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SUMMARY

We demonstrate a method for the prediction of seismic discontinuity topography from ther-
mochemical Mantle Circulation Models (MCMs). We find the discontinuity depth by using
the peak reflectivity at each location in our mantle transition zone, taking account of composi-
tional as well as thermal variations. We make some comparisons of our predicted topographies
with those observed using SS-precursors, developing a simple smoothing filter to capture
the distribution of sensitivity of a published topography model—finding that such filtering
has a significant impact on the predicted discontinuity topographies. We also consider the
significance of lateral variations in reflectivity or reflection amplitude in our predicted data
sets and the real Earth. Finally, we consider what aspects of mantle-transition zone disconti-
nuity structure would be matched by the predicted discontinuity structure from an Earth-like
MCM-—vparticularly the mean depths of the discontinuities, the amplitude of the topography
and the shape of its spherical harmonic spectra.
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1 INTRODUCTION

Discontinuities in the material properties of the Earth’s mantle are
a long-standing feature of 1-D seismological models (e.g. Jeffreys
& Bullen 1940) and for over 75 years have been associated with
phase transitions (e.g. Birch 1952), where the stable material phase
changes due to increasing pressure. In the mantle transition zone
the principal discontinuities around 410 and 660 km depth (here-
after referred to as ‘d410° and ‘d660’) are usually associated with
the reactions O/ (Olivine) — Wd (Wadsleyite) (e.g. Ringwood
& Major 1970) and Rw (Ringwoodite) — Brm (Bridgmanite) +
Pc (Periclase) (e.g. Ito et al. 1984). As these are chemical reac-
tions, variations in the depth of the phase transition due to temper-
ature variations in a convecting mantle (potentially impacting the
regime of the convection, e.g. Christensen & Yuen 1985) have been
expected for a long time, as was the possibility of their seismic
observation by Verhoogen (1965).

Topography on d410 and d660 was first recognized in the early
1990s (e.g. Revenaugh & Jordan 1991; Shearer & Masters 1992),
using ScS reverberations and SdS underside reflections (SS precur-
sors). Since then, many global studies have been published, princi-
pally using SS precursors (e.g. Flanagan & Shearer 1998; Gu et al.
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1998, 2003; Houser et al. 2008; Lawrence & Shearer 2008; Houser
& Williams 2010; Houser 2016; Yu et al. 2017; Huang et al. 2019;
Guo & Zhou 2020; Waszek et al. 2021b) as well as a larger number
of contributions using receiver function methods in regions with a
high density of seismic stations (e.g. Chevrot et al. 1999; Collier &
Helffrich 2001; Thompson et al. 2011; Lee et al. 2014; Cottaar &
Deuss 2016; Maguire et al. 2018; Keifer & Dueker 2019; Rao et al.
2020; Yu et al. 2020; Agius et al. 2021; Burky et al. 2023; Liu et al.
2023; Bonatto et al. 2024; Glasgow et al. 2024).

Global studies largely find peak-to-peak topography amplitude
on the order of ~ 40km on both discontinuities, and a strong posi-
tive correlation between the observed depths of d410 and d660 (e.g.
Houser & Williams 2010). This last observation runs counter to the
expected anticorrelation from the opposing Clapeyron slopes of the
olivine-out and ringwoodite-out reactions. It is important to recog-
nize that a correlation in mapped topography does not necessarily
imply a true correlation in the physical topography of the 410 and
660 km discontinuities. A discrepancy may arise for several reasons:
(a) SS-precursor resolution is limited and differs between the 410
and 660, (b) global coverage of SS-precursors is incomplete and (c)
the conversion from differential arrival times to discontinuity depths
relies on simplifying assumptions, such as mantle homogeneity and
locally flat, sharp discontinuities.

Even if the correlation in mapped topography does reflect a gen-
uine correlation, the underlying cause remains uncertain. There is
currently no consensus among the seismological, mineral physics
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or geodynamics communities regarding the dominant mechanism
driving such a correlation. Explanations have included (i) The 3-D
nature of mantle thermal structure (e.g. Shearer & Masters 1992;
Goes et al. 2022), (i) compositional variations (e.g. Houser et al.
2008) and (iii) a positive Clapeyron slope at high temperatures con-
trolling d600 (e.g. Houser & Williams 2010; Waszek et al. 2021b)
have all been suggested. Whilst the mid-mantle is likely to be a
region with strong variations in water content, and regions with
high water content are expected to favour the stability of wadsleyite
and ringwoodite as these phases hold more water than those shal-
lower or deeper in the mantle (e.g. Ohtani 2021), it is considered
unlikely that this will result in a positive correlation of d410 and
d660 (Houser 2016; Muir et al. 2021).

SdS topographies are typically corrected for mantle structure (us-
ing 3-D seismic velocity tomography models) and crustal structure
(which might advance or delay the SS phase compared to a global
average, meaning that a discontinuity is interpreted as shallower
or deeper than it is actually) using the model CRUST 1.0 or its
predecessors (Laske et al. 2012); however the lithosphere also has
an extremely heterogeneous structure (e.g. Pasyanos et al. 2014)
which is not usually corrected for—this could also explain the pos-
itive d410-d660 correlation (e.g. Tauzin et al. 2022).

