot motions may provide insight into the
morphology and dynamic stability of the LLSVPs, and their interaction with the ambient mantle.

The Indo-Atlantic LLSVP is significantly taller than the Pacific LLSVP based on the vertical
gradient of seismic velocity in a multitude of cross-sections (Yuan & Li, 2022), and the mean speed of
Pacific hotspots (21.5 mm/yr) is a factor of two larger than that of the Indo-Atlantic hotspots (10.6 mm/yr)
in the Fixed Hotspot Reference Frame (presented below). Differences in Indo-Atlantic and Pacific LLSVP
topography, and their location relative to major subduction zones, might explain some of the differences
in the associated hotspot motions. We hypothesize that the slow lateral motion of the Indo-Atlantic
hotspots may be due to the taller and steeper topography of the Indo-Atlantic LLSVP which impedes the
lateral motion of plume sources. Meanwhile, the more rapid and convergent motion of the Pacific hotspots
may be correlated with the smaller LLSVP topography and, in part, with mantle flow related to descending
slab material. In this paper, we investigate how large scale mantle convection may interact with stable
LLSVPs to influence plume source motion and surface hotspot motion using 3D-spherical models of

mantle convection and a variety of estimates of LLSVP topography.



2. Observed Hotspot Motions

The present-day motions of 34 hotspots are estimated from the observed azimuth and rate of hotspot tracks
over the past 5-10 Ma (Morgan & Phipps-Morgan, 2007). Of these 34 hotspots, 29 are of deep mantle
origin based on geochemical and seismic evidence (Jackson et al., 2018). We neglect the remaining five
hotspots which are located near the Pacific-North American plate boundary (Bowie, Cobb, Yellowstone,
Guadalupe, and Raton).

An individual hotspot’s motion is estimated relative to the plate it pierces, and to reference all
hotspot motions relative to a common reference frame, we subtract the respective plate motion in the No-
Net-Rotation reference frame (NNR; DeMets et al., 2010; Argus et al., 2011) from each hotspot. This
gives

Dnotspot = Dnotspot ~ Dptate (M
where subscripts and superscripts denote what is moving relative to what, respectively. The average speed
of the 29 hotspots relative to NNR is 22.5 + 13.5 mm/year overall, or 29.2 &+ 14.9 mm/year in the Pacific,
and 15.7 £ 7.8 mm/year in the and Indo-Atlantic (Figure 1a).

The Fixed Hotspot Reference Frame (FHRF) is defined as the rigid body rotation which minimizes

the sum of residual hotspot motions. Consider an arbitrary rotation vector with origin located at the center
(0

of the Earth and unit length, p; (i.e., a pole). The velocity associated with this rotation, Aﬁll , 1s given by

the cross product with a position vector, 7; (e.g., for each hotspot, ),
Aﬁi(jo) =p; @7 (2)

Hotspot velocities in the reference frame defined by p; can be expressed by subtracting the velocity of

rotation

>(i) _ >(NNR) _ -(0)

v =1 A, 3)
where 3V is the velocity of each hotspot (j) relative to NNR (i.e., equation 1). This can then can be

]

generalized for a pole of arbitrary rotation rate, p; = w;p;,

l—;(l) — 1—7>.(NNR)

=>(0)

We now have an expression that is general in terms of the position of the pole (i) and its length (w;). We

will first solve w; for a given pole position by minimizing the sum of the hotspot motion residuals



Nhotspots
2
R = Z (vj(NNR) - wl-Avi(jO)) . (5)
j=1
The minimum of equation (5) is given by

Nhotspots

aR - - -

o =0= Z Z(UJ.(NNR) — wiAvi(]-O)) . (— Avi(jo)), (6)
j=1

which simplifies to

Nnotspots »(NNR) -(0)
> =1 v; Avi]-

(05)

We first solve w; for each pole position p; on a coarse 3°x3° grid. We then iterate about the best fit pole

(7)

w; =

on local, refined grids of £10° and 1°x1° resolution, then +2.5° and 0.25°x0.25° resolution, and finally
+0.05° and 0.005°x0.005° resolution.

