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Abstract

Large low velocity provinces (LLVPs) dominate Earth’s lowermost mantle,

but their detailed thermochemical nature remains a topic of discussion. In

particular, it is unclear to what extent the bridgmanite to post-perovskite

phase transition is able to explain their seismic velocity characteristics. Ro-

bust constraints on the origin of these seismic structures would shed light

on large-scale mantle dynamics and Earth’s thermal and chemical evolution.

Here, we examine the combined e↵ects of temperature, chemical heterogene-

ity and phase transitions on lowermost mantle tomographic signatures. To

investigate this, we calculate synthetic seismic velocities expected from a

range of scenarios for the stability of post-perovskite combined with models

of di↵erent lowermost mantle temperatures and compositions using recent

thermodynamic data. These are filtered to account for limited tomographic

resolution, allowing for quantitative comparisons between our synthetic seis-

mic velocities and a recent Backus-Gilbert based tomography model. Cru-
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cially, this model provides robust ratios and correlations of velocity anomalies

derived from nearly identical Vp and Vs resolution, and includes uncertainty

quantification that accounts for both data and theoretical errors. Given the

tomographic uncertainties and limited resolution, our comparisons focus on

globally and depth averaged seismic characteristics, which capture the e↵ects

of lateral compositional and mineralogical variability. By rejecting synthetic

models that do not fit within tomographic uncertainties, we quantitatively

eliminate the following: (i) models containing LLVPs with an iron-rich pri-

mordial composition, as these generate anomalously high root mean square

seismic velocity anomalies; and (ii) models without post-perovskite in the

lowermost mantle, as these cannot explain observations of elevated ratios of

shear-wave to compressional-wave velocity (Rs/p) and a negative correlation

between variations in shear-wave and bulk sound velocity (rs�c). Addition-

ally, we demonstrate that observations of Rs/p and rs�c in the lowermost

mantle cannot be explained by thermochemical LLVPs alone, but require

bridgmanite and post-perovskite to co-occur at depth in the mantle. As

such, we demonstrate that globally averaged seismic velocity characteristics

can distinguish between composition and mineralogy in the lowermost man-

tle.

Keywords: LLVPs, Post-perovskite, SOLA, Lowermost mantle

composition, Uncertainties, Seismic tomography
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1. Introduction1

Large low velocity provinces (LLVPs) are two seismically slower struc-2

tures lying in the lowermost mantle beneath the Pacific and Africa, spanning3

25 % of the core-mantle boundary (CMB) with estimated negative S-wave4

velocity anomalies of 1.5-5% (Cottaar and Lekic, 2016; McNamara, 2019).5

Because of their size, LLVPs have large influences on planetary scale dy-6

namics, such as the influence of density variations on the global mantle flow,7

which also results in dynamic topography of the surface and CMB (Hager8

et al., 1985; Garnero et al., 2016; Richards et al., 2023; Davies et al., 2023).9

Therefore, understanding the origin and thermochemical structure of these10

deep mantle features provides a way to better interpretation of the coupling11

between the outer core and the mantle, which links to heat flux from the12

core (McNamara, 2019; Schuberth et al., 2009a), geomagnetic reversals (Tar-13

duno et al., 2015), and the generation and stability of mantle plumes (Burke14

et al., 2008; Tarduno et al., 2015; Thorne et al., 2004). However, determining15

the composition of LLVPs is di�cult because of the non-unique relationship16

of seismic wave speeds to pressure, temperature, composition and mineral17

phases. Hence, the origin of LLVPs remains contested, particularly focusing18

on the extent to which they are thermochemical.19

Lowermost mantle tomographic signatures include an anti-correlation be-20

tween shear-wave velocity anomalies (d lnVs) and bulk sound velocity anoma-21

lies (d lnVc) (hereafter referred to as rs–c) and the elevated ratio of shear-wave22

to compressional-wave velocity anomalies (Rs/p = d lnVs/d lnVp) between23

2.6 and 3.4 (Masters et al., 2000; Moulik and Ekström, 2016; Ritsema and24

Van Heijst, 2002; Su and Dziewonski, 1997). However, seismic signatures gen-25
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erated by pure thermal variations (in the absence of temperature-dependent26

phase transitions) only show strongly positive values of rs–c and Rs/p below27

2.5 because both the bulk and shear moduli soften with increasing temper-28

ature, in the absence of temperature-dependent phase transitions (Karato29

and Karki, 2001). This means that observations of rs–c and Rs/p cannot be30

explained by thermal e↵ects alone, which therefore have been interpreted as31

evidence for LLVPs of thermochemical origin. This interpretation has been32

supported by other geophysical and geochemical observations, including the33

correlation of LLVP edges with hotspots containing enriched isotope signa-34

tures (Burke et al., 2008; Thorne et al., 2004), steep Vs gradients of 1.3—635

%/100 km (Ni et al., 2002), and the anti-correlation between Vs and density36

inside (and outside) LLVPs (Ishii and Tromp, 1999; Trampert et al., 2004).37

However, other studies have suggested that temperature variations alone can38

explain velocity gradients at LLVP margins, particularly: (i) in geodynamic39

models with a substantial CMB heat flux as expected from current con-40

straints; and (ii) when anelastic e↵ects on seismic velocity are considered41

(e.g. Schuberth et al., 2009b; Davies et al., 2012). Furthermore, recent obser-42

vations imply lower Vs gradients at the edges of LLVPs (Ward et al., 2020).43

Additionally, our ability to resolve lowermost mantle density from seismic44

and geodetic data remains debated, due to limited data and the trade-o↵ of45

density with Vp, Vs in seismic data (Akbarashrafi et al., 2018; Robson et al.,46

2021) and viscosity in geodetic observables (Forte et al., 2015).47

Even if LLVPs are thermochemical, multiple compositions can explain48

the characteristics of observed anomalies. One possible composition is the49

preservation of primordial mantle material segregated during top-down crys-50
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tallisation of a basal magma ocean (BMO, Labrosse et al., 2007), which is51

enriched with iron-rich melts generated in the primordial mantle transition52

zone (Lee et al., 2010). A second proposed composition is that LLVPs are53

made of subducted iron- and silicon-rich Hadean crust along with a terrestrial54

regolith comprising chondritic and solar-wind-implanted material (Tolstikhin55

and Hofmann, 2005). These two scenarios suggest that LLVPs are formed56

of primordial material, and thus imply that they are long-lived structures57

throughout Earth’s evolution. Alternatively, LLVPs could be piles of accu-58

mulated recycled oceanic crust from subducted slabs (Niu, 2018), which are59

denser than the background mantle at lowermost mantle pressures (Hirose60

et al., 2005). This would imply that LLVPs are metastable features with61

material constantly being added and removed, and therefore would have less62

well defined margins (Jones et al., 2020; Panton et al., 2025).63

Yet, numerous studies (e.g. Davies et al., 2012; Schuberth et al., 2009b)64

have suggested that elevated ratios and anti-correlations in the lowermost65

mantle do not require compositional heterogeneity. They favour an alterna-66

tive explanation due to the bridgmanite-post-perovskite (bdg-pPv) phase67

transition, which experimental results indicate to happen at 200-300 km68

above the CMB (Murakami et al., 2004; Oganov and Ono, 2004). The phase69

transition exhibits a 1-4% increase in Vs, a small change in Vp and a decrease70

in Vc, which results in a higher Rs/p and a negative rs–c (Cobden et al., 2015;71