The resulting pole of the FHRF is defined by coordinates 256.8 °E, 46.8 °N, and a rotation rate of
0.167 °/Myr relative to NNR. The mean residual hotspot motions are 16.7 = 12.9 mm/year overall, or 21.5
+12.7 mm/year in the Pacific, and 10.6 £ 9.8 mm/year in the Indo-Atlantic (Figure 1b). In both the FHRF
and NNR, the velocity of the Pacific hotspot motions are faster than Indo-Atlantic hotspot motions by a
factor of ~2 on average, have a greater scatter by a factor of ~1.6, and Pacific hotspots converge toward
the central Pacific (Figure 1).

In the following sections, we compute velocities in the deep mantle for a variety of LLSVP
morphologies. Assuming that hotspot motions are correlated with plume source motions at the base of the
mantle, we use these results to constrain the dynamic effects of the LLSVPs on large-scale basal mantle
flow. We will show that some of the large-scale features of observed hotspot motions may be caused,
under certain conditions, by buoyancy-driven flow in the ambient mantle interacting with the topography

of intrinsically dense piles or LLSVPs.

3. Methods and Model Setup

We use 3D-spherical, instantaneous thermal convection models to investigate how basal flow over
LLSVPs might affect surface hotspot motions via the motion of hotspot source regions. We solve the
velocity field from the conservation equations of mass, momentum, and energy in the Boussinesq
approximation using CitcomS (Zhong et al., 2008). The buoyancy field is derived from the seismic

tomographic model S40RTS converted to temperature with a uniform scaling factor equal to 0.035 and



mean nondimensional temperature equal to 0.5196. We consider viscosity structures that are either purely
layered or layered and temperature-dependent with a factor of 60 increase in viscosity at 660 km depth

(Table 1), plus addition modification to viscosity in the LLSVPs (see below). Temperature-dependent

viscosity is assigned following the Arrhenius form n = n, exp (}f—T) with activation energy, E, set to 120
kJ/mol (e.g., Bellas et al., 2018). We set the upper mantle viscosity equal to 4.2x10%° Pa s and lower
mantle viscosity to 2.5x10%? Pa s (e.g., Mao et al., 2021).

The finite element grid, which spans a nondimensional radius 0.55 to 1.0, is divided into 12
spherical caps, each with 81 vertical nodes and 65 horizontal nodes. Vertical grid refinement is applied in
the lower mantle to produce grid resolution equal to ~30 km up to ~1400 km above the core-mantle
boundary (CMB) to resolve flow over the LLSVP surfaces (i.e., plume source motions). Models are
instantaneous such that the velocity field represents present-day flow in the mantle based on the present-
day buoyancy structure. Surface and bottom boundary conditions are free-slip.

In addition to reference models without LLSVPs (Case 0a and Case Ob), the model setup contains
stable LLSVPs at the base of the mantle, with LLSVP topography (height above the CMB) determined
from S40RTS. Low topography, or “deflated”, dense-cored LLSVPs are supported by a recent study
(Richards et al., 2023), while taller LLSVP topography is suggested by another (Yuan & Li, 2022).
Following Richards et al. (2023), cases 1-3 are formulated with low-topography LLSVPs that have lateral
extent defined by regions at the base of the mantle where seismic velocity is slower than average (Figure
2c; Figure 3c-d). In these regions, the LLSVP topography is uniform and set equal to 100 km for Case la
and Case 1b, to 200 km for Case 2a and Case 2b, and to 300 km for Case 3a and Case 3b (viscosity is

2

purely layered in cases ending with “-a”, and viscosity is layered and temperature-dependent in cases
ending with “-b”).

In order to stabilize the LLSVPs, we artificially increase the viscosity of material within the
LLSVPs by an amount sufficient to retard flow within the LLSVPs. For the purely layered viscosity cases,
an increase in viscosity by a factor of 10 is sufficient to stabilize the LLSVPs. For the temperature-
dependent viscosity cases, an increase in LLSVP viscosity by a factor of 100 is needed to stabilize the
LLSVP material (Figure 2). Note that this is not an assertion that LLSVPs have a high viscosity, but only
that we use viscosity as a proxy to test the dynamical effects of relatively stable and intrinsically dense
material on the buoyancy-driven flow of ambient mantle material.

We also examine cases in which LLSVP topography is laterally variable. We estimate the

topography of the LLSVPs by computing a 300 km radial-moving-window-average of S40RTS,



dvs3%%m (0 ¢,r) because this approach prevents the identification of the LLSVP surface with small-scale
perturbations in S40RTS. Searching upward from the CMB, we estimate the position of the upper surface
of the LLSVP as the location where dvs®?%™ first becomes faster than a threshold value. The seismic
velocity threshold that defines the upper surface of the LLSVPs is -1.0% (Case 4a and Case 4b), and
-0.75% (Case 5a and Case 5b). This method of estimating LLSVP topography produces two distinct piles
which reach a maximum height of ~700 km in the Pacific and ~1100 km in the Indo-Atlantic (Case 4a
and Case 4b) and ~1400 km in the Pacific and ~1500 km in the Indo-Atlantic (Case 5a and Case 5b).
These differences in height are substantially smaller than those estimated by Yuan & Li (2022) who
considered the vertical gradient in dvs.

We compare the predicted velocity of ambient mantle material over the LLSVP surfaces to
observed present-day hotspot motions assuming (i) that the lateral motions of plume sources are driven,
at least in part, by the flow of ambient mantle material, (i1) that basal flow in the mantle is relatively stable
over the last ~30 Ma (i.e., mantle transit time), and (iii) that velocities in the mid-mantle are dominantly
vertical. We consider all of these assumptions to be reasonable, but because they are approximate in
nature, and because of the large uncertainties associated with converting S40RTS to buoyancy, we do not
expect precise agreement between our predictions and the observations. Our aim is to reproduce large-
scale features of the observations.

We choose to impose stability of the LLSVPs rather than employing thermochemical mantle
convection models because the ratio of thermal to compositional buoyancy in the LLSVPs is poorly
constrained, not to mention time-dependent. In addition, thermochemical convection models with imposed
surface plate motion over the past 80 Ma have already been investigated by Li & Zhong (2019), and they
did not reproduce the factor of 2 contrast in mean hotspot speeds between the Pacific and Indo-Atlantic.
Rather than introduce unknown parameters to the models, we choose to simulate the dynamic effects of
LLSVPs as stable piles by increasing their viscosity. It is important to note that the large temperature
inferred from the slow seismic velocity of LLSVPs would suggest that they are, in reality, of lower
viscosity than the ambient mantle, in which case their stability would be caused by other thermodynamic
properties (e.g., excess density associated with their chemical composition). The present study also
neglects boundary layer dynamics, and it is not clear how this can be reliably improved given the relatively
low resolution of seismic tomographic models and uncertainty in thermodynamic properties of the deep

mantle (e.g., rheology, compositional and thermal buoyancy).



4. Results

We begin with reference cases that treat LLSVPs as purely thermal anomalies. In Case 0a, model results
show divergent flow at the base of the mantle away from centers of negative buoyancy related to
subduction beneath the Middle East, Tibet, the Andes, and the Farallon slab region. This results in
convergent basal flow in the Indo-Atlantic LLSVP that is equal in strength to that in the Pacific LLSVP,
despite the close proximity of circum-Pacific subduction zones to the Pacific LLSVP (Figures 2a,b and
3a). If basal flow velocities are correlated with surface hotspot motions, then these results disagree with
the observed behavior of hotspots in the two domains. The average predicted speeds at hotspot locations
in the Pacific and Indo-Atlantic are 38 mm/year and 37 mm/year, respectively, which fail to reproduce the
factor of two contrast in observed speeds and significantly overestimate them in both domains (21.5
mm/year and 10.6 mm/year; Table 1). The agreement with observations is further degraded if temperature-
dependent viscosity is introduced in Case Ob, where the mean predicted hotspots speeds increase to 48.4
mm/year and 50.6 mm/year in the Pacific and Indo-Atlantic, respectively, such that Indo-Atlantic hotspots
move even faster than Pacific hotspots in this case (Figure 2a,c; Figure 3b).