Oganov and Ono, 2004; Tsuchiya et al., 2004). The large Clapeyron slope72

of the bdg-pPv phase transition, the proposed 3-4 order-of-magnitude de-73

crease in viscosity and the increase in thermal di↵usivity of post-perovskite74

relative to bridgmanite is thought to destabilise the thermal boundary layer75
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above the CMB and promote plume formation (Ammann et al., 2010; Hirose,76

2006; Hunt et al., 2012). LLVPs of thermal origin have been suggested as77

plumes focused into clusters by adjacent regions dominated by subduction78

(Bull et al., 2009; Davies et al., 2012; Schubert et al., 2004). Nonetheless,79

large uncertainties in mineral physics at lowermost mantle temperature and80

pressure conditions indicate that the phase transition is still poorly under-81

stood (Cobden et al., 2015). Additionally, the composition of bridgmanite82

and post-perovskite, poorly constrained in the lowermost mantle, a↵ects both83

the phase transition pressure (hence depth) and two-phase region. In partic-84

ular, the incorporation of iron increases the thickness of the two-phase region85

and decreases the pressure at which the phase boundary occurs (Catalli et al.,86

2009).87

Previous studies (e.g. Davies et al., 2012; Koelemeijer et al., 2018) have88

conducted synthetic-tomographic comparisons to determine whether compo-89

sitional heterogeneity (chemical) or phase transitions (mineralogical) better90

explain lowermost mantle seismic signatures. However, Davies et al. (2012)91

only investigated models which included the presence of post-perovskite, and92

therefore were limited by scenarios where both chemical and mineralogical93

e↵ects are important. Koelemeijer et al. (2018) investigated both, but di↵er-94

ent post-perovskite scenarios were artificially created, and only pyrolite and95

basaltic LLVP compositions were considered. Additionally, the tomography96

models used in these studies only had similar, but not identical resolution97

for d lnVs and d lnVp, which is important for obtaining robust velocity ratios98

and correlations. In this study, we therefore examine the combined e↵ects of99

LLVP composition and the bdg-pPv phase transition on lowermost mantle100
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seismic velocity anomalies, ratios and correlations. We expand on the study101

of Koelemeijer et al. (2018) by examining di↵erent LLVP compositions, util-102

ising up-to-date and self-consistent thermodynamic parameters, and using a103

tomographic model with nearly equal resolution on d lnVs and d lnVp that104

includes uncertainty quantification. This enables us to quantitatively as-105

sess models of LLVP compositions and post-perovskite stability scenarios by106

eliminating synthetic seismic velocity models that fall outside of tomographic107

uncertainties.108
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2. Methods109

To address the relative e↵ects of composition and mineralogy on seismic110

signatures in the lowermost mantle, we compare observations from seismic111

tomography (Restelli et al., 2024) with synthetic seismic velocity models of112

various LLVP composition and post-perovskite stability scenarios (Fig. 1).113

To generate these synthetic models, we utilise realistic temperature and com-114

positional fields from previous geodynamic modelling (Davies et al., 2012,115

section 2.1). We calculate the equilibrium phase assemblages for a range of116

LLVP compositions and post-perovskite stability scenarios (section 2.2). By117

combining the temperature field and equilibrium phase assemblages, we cal-118

culate synthetic seismic velocity models, which are filtered to account for the119

limited resolution of the observation-based seismic tomography model (sec-120

tion 2.3). Only after filtering can we quantitatively compare the predicted121

seismic velocity models with tomographic observations, where we reject syn-122

thetic seismic velocity models that fall outside of the available tomographic123

uncertainties (section 2.4).124

2.1. Geodynamic model125

We use high-resolution global mantle circulation models from Davies et al.126

(2012), which were originally designed to investigate the origin of LLVPs.127

These models were based on a modified version of TERRA (Davies et al.,128

2013), a finite-element mantle convection code that solves the conservation129

equations of mass, momentum and energy at infinite Prandtl number (Stokes130

flow) in a spherical shell. A mesh of 80 million grid points (⇠25 km grid131

cells) enabled simulations at an Earth-like Rayleigh Number (Ra ⇡ 5⇥ 108).132
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Simulations incorporated compressibility, in the form of the anelastic liq-133

uid approximation. The viscosity was temperature- and depth-dependent,134

with jumps below the lithosphere and at the 410- and 660-km phase tran-135

sitions. Dynamic e↵ects of the post-perovskite phase transition were not136

considered. These models were bounded by isothermal boundary conditions137

of 300 K at the surface and 4000 K at the CMB. A free-slip boundary con-138

dition was imposed at the CMB, while surface motion was governed by a139

plate model with 300 Myr of plate motion history (Stampfli and Borel, 2002;140

Stampfli and Hochard, 2009). The imposed plate motion captured the ef-141

fects of surface-plate strength and plate-boundary weakness on convection,142

and improved spatio-temporal constraints on long-wavelength mantle struc-143

tures, allowing for predictions of the mantle’s thermal structure in space and144

time. Thermochemical models included a compositional field (X) simulated145

by the ratio tracer particle method, with ⇡ 2.0 ⇥ 109 active tracers of two146

distinct types (dense material, X = 1; regular material, X = 0). Altogether,147

the simulation of Earth-like mantle convection, multi-parameter dependent148

viscosity profiles, boundary conditions governed by 300 Myr of plate motion,149

and particle tracing of compositional heterogeneity enabled this suite of mod-150

els to generate synthetic mantle structures with a comparable distribution151

of heterogeneity as observed seismically. This is evidenced by their success-152

ful comparison against numerous seismic tomographic models (e.g. S40RTS,153

Ritsema et al. 2011; SP12RTS, Koelemeijer et al. 2016) and other seismo-154

logical observations, via several tomographic-geodynamic comparison studies155

(e.g. Davies et al., 2015; Koelemeijer et al., 2018; Trautner et al., 2023).156

We utilise the temperature and compositional outputs of the geodynamic157
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models as inputs for our synthetic seismic velocity model calculations. We158

use two temperature fields from Davies et al. (2012): (i) a purely thermal159

(TH) model without any chemical heterogeneity; and (ii) a thermochemical160

(TC) model, with chemically distinct, denser material (2.75 % higher intrinsic161

density) resembling large-scale piles in the lowermost mantle. Similar to162

Davies et al. (2012) and Koelemeijer et al. (2018), the availability of di↵erent163

temperature fields for a thermal and thermochemical mantle enables us to164

compare our suite of LLVP composition models in a self-consistent manner.165

The compositional field represents the fraction of chemically distinct material166

within a grid cell. In our thermochemical models, we define LLVPs to be at167

locations where X � 0.6. We find that the choice of this compositional168

threshold has no major e↵ect on the spatial definition of LLVPs as changes169

in X from 0 to 1 occur over short distances, due to the fact that chemical170

di↵usivity is negligible.171

2.2. Calculating equilibrium phase assemblages172

To calculate the equilibrium phase assemblages for our synthetic mod-173

els, we utilise a constrained free energy minimisation algorithm in BurnMan174

(Myhill et al., 2023). Rather than solving the full Gibbs Energy minimal-175

isation problem for all known phases, this solver optimises equilibrium re-176

lations (phase proportions and compositions) for fixed assemblages (phases177

that are present). The fixed assemblages are pre-determined from known178

major phase assemblages for the various LLVP compositions (Irifune and179

Tsuchiya, 2015; Stixrude and Lithgow-Bertelloni, 2011, 2021). Because the180

major mineral phases in the lowermost mantle are relatively well-known and181

thought to remain relatively constant throughout lowermost mantle pressures182
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and temperatures for a given composition, the BurnMan solver outputs iden-183

tical results to a full Gibbs Energy minimiser (e.g. HeFESTo, Stixrude and184

Lithgow-Bertelloni, 2021). Thus, by avoiding the full Gibbs Energy minimi-185

sation, the BurnMan solver calculates equilibrium phase assemblages with a186

substantially lower computational cost. For the calculation, we utilise up-to-187

date thermodynamic parameters from the SLB2022 (Stixrude and Lithgow-188

Bertelloni, 2021) mineralogical model, which includes improved calculations189

for the pressure dependence of non-ideal solution parameters such as the190

bulk modulus. To perform this energy minimisation calculation, four pieces191

of information are needed: (i) temperature; (ii) pressure (depth); (iii) oxide192

composition, here represented with 6 components; and (iv) the assemblage,193

including any constraints on the stability of bridgmanite, post-perovskite and194

the co-existence of both phases. The fixed mineral assemblage as input for195

the energy minimisation is determined by the post-perovskite stability and 6-196

oxide-component composition (detailed in Table S1). The temperature field197

is obtained from the geodynamic model (see above), and the pressure field is198

obtained by converting the depth in the geodynamic model of Davies et al.199

(2012) using PREM (Dziewonski and Anderson, 1981). Unfortunately, the200

full covariance matrix for the equation of state parameters is unavailable for201

this database. Consequently, as elaborated on in the discussion, we cannot202

include uncertainties on the thermodynamic parameters in our calculations.203

We fix the ambient mantle to have a pyrolite composition, only varying204

the composition of the LLVPs between the di↵erent synthetic seismic velocity205

models. We examine four di↵erent LLVP compositions (Table S1), each rep-206

resenting a proposed origin (see the Introduction). We first consider LLVPs207
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as purely thermal features, where LLVPs have a pyrolite composition. To be208

self-consistent with the geodynamic simulation, we use the TH temperature209

field for this LLVP composition (black line in Fig. 2a). We use the TC210

temperature field (black line in Fig. 2b-d) for the other three LLVP com-211

positions: recycled oceanic crust (MORB), remnants of basal magma ocean212

(BMO), and Hadean crust (HC). We therefore extend the study of Koele-213

meijer et al. (2018), who only considered a basaltic (MORB) thermochemical214

composition. For each LLVP composition, we specify a mineral assemblage215

using the SLB2022 mineralogical database (Stixrude and Lithgow-Bertelloni,216

2021) as input for the energy minimisation (see supplementary material).217

The ambiguity in the stability of bridgmanite and post-perovskite is due218

to large uncertainties in thermodynamic parameters of the bridgmanite-post-219

perovskite (bdg-pPv) phase boundary. To address this ambiguity, we imple-220

ment three di↵erent post-perovskite stability scenarios per LLVP composi-221

tion. The first scenario inhibits any existence of post-perovskite in the low-222

ermost mantle, representing a phase boundary that occurs at temperatures223

and pressures higher than the CMB (hereafter termed the “no-pPv” sce-224

nario), and allowing us to isolate the e↵ects of post-perovskite from LLVP225

composition. The second scenario allows post-perovskite to be stable in226

the lowermost mantle (hereafter termed the “pPv” scenario) at P-T con-227

ditions determined by the thermodynamic mineralogical model (Fig. 2).228

The third scenario is a mixture of the first two, with post-perovskite re-229

stricted to occur solely outside of LLVPs, i.e. at low temperature (hereafter230

termed the “partial-pPv” scenario). We include this scenario because the231

post-perovskite phase transition has a positive Claperyon slope, making it232
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Figure 2: The bridgmanite post-perovskite phase transition calculated using the SLB2022

mineralogical model for the four considered LLVP compositions: (a) pyrolite, (b) BMO

(Basal magma ocean), (c) MORB (Mid-ocean ridge basalt), (d) HC (Hadean (early Earth)

crust). The shaded area in each plot represents the two-phase region, which indicates the

pressure and temperature conditions where both bridgmanite and post-perovskite occur.