In Cases 1a and 1b, we introduce LLSVPs as topographical features that ambient mantle material
flows over. LLSVP topography is assigned to be uniform and equal to 100 km in any region where seismic
velocity is slower than average at the base of the mantle (Figure 2d,e,f; Figure 3c¢,d). The viscosity is
increased by a factor of 10 inside the LLSVPs in Case 1a with otherwise purely layered viscosity (Figure
2d), and by a factor of 100 in Case 1b with layered and temperature-dependent viscosity (Figure 2¢). The
effect of introducing stable 100 km-high topographic features at the base of the mantle is to reduce the
magnitude of basal flow velocity over the Indo-Atlantic LLSVP to a greater degree than the Pacific
LLSVP (Figure 3c,d). In Case 1la, the predicted average hotspot speeds are 29.5 mm/year and 22.9
mm/year in the Pacific and Indo-Atlantic regions, respectively, and in Case 1b they are 23.4 mm/year and
18.1 mm/year (Table 1). Most importantly, the predicted average speed of Pacific hotspots is a factor of
1.3 greater than that of the Indo-Atlantic hotspots for Cases 1a and 1b. While this underestimates the
observed ratio of 2.0, the predictions do agree better with the observations than Case 0a and Case 0b with
no LLSVP topography.

In Case 2a and Case 2b, LLSVP topography is increased to 200 km but all else is the same (Figure
2g.h,1). The predicted average speeds of hotspots in Case 2a are 23.5 mm/year and 17.5 mm/year in the
Pacific and Indo-Atlantic regions, respectively, and in Case 2b they are 12.0 mm/year and 10.1 mm/year,

respectively (Table 1; Figure 3e,f). The predicted ratios of Pacific to Indo-Atlantic hotspot average speeds



are 1.3 in Case 2a, and 1.2 in Case 2b. In Case 3a and Case 3b, LLSVP topography is increased to 300 km
but all else is the same (Figure 2j,k,I). The mean predicted hotspot speeds are 20.8 mm/year and 15.6
mm/year in the Pacific and Indo-Atlantic in Case 3a, and 8.5 mm/year and 8.2 mm/year in Case 3b (Table
1; Figure 3g,h). The ratio of Pacific to Indo-Atlantic hotspot speeds are 1.3 and 1.0, respectively. Overall,
it appears that compact, uniform topography LLSVPs produce a ratio of Pacific to Indo-Atlantic hotspots
between 1.0 and 1.3, which is significantly smaller than the observed ratio, but a general improvement
relative to cases with no LLSVP topography.

Next, we use the 300 km radial-moving-window-average of S40RTS, dvs®"%m (0 ¢r), to
investigate the effects of larger and laterally variable LLSVP topography (Figure 4,5). In both Case 4a
and Case 4b, the maximum LLSVP topography is equal to 700 km in the Pacific and 1100 km in the Indo-
Atlantic. Case 4a predicts mean hotspot speeds in the Pacific and Indo-Atlantic are 28.3 mm/year and 18.6
mm/year, respectively. For Case 4b, the corresponding model speeds are 32.9 and 15.6 mm/year. The ratio
of Pacific to Indo-Atlantic mean speed increase to 1.5 in Case 4a, and 2.1 in Case 4b, in very good
agreement with the observations.

For Case 5a, with maximum LLSVP topography equal to 1400 km and 1500 km the Pacific and
Indo-Atlantic, respectively, the mean model hotspot speeds are 21.7 mm/year and 15.0 mm/year in the
Pacific and Indo-Atlantic, respectively (Figure 5c). For Case 5b, they are 19.6 mm/year and 10.5 mm/year,
respectively (Figure 5d). The ratio of Pacific to Indo-Atlantic mean speed is 1.4 in Case 5a and 1.9 in Case
5b, also in very good agreement with observations. In general, the factor of two contrast in observed
hotspot speeds is best reproduced by cases with large, laterally variable LLSVP topography, and
temperature-dependent viscosity (i.e., Case 4b and Case 5b).

Figure 6 shows the average speeds of the Pacific and Indo-Atlantic hotspots, as computed in each
model, and the ratio of Pacific to Indo-Atlantic mean hotspot speeds. Ultimately, Case 5b with temperature
dependent viscosity and LLSVP topography defined by dvs®?%"<-0.75% reproduces these observations
best. However, Case 4b reproduces the ratio of Pacific to Indo-Atlantic mean speeds of ~2, and thus is
comparably successful in explaining the more rapid mean speed of the Pacific hotspots.