The solid and two dashed black lines show the mean, 10, and 90 percentile temperature,

respectively, at each depth of the (a) TH and (b,c,d) TC temperature fields from Davies

et al. (2012). The horizontal silver line indicates the pressure at the CMB. The wedge-like

stability of the two-phase region is specific to this mineralogical model, where bridgman-

ite remains stable at high pressures and low temperatures due to strong partitioning of

aluminium into bridgmanite at these conditions.

less likely for post-perovskite to occur in LLVPs as they are thought to be233

warmer than the surrounding mantle. This is supported by observations of234

post-perovskite detected mostly in the colder regions of the lowermost mantle235

(Cobden et al., 2015). We implement these three post-perovskite scenarios236

with a thermodynamically self-consistent approach by directly including or237

omitting the post-perovskite phase in the fixed assemblage before optimis-238
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ing for equilibrium phase proportions in BurnMan. This is an improvement239

compared to Koelemeijer et al. (2018), who artificially shifted the bdg-pPv240

phase boundary to consider di↵erent post-perovskite stability scenarios.241

2.3. Tomographic observations242

We compare our synthetic seismic velocity models with tomographic ob-243

servations from Restelli et al. (2024), derived using the Subtractive Opti-244

mally Localised Averages (SOLA) method. The SOLA method is a variant245

of Backus-Gilbert theory that calculates some optimally-localised average246

(m̂) over the “true” model mt (Zaroli, 2016). The averaging process removes247

the non-uniqueness in the solution, such that additional regularisation terms248

(e.g. model smoothness) are not needed to constrain the solution. The aver-249

age can be expressed as250

m̂ =

Z
R̂mt + (propagated noise), (1)

where R̂ is the resolving kernel that is optimised to match a pre-defined tar-251

get kernel (Restelli et al., 2024; Zaroli, 2016). The advantage of optimising252

for a resolving kernel is to provide direct control of the local model resolution,253

which here provides equal resolution on both d lnVp and d lnVs. Therefore,254

we can calculate robust values of ratios and correlations between d lnVs and255

d lnVp, and consequently also d lnVc, given that the SOLA-derived averages256

refer to the same region inside the Earth. Other tomographic models can only257

ensure similar but not equal resolution for d lnVs and d lnVp, such that ratios258

and correlations of velocity anomalies may include inversion artefacts (e.g.259

Koelemeijer et al., 2018). Another benefit of this method is the availability260

of a quantified tomographic uncertainty that trades o↵ with resolution. This261
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uncertainty can be used as a concrete constraint, allowing us to quantitatively262

rule out synthetic seismic velocity models that fall outside the uncertainty263

range. This provides a rigorous method to compare geodynamic and tomo-264

graphic models, in contrast to previous studies (e.g. Koelemeijer et al., 2018;265

Schuberth et al., 2009b) that were only able to assess the relative fit of their266

synthetic models. Recently, Su et al. (2023) utilised an alternative approach267

to address the di↵erence in resolution, cross-filtering d lnVs and d lnVp mod-268

els to obtain similar resolution between the two and to calculate ratios of269

velocity anomalies. However, this approach does not provide the required270

uncertainty information for quantitative comparisons.271

The tomographic results of Restelli et al. (2024) were obtained from the272

splitting functions of 143 spheroidal normal modes that are sensitive to the273

crust and the mantle. The model was laterally parameterised in spherical274

harmonics of even degrees up to degree 8, such that 1-D inferences with uncer-275

tainty bounds could be conducted independently for each spherical harmonic276

coe�cient. The uncertainties encompassed both data and theoretical errors,277

with a factor of 2 applied to the data uncertainties to account for theoretical278

errors due to the use of the self-coupling approximation (Akbarashrafi et al.,279

2018; Robson et al., 2021). Additionally, Restelli et al. (2024) included the280

simultaneous sensitivity of normal modes to multiple physical parameters281

(e.g. Vp and ⇢) as additional 3-D noise (Masters and Gubbins, 2003), such282

that the e↵ects of unmodelled parameters are captured in the uncertainties.283

The final model consists of four layers of averaged velocities, with the lowest284

layer having sensitivity to the lowermost mantle between depths of 2100 km285

and 2890 km (CMB). We use the Vp and Vs from this layer to compare with286
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our synthetic seismic velocity models (Fig. 3).287

Figure 3: A plot summarising the tomographic model of Restelli et al. (2024) in the deep

mantle. a) The resolving kernels for d lnVp (blue) and d lnVs (red) are nearly identical

and therefore indicate an almost equal Vs and Vp resolution. Mean amplitudes (b) and

uncertainties (c, 1�) are shown for d lnVs (top) and d lnVp (bottom). The maximum of

the scale for d lnVs (±1.0%) is twice that of d lnVp (±0.5%), so that the two plots have

similar colour intensity and patterns for Rs/p = 2.

To quantitatively compare our synthetic seismic velocity models with the288

tomography model, we apply the resolving kernel to our synthetic models.289

The resolving kernel accounts for the di↵erence in resolution between the290

geodynamic model (e.g. ⇠25 km) and the tomographic model (e.g. ⇠5000291

km wavelength for spherical harmonic degree 8), thus it is synonymous with292

the tomographic resolution operator available for other tomographic mod-293

els (e.g. S40RTS, Ritsema et al. 2011; SP12RTS, Koelemeijer et al. 2016).294
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The resolving kernel condenses the synthetic seismic velocity models into a295

weighted depth average that can be directly and quantitatively compared296

with the tomographic observations.297

2.4. Calculation of quantitative metrics298

The synthetic seismic velocities (calculated on a real-space grid) are first299

parameterised in the same spherical harmonic basis as used for the observed300

tomography (Edmonds, 1960). To evaluate their amplitudes, we compute301

the root mean square (RMS) of shear-wave velocity anomalies (d lnVs) and302

compressional-wave velocity anomalies (d lnVp) as:303

d lnVs =

sP8
l=0

Pl
m=�l f

2
lm

4⇡
, (2)

304

d lnVp =

sP8
l=0

Pl
m=�l g

2
lm

4⇡
, (3)

with flm and glm representing the spherical harmonic coe�cients for d lnVs305

and d lnVp respectively at degree l and order m. Similar to Koelemeijer et al.306

(2018), the d lnVs/d lnVp ratio (Rs/p) is taken by dividing the RMS values307

of d lnVs and d lnVp:308

Rs/p =

vuut
P8

l=0

Pl
m=�l f

2
lmP8

l=0

Pl
m=�l g

2
lm

. (4)

We calculate tomographically filtered predictions of d lnVc by applying the309

respective resolving kernels separately to the synthetic d lnVs and d lnVp310

models to obtain filtered d lnVs and d lnVp models, and then combining these311

using (see eq.2 in Masters et al. (2000)):312

d lnVc(z) =
d lnVp(z)� �(z)d lnVs(z)

1� �(z)
(5)
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where �(z) = 4
3
V 2
s (z)

V 2
p (z) , and Vs and Vp are the radially averaged absolute shear-313

wave and compressional-wave velocities at depth z. The d lnVs-d lnVc corre-314

lation (rs–c) is then calculated by:315

rs–c =

P8
l=0

Pl
m=�l flmhlmqP8

l=0

Pl
m=�l f

2
lm

P8
l=0

Pl
m=�l h

2
lm

, (6)

with hlm representing the spherical harmonic coe�cients for d lnVc at degree316

l and order m.317

To obtain uncertainties for the RMS d lnVs, RMS d lnVp, Rs/p and rs–c, we318

treat each of the spherical harmonic coe�cients as Gaussian variables (with319

the associated uncertainty as the standard deviation) and conduct 1,000,000320

realisations (drawing each time a sample for each coe�cient in the sum)321

to obtain distributions for each of the seismic characteristics listed above.322

For each of the four distributions, we then obtain the median, 1� (68%)323

uncertainty range and 2� (95.4%) uncertainty range. We subsequently reject324

synthetic models that do not fit within the 2� uncertainty range of either325

both observed RMS velocities, or both the observed Rs/p and rs–c.326
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3. Results327

3.1. Amplitudes of velocity anomalies328

All of the synthetic seismic velocity models generate degree-2 structures329

that resemble tomographic observations: the two LLVPs beneath Africa and330

the Pacific, surrounded by fast anomalies (Fig 4 and S1). The Pacific slow331

anomaly appears to be shifted eastward compared to its location in the to-332

mography model of Restelli et al. (2024), which is likely due to uncertainties333

around the plate reconstructions and reference frame. Within the LLVPs,334

the d lnVs amplitudes of the synthetic seismic velocity models fall within335

the range of 1.5-5% (the range of seismic tomography models summarised336

by McNamara (2019)). However, the amplitudes are considerably higher in337

iron-rich LLVP compositions (BMO and HC) compared to the tomographic338

model of Restelli et al. (2024), as suggested in previous studies (e.g. Davies339

et al., 2012). This is because the higher iron content and temperature both340

decrease Vs to generate larger velocity variations.341

To quantitatively assess the amplitudes, we compare the RMS velocities342

of the di↵erent filtered synthetic seismic velocity models with tomographic343

observations (Fig. 5). We see that the amplitudes of velocity anomalies are344

more a↵ected by LLVP composition than the presence of post-perovskite.345

Here, we note that, apart from the e↵ects of composition itself, synthetic346

models for di↵erent LLVP compositions also encapsulate the e↵ects of tem-347

perature on seismic observables because of the di↵erent temperature fields348

used for thermal and thermochemical LLVP scenarios. The RMS for d lnVs349

(Fig. 5b) in models without post-perovskite and with post-perovskite of the350

same composition (same colour, di↵erent symbols) di↵er by no more than 0.4351
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Figure 4: Depth slices for d lnVs amplitudes of the filtered synthetic seismic velocity

models, organised by post-perovskite (pPv) scenario in columns and LLVP composition in

rows. The mean and uncertainty (1�) of the tomography model of Restelli et al. (2024) in

the lowermost mantle are shown on the top. Acronyms for the compositions (row labels)

are the same as those in Fig. 2. The percentage below each plot is the areal coverage of

the LLVPs, which is calculated by finding the areal extent where d lnVs  �0.3% (similar

as in other studies, e.g. Koelemeijer et al., 2017; Lau et al., 2017)
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Figure 5: Root mean square of (a) d lnVp and (b) d lnVs from filtered synthetic seismic

velocity models. The colour and symbol of each point represent the LLVP composition

and post-perovskite scenario of the synthetic model, respectively (see the figure legend

for more details). Black lines and grey shaded regions show the mean and uncertainty of

the tomography model of Restelli et al. (2024) respectively, where the darker and lighter

shading refers to the region of 1� and 2� respectively.

%, whereas the velocity amplitudes can di↵er up to 0.8 % between models of352

di↵erent LLVP compositions (same symbol, di↵erent colours). The RMS val-353

ues for d lnVp are indistinguishable across models of di↵erent post-perovskite354

scenarios for the same LLVP composition (Fig. 5a). Both pyrolite (blue)355

and MORB (orange) LLVP compositions fit within 1� of tomographic ob-356

servations, whereas iron-rich compositions (BMO, red and HC, khaki) have357

RMS values for d lnVp that are at least three times larger than the observed358

tomographic value. However, none of the models fit the RMS of d lnVs within359
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the 2� uncertainty region of the tomographic observations of Restelli et al.360

(2024). Nonetheless, models with pyrolite or MORB LLVP compositions361

have RMS values that are closer to tomographic observations than the iron-362

rich LLVP compositions. Note that these are either too low or too high363

depending on whether post-perovskite is excluded or included, respectively.364

This indicates that it is possible to fit both d lnVs and d lnVp by changing365

the post-perovskite model. In contrast, synthetic models with iron-rich LLVP366

compositions have RMS values for d lnVs that are at least twice as large as367

the mean value of the tomographic model. Therefore, based on the seismic368

velocity amplitudes, it is unlikely that the LLVPs are entirely made up of369

material with a high iron composition. This is in agreement with the consid-370

erably high LLVP coverage (Fig. 4) of these iron-rich models in relation to371

the 25% coverage observed on the CMB (Cottaar and Lekic, 2016).372

3.2. Ratios and correlations of velocity anomalies373

To better understand the behaviour of the ratios and correlations of ve-374

locity variations with depth in the lowermost mantle, we first consider their375

values in the synthetic seismic velocity models before filtering (Fig. 6), where376

depth information has not yet been removed by the filtering process (step 4-6377

in Fig 1). In Fig. 6, we find similar shapes across all compositions: “n-shaped378

arches” in Rs/p (top row) and “u-shaped arches” in rs–c (bottom row). Rs/p379

increases sharply between post-perovskite fractions of 0 to around 0.2, then380

increases very gradually and reaches a peak value between post-perovskite381

fractions of 0.2 and 0.8, before it decreases sharply back to 2 above a post-382

perovskite fraction of 0.8. Similar to Rs/p, there are sharp changes in rs–c at383

post-perovskite fractions below 0.2 and above 0.8, reaching maximum nega-384
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Figure 6: Rs/p (d lnVs/d lnVp, top) and rs–c (d lnVs � d lnVc correlation, bottom) at each

depth in synthetic seismic velocity models before filtering, plotted against the average

post-perovskite fraction at each depth. Each circle represents an averaged post-perovskite

fraction value over a depth layer in the unfiltered models, such that a point with a post-

perovskite fraction equal to 0 represents a depth layer with no post-perovskite, and 1

represents a depth layer with no bridgmanite. Each column of subplots corresponds to the