In Figure 7, hotspot speeds are binned by 10 mm/year increments and shown as a distribution for
the Pacific (left panels) and Indo-Atlantic (right panels) domains. Most Indo-Atlantic hotspots move with
observed speeds of less than 10 mm/year, while most observed Pacific hotspot speeds are distributed
between 10 and 30 mm/year (Figure 7). Overall, Case 5a and Case 5b best-reproduce the distribution of

hotspot speeds, and Case 4a and Case 4b agree with observations fairly well too.
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Cases with large and laterally variable LLSVP topography generally reproduce the observed rapid
convergence toward the south-central Pacific (Figure 8), and we observe a consistent reduction in the sum
of convergent velocities in the Indo-Atlantic as LLSVP topography is increased from Case 1a to Case 5b
(Figure 9a), which represents a steady improvement in agreement with observations. Ultimately, it is only
Case 5a and Case 5b that reproduce the modest divergence of Indo-Atlantic hotspots, and therefore the

negative ratio of convergent velocities in the Pacific relative to the Indo-Atlantic (Figure 9b).

5. Discussion

In the present study, we sought to test whether the largescale features of surface hotspot motions

can be explained by basal flow over LLSVPs. The key results of our study are

(1) that the factor of 2 contrast in observed mean hotspot speeds between the Pacific versus
Indo-Atlantic is not reproduced by model predictions if LLSVPs are treated as purely
thermal anomalies,

(11) that if LLSVPs are treated as topographical features that ambient mantle must flow over,
then even small topography (e.g., 100-300 km above the CMB) is capable of reducing the
mean hotspot speed in the Indo-Atlantic while maintaining larger mean speeds in the
Pacific, and

(ii1))  that the observed contrast in hotspot speeds is reproduced only in cases where LLSVP
topography is large (>=700 km) and laterally variable (e.g., estimated from S40RTS as
height at which dvs3?%m<-0.75%, or dvs>?%m<-1.0%).

In particular, Case 5b best-reproduced the observed mean hotspot speeds, the factor of 2 ratio between the
mean speed of Pacific and Indo-Atlantic hotspots (Figure 5, Figure 6), the general distribution of hotspot
speeds within each region (Figure 7), and the convergent velocity pattern in the Pacific and Indo-Atlantic
(Figure 8, Figure 9). Individual hotspot motions are not well-reproduced by any of the models, but the
residual speeds scale with the predicted speeds (Figure 10), suggesting that there is an effectively random
contribution to the velocities of individual hotspot sources, which is perhaps a reflection of local
topography or other features at individual plume sources, or boundary layer dynamics. The result that the
observed large-scale features of surface hotspot motions can be explained by basal flow over topographical
features in the lowermost mantle contributes additional evidence in support of LLSVPs as dense
thermochemical piles, which are relatively dense and stable compared to ambient mantle material.

Our results favor tall, steep-sided LLSVPs (e.g., Cases 4-5) over relatively flat, deflated ones (e.g.,

Cases 1-3) on the basis that the factor of 2 contrast in hotspot speeds is only reproduced by the models



11

that include tall LLSVPs. Our analysis of S40RTS (that is, the radius at which dvs®%%" first becomes
faster than -1.0% or -0.75%) predicts a maximum height of the Indo-Atlantic LLSVP that is taller than
that of the Pacific LLSVP by ~100-400 km. We suggest that larger and steeper topography of the Indo-
Atlantic LLSVP hinders lateral motion of plume sources at the base of the mantle and partially explains
the slower mean speed of hotspot in the Indo-Atlantic.

Chemically distinct and intrinsically dense LLSVPs are consistent with geodynamic observables
including the geoid, dynamic topography, and CMB ellipticity, when LLSVP topography is less than ~200
km at spherical harmonic degree 2 based on instantaneous convection models (Richards et al., 2023). In
our models, the degree-2 spherical harmonic component of LLSVP topography has an amplitude that is
less than 200 km and concordant Richards et al. (2023) in all cases except for Case 5a and Case 5b, for
which it is 375 km. However, we note that Case 4b reproduced the ratio of mean hotspot speeds between
the Pacific and Indo-Atlantic domains as well as Case 5b, and, with a reasonable increase in the viscosity
could equally well reproduce the absolute velocities in each domain. In addition, it is likely that there may
be vertical gradients in the density structure of the LLSVPs (e.g., Tan & Gurnis, 2005), such that the
height of the LLSVPs determined in this study may overestimate the vertical distribution of high density
material within them. In other words, the seismically-determined height of the LLSVPs might be
significantly greater than that of the denser material within the LLSVP, as was also suggested by Yuan &
Li (2023).