LLVP composition used for the specific suite of synthetic seismic velocity models, which is

colour-coded the same as in other plots in the paper for consistency. See Fig. 2 for LLVP

composition acronyms.
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tive correlation values at intermediate post-perovskite fractions. The main385

di↵erences in Rs/p and rs–c between LLVP compositions are their respec-386

tive peak values are the steepness of the “arches”. Models with pyrolite387

(Fig 6a) and MORB (Fig 6c) LLVP compositions show relatively symmetric388

“arches”, reaching peak values of Rs/p > 3.5 and rs–c < �0.6. In contrast,389

models with BMO (Fig 6b) and HC (Fig 6d) LLVP compositions show more390

gradual changes and asymmetric “arches” skewed to the left. The BMO and391

HC LLVP compositions also have slightly lower peak values, with not many392

depths having values of Rs/p above 2.5 and rs–c lower than -0.5. Additionally,393

for all LLVP compositions, Rs/p ⇡ 2 and rs–c ⇡ 1 when the depth average394

post-perovskite fraction is 0 (depth layer contains no post-perovskite) or 1395

(depth layer contains no bridgmanite). This suggests that in the absence of396

tomographic filtering, lowermost mantle signatures of elevated Rs/p and rs–c397

anti-correlations cannot be explained purely by chemical heterogeneity, but398

can only be achieved when there is an intermediate post-perovskite fraction399

(i.e. a co-occurrence) of both bridgmanite and post-perovskite at the same400

depth.401

After applying the resolving kernel to our suite of synthetic models, we402

obtain filtered results, where each synthetic model is averaged to one Rs/p and403

one rs–c value (Fig. 7). All filtered models containing post-perovskite (plus404

sign and circle symbol) fit within 2� uncertainty bounds of the observed405

Rs/p in tomography (Fig. 7a). In particular, the models with HC LLVP406

composition and the model with pyrolite LLVP composition for the “partial-407

pPv” scenario fit within 1� uncertainty. Conversely, all models without post-408

perovskite (cross sign) have Rs/p values that are too low to fit within the 2�409
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Figure 7: Rs/p (left) and rs–c (right) of filtered synthetic seismic velocity models. See Fig.

5 for details of the di↵erent symbols and lines.

uncertainties of the tomographic observations. Similar patterns are observed410

in rs–c (Fig. 7b). Despite none of the synthetic seismic velocity models411

fitting the 2� uncertainty of the tomographic model, those without post-412

perovskite only generate a positive rs–c and therefore cannot explain the anti-413

correlation that is observed in the lowermost mantle. Within the models with414

post-perovskite, only those with MORB and pyrolite LLVP compositions415

display negative rs–c. Hence, by excluding synthetic models that do not416

fit within tomographic uncertainties, our results quantitatively show that417

models without post-perovskite do not explain both the elevated Rs/p and418

negative rs–c signatures observed in the lowermost mantle.419
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4. Discussion420

4.1. Co-occurrence of bridgmanite and post-perovskite421

Our study quantitatively compares synthetic seismic velocity models of422

various LLVP structures, compositions and post-perovskite stability scenar-423

ios with new tomography observations. We show that the ratios and corre-424

lations of velocity anomalies can only be explained when bridgmanite and425

post-perovskite co-occur at depth, without the need for compositional het-426

erogeneity. Our findings are in agreement with Koelemeijer et al. (2018),427

who explained the elevated Rs/p and negative rs–c values of SP12RTS in the428

lowermost mantle by the existence of both bridgmanite and post-perovskite429

in either a pyrolite or MORB LLVP compositions and the work of Davies430

et al. (2012) who showed that models containing post-perovskite better fit431

S40RTS than those without. Our results of rs�c are di↵erent from Koelemei-432

jer et al. (2018), showing that models without post-perovskite have rs�c ⇡ 1433

as expected, while they found that rs�c can be negative at certain depths in434

the lowermost mantle. Koelemeijer et al. (2018) attribute this to the leakage435

of Vp and Vs structure in the joint inversion of SP12RTS. In addition, it is not436

guaranteed that Vp and Vs had the same local resolution in SP12RTS. Given437

we know that Vp and Vs resolution is nearly identical and leakage is accounted438

for as additional 3D noise in the tomographic model of Restelli et al. (2024),439

we confirm here that negative rs�c values in models without post-perovskite440

are tomographic artefacts. Our results thus confirm the presence of post-441

perovskite in Earth’s lowermost mantle, as the tomographic uncertainties of442

Restelli et al. (2024) allow us to conclusively determine that models without443

post-perovskite do not fit with tomographic observations (Fig. 7).444
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Similar to Koelemeijer et al. (2018), our results additionally show that it is445

not the existence of post-perovskite, but a co-occurrence of both bridgmanite446

and post-perovskite at a given depth that explains elevated Rs/p and negative447

rs–c in the lowermost mantle. If the elevated ratios and anti-correlation were448

explained purely by the presence of post-perovskite, we would expect to have449

the highest Rs/p and strongest negative rs–c when the post-perovskite fraction450

is equal to 1. However, Fig. 6 shows that the strongest negative rs–c and451

highest Rs/p for all LLVP compositions are present at intermediate post-452

perovskite fractions between 0.3 to 0.8, where significant fractions of both453

bridgmanite and post-perovskite are present.454

The co-occurrence of bridgmanite and post-perovskite within the same455

depth happens for two reasons: (i) a bdg-pPv two-phase region in the phase456

diagram; or (ii) topographic variations on the bdg-pPv phase boundary in457

the model of the Earth. A two-phase region occurs when there is compo-458

sitional variation, and one of the compositional end-member transitions to459

the higher-pressure phase before the other end-member. Because Fe-rich460

bridgmanite becomes unstable at lower pressures relative to Mg-rich bridg-461

manite, a mixed-phase assemblage of Fe-rich post-perovskite and Mg-rich462

bridgmanite can co-exist in equilibrium for pressure and temperature con-463

ditions within the two-phase region (Catalli et al., 2009; Mao et al., 2004).464

Topographic variations of phase transitions with non-zero Clapeyron slope465

exist when temperature and compositional variations at constant pressures466

allow both phases to co-occur at the same depth (Styles et al., 2011). A467

positive Clapeyron slope indicates that post-perovskite will be more sta-468

ble at colder temperatures and bridgmanite at warmer temperatures at the469
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same pressure (Cobden et al., 2015; Hirose, 2006). We believe that a two-470