Time-dependent models of thermochemical convection have shown that LLSVPs with maximum
topography ~600 km can be dynamically stable on geologic timescales and consistent with present-day
geodynamic observables (Liu & Zhong, 2015). While the maximum LLSVP topography in our best-fit
Cases 4-5 exceeds 600 km, it is yet to be determined whether such topography is consistent with present-
day geodynamic observables, and there are tradeoffs between the initial volume of the chemically distinct
material, intrinsic density contrast, and the longevity of LLSVP survival (Yuan & Li, 2023). At present,
there are large uncertainties in and the thermodynamic properties of the LLSVPs and deep ambient mantle
material that make it difficult to rule out tall chemically distinct piles (e.g., the viscosity contrast,
compositional and thermal buoyancy contrasts, time-dependence).

The geometry and maximum topography of the LLSVPs that we obtain from S40RTS yields
different results from the analysis of Yuan and Li (2022), who concluded that the Indo-Atlantic LLSVP is
taller than that of the Pacific by 1000 km based on many seismic tomographic models. In order to

investigate the effect that such a geometry would have on hotspot speeds, we ran one additional model,
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with Pacific and Indo-Atlantic LLSVP topography set to uniformly 500 km and 1500 km, respectively
(Figure 11). The predicted mean hotspot speeds for this geometry are 17.8 and 8.1 mm/year, for purely
layered viscosity, or 21.8 and 8.9 mm/year for temperature-dependent viscosity, in the Pacific and Indo-
Atlantic, respectively. The results give mean speed ratios of 2.2 or 2.4, which exceed the observed ratio
of 2.0. Such large, chemically distinct, and intrinsically dense LLSVPs are likely not compatible with
geodynamic observables (Richards et al., 2023; Liu & Zhong, 2019), and exceed estimates of LLSVP
material occupying 8% of mantle volume (Cottar & Lekic, 2016), but serve to demonstrate the efficacy of
LLSVP topography in reproducing a contrast in Pacific to Indo-Atlantic hotspot speeds.

A previous study imposed surface plate motion history over 80 Myr in time-dependent
thermochemical convection models including dense LLSVPs, and produced statistically similar hotspot
motions in the Pacific and Indo-Atlantic (Li & Zhong, 2019). We suggest that the large-scale features of
hotspot motions are sensitive to the present-day buoyancy field and morphology of LLSVPs, which are
not necessarily reproduced by time-dependent models of mantle flow. Our results also differ from those
of Steinberger & O’Connell (1998) who employed the propagator matrix method and therefore neglected
all lateral gradients in viscosity.

Finally, recent studies of Stoneley modes (i.e., normal modes on the CMB) appear to rule out the
possibility of dense LLSVPs with topography that exceeds 100-200 km (Koelemeijer et al. 2017), but it
is yet to be seen whether the incorporation of full mode coupling will significantly alter this conclusion
(Robson et al., 2022). In summary, chemically distinct and intrinsically dense LLSVPs with topography
as in Cases 4-5 appear to be concordant with, or, at least, reconcilable with previous studies by Richards

et al. (2023), Liu & Zhong (2015) and Koelemeijer et al. (2017).

6. Conclusions

In this study, we sought to investigate whether the largescale features of surface hotspot motions can be
explained by basal flow over topographic features in the deep mantle. Given that LLSVPs are expected to
behave like topographic features if they are dense and stable thermochemical piles, but not if they are
purely thermal, our results have implications for the composition and buoyancy structure of LLSVPs. We
used 3D spherical models of instantaneous thermal convection and applied a scaling factor to the viscosity
within LLSVPs so that they would behave like stable topographic features that ambient mantle material
flows over. When LLSVPs are treated as purely thermal, the predicted mean hotspot speed in the Pacific
is approximately equal to that of the Indo-Atlantic. In contrast, when LLSVPs are treated like stable

topographic features that ambient mantle material must flow over, basal velocity projected from the
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LLSVP surface to the Earth’s surface at hotspot locations reproduces the large-scale observation that mean
hotspot speeds are a factor of 2 faster in the Pacific than in the Indo-Atlantic. Based on this finding, we
conclude that surface hotspot motions present evidence in support of LLSVPs as tall (>700 km)
thermochemical anomalies that are denser than ambient mantle material, and that ambient mantle flows
over these topographic features at the base of the mantle. We suggest that future studies consider the
vertically integrated effects of lateral mantle flow on hotspot motion, as well as potential offset in location
between the hotspot source and surface expression of the hotspot due to flow within the intervening

mantle.
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Table 1.
Case

Oa
0b
la
1b
2a
2b
3a
3b
4a
4b
S5a
5b

LLSVP
topography

None
100 km
200 km
300 km
dvgGokm<_1.0%

dvgB0km<.0.75%

LLSVP
i

[Pas]