phase region alone is not enough to explain the increased Rs/p and negative471

rs–c observed in seismic tomography. Even though bridgmanite and post-472

perovskite exist as separate phases within the two-phase region, we calculate473

the volume-averaged elasticity and density of the rock, so that di↵erences in474

seismic velocities between the two phases are not preserved in our synthetic475

seismic velocity models. In contrast, lateral topography variations in a phase476

transition can lead to lateral di↵erences in Vs and Vp relative to a 1-D av-477

erage, and thus yield larger RMS velocities (Styles et al., 2011). Because478

the bdg-pPv phase transition increases Vs by 1-4 %, the radial Vs average479

increases when bridgmanite transitions to post-perovskite. With an increase480

in the radial average, the di↵erence in Vs, or d lnVs, between bridgmanite481

and the radial average also increases (Fig. 8b). As Vp does not change sig-482

nificantly across the phase transition, d lnVp remains relatively constant for483

an increase in post-perovskite (Fig. 8a), therefore Rs/p increases. Similarly,484

the decrease in Vc due to the phase transition reduces the radial Vc average.485

This increases d lnVc, but in the opposite spatial pattern to d lnVs, hence486

creating a negative rs–c (Fig. 8c). Therefore, even if a phase transition has a487

thick two-phase region, the topography of the phase transition is more impor-488

tant for seismic tomography, where velocity anomalies are typically imaged489

relative to a radial average (Styles et al., 2011).490

4.2. Implications for LLVP composition491

Our study shows that composition alone is insu�cient to explain the ele-492

vated Rs/p and negative rs–c observed in the lowermost mantle, corroborating493

findings from Davies et al. (2012), Davies et al. (2015), and Koelemeijer et al.494
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Figure 8: A series of depth slices to illustrate the e↵ect of the co-occurrence of bridgmanite

and post-perovskite (pPv) on velocity anomalies, taken from the synthetic model with the

“pPv” scenario and a pyrolite composition. Depth slices in each row for d lnVp, d lnVs,

d lnVc, pPv fraction from left to right. The amplitudes of d lnVp and d lnVc are amplified

2x relative to the seismic velocity scale bar (bottom left), so that the two plots have similar

colour intensity and patterns when the Rs/p = 2. The radially averaged ratio Rs/p (blue

dashdot line) and rs–c (brown dashed line) with depth are shown in the rightmost plot.

(2018). Fig. 7 shows that the synthetic models of any LLVP composition495

without post-perovskite have Rs/p of around 2 and rs–c near 1. These ratios496

and correlations do not fit within the tomographic observations and uncer-497

tainties of Restelli et al. (2024). Hence, we can concretely disregard the syn-498

thetic models with no post-perovskite up to a 2� confidence level. We further499

examine Rs/p separately in fast and slow clusters (defined by d lnVs above500
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or below zero respectively) to study whether lateral di↵erences in Rs/p can501

yield specific information on the compositional heterogeneity of the LLVPs.502

However, Rs/p values are statistically indistinguishable between the fast and503

slow clusters and hence do not at present provide information in addition to504

the results from global averages of Rs/p (see table S3). This confirms that505

Rs/p and rs–c are dominantly sensitive to the presence of post-perovskite in506

the lowermost mantle, and hence should not be used as seismic observations507

to argue for a compositional heterogeneous mantle (consistent with Davies508

et al., 2015; Koelemeijer et al., 2018; Tesoniero et al., 2016).509

Our results, however, do not preclude the possibility of LLVPs as thermo-510

chemical structures. Even though ratios and correlations of seismic velocity511

anomalies are mostly sensitive to the bdg-pPv phase transition, other physi-512

cal parameters, such as density, amplitudes of seismic velocity anomalies, and513

correlations between density and velocity anomalies, are used as proxies for514

LLVP composition (Karato and Karki, 2001; Davies et al., 2015). From our515

synthetic velocity models, we find that RMS velocities are relatively insensi-516

tive to the post-perovskite scenario, and instead largely reflect the combined517

e↵ects of composition and temperature. Comparing synthetic RMS veloci-518

ties to tomographic observations, we can quantitatively conclude that models519

with BMO and HC LLVP compositions do not fit the tomographic observa-520

tions of both d lnVs and d lnVp RMS values (Fig. 5). However, none of the521

synthetic models yield d lnVs RMS values that fall within the uncertainties of522

tomographic observations. A possible explanation is the oversimplification of523

our assumed LLVP compositions, i.e. the fact that we assume one constant524

composition for the entire LLVP (based on the compositional field of the geo-525
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dynamic model of Davies et al. (2012)). However, LLVPs could be composed526

of a mixture or layers of di↵erent compositions (Ballmer et al., 2016; Jones527

et al., 2021; Tackley, 2012). For example, Richards et al. (2023) recently528

suggested that LLVPs are mostly thermal features that only contain denser529

compositionally distinct material in the lowest part. We examine this idea530

in an additional set of synthetic seismic velocity models where the LLVPs531

only contain compositionally distinct material in the bottom 200 km of the532

mantle. These models have more comparable amplitudes to the tomogra-533

phy model, such that models of pyrolite and MORB LLVP composition fit534

within the uncertainties of both d lnVp and d lnVs RMS values (Fig. S5).535

However, this is not consistent with the geodynamic model simulations and536

it is therefore important that models with layered LLVPs are explored further537

in geodynamic studies to assess this idea properly.538

Additionally, we cannot attribute the misfit of our synthetic seismic ve-539

locity models entirely to oversimplification in LLVP composition alone. This540

is because all of our models also fall outside tomographic uncertainties of541

rs�c (Fig. 7), which we show is predominantly a proxy for the co-occurrence542

of both bridgmanite and post-perovskite. Therefore, the assumptions of the543

dynamic e↵ects and thermodynamic properties of post-perovskite in our syn-544

thetic models can also contribute to the misfit. Post-perovskite is thought to545

destabilise the thermal boundary layer above the CMB and promote plume546

formation, thus influencing lower mantle thermochemical structures (Am-547

mann et al., 2014; Hunt et al., 2012; Nakagawa and Tackley, 2004). These548

dynamic e↵ects should ideally be included, but a quantification of these ef-549

fects will be prone to uncertainty, especially when considering anisotropy and550
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possible slip mechanisms of post-perovskite (Cobden et al., 2015; Goryaeva551

et al., 2016). Furthermore, these e↵ects are unlikely to be visible in our re-552

sults, given that we only consider depth averages of laterally averaged, long-553

wavelength, present-day tomographic signatures in a broad depth interval of554

the lowermost mantle.555

Approximations in the equations of state, as well as uncertainties in ex-556

perimental pressure scales lead to large uncertainties in the thermodynamic557

parameters at lowermost mantle conditions. Consequently, the dependence558

of the synthetic elastic parameters on the assumed mineral physics model can559

also contribute to the misfit of d lnVs RMS and rs�c between the synthetic560

models and tomographic observations. For example, we have noted that for561

models with a pyrolite or MORB LLVP composition, the exclusion or addi-562

tion of post-perovskite leads to too low or too high d lnVs RMS values (Fig.563

5), while rs�c shifts from strongly positive to strongly negative when post-564

perovskite is added. Given the large uncertainties in the thermodynamic pa-565

rameters of post-perovskite (Cobden et al., 2015), it is therefore possible that566

changes in these parameters, especially the shear modulus, could give results567

that fit both d lnVs RMS and rs�c values within tomographic uncertainties.568

We conduct additional comparisons with synthetic models calculated using569

the mineralogical model SLB2011 (Stixrude and Lithgow-Bertelloni, 2011) to570

test the sensitivity of our results to the assumed mineral physics parameters.571

Despite significant di↵erences in the bdg-pPv phase boundary (Fig. S3), we572

obtain similar results that support our overall findings: Fe-rich compositions573

show RMS velocity anomalies that are too large to explain tomographic ob-574

servations (Fig. S2), and a co-occurrence of bridgmanite and post-perovskite575
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is required to explain values of elevated Rs/p and negative rs–c in the lower-576

most mantle (Fig. S4). The dependence of our results on assumptions in the577

mineral physics parameters could be better quantified if both errors and co-578

variances on the various thermodynamic parameters were available. Hence,579

future tomographic-geodynamic comparison studies will benefit from a full580

quantification of mineral physics uncertainties that can be propagated into581

elastic parameters.582

4.3. Towards a better understanding of the bdg-ppv phase transition583

Given that elevated Rs/p ratios and rs–c anti-correlations are both indi-584

cators of the co-occurrence of bridgmanite and post-perovskite, we expect585

these signatures to get stronger at depths where the pPv fraction is between586

20-80 %. This raises the possibility to use these signatures to constrain587

the two-phase region and depth of the bdg-pPv phase transition. However,588

in this instance, we cannot constrain this depth as the tomographic model589

of Restelli et al. (2024) only o↵ers a depth-averaged image of the lower-590

most mantle. Although the thickness of the two-phase region may a↵ect the591

strength of Rs/p and rs–c after tomographic filtering, we cannot interpret the592

model amplitudes in this way, given the tomographic uncertainties of Restelli593

et al. (2024). Similarly, we cannot determine whether a double-crossing of594

post-perovskite at the base of the mantle occurs, as suggested by previous595

studies (Hernlund et al., 2005). In our unfiltered results, we see that post-596

perovskite transitions back to bridgmanite at the base of the mantle due to a597

steep increase in temperature (Fig. 6). However, this is heavily dependent on598

the choice of the mineralogical model, as the double-crossing is not observed599

in synthetic tomographic images calculated with the SLB2011 mineralogical600
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model (Koelemeijer et al., 2018). Future improvements in seismic tomogra-601

phy to obtain better depth resolution with uncertainties will make it possible602

to better constrain the thickness and depth of the bdg-pPv phase boundary603

and the existence of the double-crossing.604

Given that experimental studies have shown that post-perovskite can be605

highly anisotropic under lowermost mantle conditions (Iitaka et al., 2004;606

Tsuchiya et al., 2004), seismic anisotropy may be a useful tool to deter-607

mine the distribution of post-perovskite in the lowermost mantle (Asplet608

et al., 2022; Nowacki et al., 2011). However, including seismic anisotropy in609

tomographic-geodynamic model comparisons is challenging at present. First,610

the dominant slip plane of post-perovskite at lowermost mantle conditions611

remains debated, but strongly influences the seismic anisotropy signatures612

(Cottaar et al., 2014; Ward et al., 2024). Second, Ward et al. (2024) demon-613

strate that calculations of seismic anisotropy based on geodynamic modelling614

requires a full history of the flow field, which is not available for the suite of615

geodynamic models used in this study. Third, global tomography models of616

seismic anisotropy are highly variable due to imbalances between Vsh and Vsv617

sensitive data used to sample the lowermost mantle, and further impacted by618

the assumed crustal corrections (Chang and Ferreira, 2017; Kustowski et al.,619

2008; Restelli et al., 2022). Therefore, further e↵orts are required to improve620

seismic anisotropy tomography and synthetic calculations of post-perovskite621

anisotropy, before we can use seismic anisotropy as a tool to constrain the622

post-perovskite distribution in the lowermost mantle.623
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5. Conclusion624

We quantitatively investigate the nature of the LLVPs by comparing625

a Backus-Gilbert (BG) tomographic model with synthetic seismic velocity626

models for various LLVP compositions and post-perovskite stability scenar-627

ios. The BG model provides robust ratios and correlations of seismic velocity628

variations derived from nearly equal Vp and Vs resolution, and includes uncer-629

tainty quantification that encompasses both data and theoretical errors. By630

rejecting synthetic models that do not fit within tomographic uncertainties,631

we show that two groups of models cannot explain lowermost mantle tomo-632

graphic signatures. First, iron-rich compositions result in velocity anomaly633

amplitudes that are too large to explain tomographic observations. Sec-634

ond, models without the post-perovskite phase fail to generate the elevated635

Rs/p ratio (d lnVs/d lnVp) and rs–c (d lnVs-d lnVc) anti-correlation observed636

in the lowermost mantle, while these can be explained by a co-occurrence of637

bridgmanite and post-perovskite. Our results thus show that the e↵ects of638

lowermost mantle composition and mineralogy can be separated, with the639

e↵ects of temperature and composition primarily captured in the amplitudes640

of seismic velocity anomalies, and those of phase transition represented by641

the ratios and correlations. This confirms that Rs/p and rs–c should not be642

used as arguments for chemical heterogeneity in the lowermost mantle. How-643

ever, neither do our results imply that LLVPs are purely thermal features,644

and we instead encourage further research using other seismic and geodetic645

observations to better constrain the composition and origin of LLVPs.646
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