10
100
10
100
10
100
10
100
10
100

E
[kJ/mol]

0
120
0
120
0
120
0
120
0
120
0
120

Avg speed (Pacific)
[mm/year]

37.8
48.4
29.5
23.4
23.5
12.0
20.8
8.5
28.3
32.9
21.7
19.6

Avg speed (Indo-Atlantic)
[mm/year]

37.0
50.6
22.9
18.1
17.5
10.1
15.6
8.2
18.6
15.6
15.0
10.5

*The observed average speeds of hotspots in the Pacific and Indo-Atlantic are 21.5 mm/year and 10.6 mm/year,
respectively, in the Fixed Hotspot Reference Frame. Mean hotspot speeds are projected from basal velocity at the
first node with radius greater than the local LLSVP surface.
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Figure 1. Surface hotspot motions relative to
(a) the no-net-rotation reference frame (NNR)
which is defined by surface plate motions,
and (b) the Fixed Hotspot Reference Frame
(FHRF). Regardless of the chosen reference
frame, the observations exhibit rapid
convergence in the Pacific and relative fixity
in the Indo-Atlantic.
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Figure 2. In the leftmost column is an equatorial slice of the seismic
tomographic model S40RTS. Dashed lines show the LLSVP topography for
the cases in the same row. Degrees of longitude are annotated around the
outer circumference, and dashed lines show the LLSVP topography. In the
middle and rightmost columns are the viscosity fields with velocity fields
superposed as vectors.
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Figure 3. Temperature at 2850 km depth based on a uniform scaling of S40RTS, and basal
velocity projected to the surface for Case 0a (a), and Case Ob (b), which treat LLSVPs as
ambient mantle. Red and green triangles mark the surface locations of hotspots, and
observed hotspot motions relative to the FHRF are plotted as magenta vectors. We present
the LLSVP topography and velocity field on the CMB or LLSVP surface, projected radially
to the surface as black vectors in Case la (c), Case 1b (d), Case 2a (e), Case 2b (f), Case 3a
(g), and Case 3b (h). Grey vectors show velocity at nodes just above the LLSVP surface.
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Figure 4. In the leftmost column is the seismic structure (S40RTS) with LLSVP
topography superposed as dashed lines in the equatorial plane for Case 4a and 4b (a) and
Case 5a and 5b (d). Degrees of longitude are marked on the outside circumference. In the
middle and rightmost columns are the viscosity fields and velocity vectors for Case 4a (b)

Case 4b (c), Case 5a (e), and Case 5b (f).
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Figure 5. LLSVP topography with predicted basal velocity projected radially to the
Earth’s surface in Case 4a (a), Case 4b (b), Case 5a (c), and Case 5b (d). All other
symbols are the same as in Figure 3.
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Figure 6. Mean hotspot speeds in the Pacific (a),
Indo-Atlantic (b), and the ratio of the former to
the latter (c). Model predictions are plotted in
blue, and the observations relative to the FHRF
are superposed in grey.
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Figure 7. Observed and model hotspot speeds binned by 10 mm/yr increments, shown separately for the
Pacific (left panels) and Indo-Atlantic (right panels) for each case (see titles). The observed
distributions, relative to the FHREF, are plotted in solid blue. The predictions from each case are plotted
as red and hatched.
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Figure 8. The points of maximum convergence for hotspot motions in the Pacific (red
circles) and the Indo-Atlantic (yellow circles) based on observations relative to the FHRF
(a), Case 4a (b), and Case 4b (c), Case 5a (d), and Case 5b (e). The Indo-Atlantic antipode is
also shown since the point of maximum convergence sometimes lands in the Pacific
hemisphere.
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Figure 10. The residual speed
(predictions minus observations)
normalized by the predicted speed in
the Pacific and Indo-Atlantic.
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Figure 11. The viscosity fields and velocity vectors for Case 6a and Case 6b in
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