As the topographies of d410 and d660 are recognized as be-
ing dominantly controlled by temperature, there is a long-standing
understanding that it should be possible to invert the depths of
the discontinuities and their topography for the average and range
of temperatures in the mantle transition zone. Shearer & Masters
(1992) estimated a temperature range at 660 km depth of between
300 and 600 K based on a simple calculation from their observed
topography and contemporary estimates of the Clapeyron slope of
the post-spinel reaction. However, subsequent workers (e.g. Deuss
et al. 2006) showed that the d660 could not be understood simply
using the post-spinel reaction—and that other reactions and poten-
tially compositional variations were important in controlling the
depth of the seismic discontinuity. Ritsema et al. (2009) used the
differential traveltimes of S410S and S660S phases (i.e. a proxy
for MTZ thickness) to constrain the mantle potential temperature in
the North Pacific (1650 £ 100 K). Waszek ez al. (2021b) inverted
SdS data separately for 410 and 660 topographies and then used the
calculated MTZ thicknesses to invert for an average potential tem-
perature of 1630 K with ‘peak-to-peak variations’ of ~ 350K. All
of these inversions assume a single global mineral physics model—
usually a mechanically mixed (MM) pyrolite model with fuas ~ 0.2.
The effect of lateral composition variations has only recently been
considered. Tauzin et al. (2022) inverted reflection amplitude and
transition zone thickness for composition as well as potential tem-
perature, finding that the basalt fraction ( fy,s) varied from 0.0 to 0.8
in the mid mantle, finding a similar mantle potential temperature
to Waszek et al. (2021b) but a slightly higher temperature range of
~ 450 K. However, because seismic waves have limited resolution,
the range of discontinuity depths estimated from seismic observa-
tions will be an underestimate. Therefore, the range of temperatures
will also be underestimated.

The MTZ is dynamically complex—and discontinuity topogra-
phies could represent a useful constraint on geodynamic models
in the mantle transition zone. Papanagnou et al. (2023) outlined a
method for predicting seismic discontinuity topography using the
thermal structure of a geodynamic model, and examined the effect of
using diverse mineral physics tables on the predicted topographies—
which had a large effect when applied globally. Many geodynamic
codes are now able to produce thermochemical outputs [e.g. TERRA
(Baumgardner 1983; Bunge & Baumgardner 1995; Stegman 2003),

ASPECT (Kronbichler et al. 2012; Heister et al. 2017), stag3D
(Tackley 1993; Tackley & Xie 2002)]—including those generated
by geological processes (such as melting; e.g. Van Heck et al. 2016)
and then dispersed through the silicate Earth over Earth history. Re-
cent work (Yan et al. 2020) suggests that the mantle transition zone
could host significant compositional heterogeneity.

Here we present a new method for predicting discontinuity to-
pography in thermochemical mantle circulation models. Further, a
comparison to global observations with a seismologically motivated
filter for the sensitivity of the SS precursors is illustrated. We use a
MCM previously introduced to the literature by Davies et al. (2025)
to illustrate the minor effect of different mixing models and the
more significant effect of the filtering applied, and demonstrate how
a single MCM is evaluated against a published topography model.

2 METHODS

2.1 Geodynamic model

We demonstrate our method using a single mantle circulation model
‘m_cc_066_u’—detailed at length in Davies ez al. (2025). This model
was run in TERRA (Baumgardner 1983), which solves the Stokes
equations on an iscosahedral grid refined to give a grid spacing
of ~ 45km in the mid-mantle. Model parameters are summarized
in Table 1. At this resolution we are not able to resolve upper
mantle viscosities strictly compatible with the Haskell constraint of
1 x 10%! Pas, but instead use a slightly higher reference viscosity of
4 x 10! Pass, which will result in slightly stronger thermal anoma-
lies that are broader than in the real Earth. The upper boundary is
driven using the plate motion model of Miiller ez al. (2022). Radial
average viscosity structure is illustrated in Fig. S1. ‘m_cc_066_u’
was run using a cooling core—mantle boundary (CMB) thermal
boundary condition (Davies 2015), and is internally heated accord-
ing to concentration of heat producing elements distributed on par-
ticles (see below) in the simulated mantle (Panton er al. 2022),
and is compressible with a Murnaghan equation of state (Bunge
et al. 1997). The radial viscosity structure features a ~ 100km
thick lithosphere that is 100x more viscous than the upper man-
tle, allowing thermal conduction to dominate there. A comparison
to seismic observables sensitive the detail of the thermochemical
structure in the MTZ is then motivated both to demonstrate this
method and to evaluate a MCM with reasonable parameters. The
thermochemical structure at 410 and 660 km depth in simulation
m_cc_066_u is illustrated in Fig. S2.

2.1.1 Composition in TERRA

For full details of the implementation of particles and melting in
TERRA, the reader is referred to Stegman (2003), Van Heck et al.
(2016) and Panton et al. (2022). TERRA advects particles through
its simulations according to the flow calculated on the regular icoso-
hedral grid nodes. These particles can be used as passive tracers,
but here have an active effect on the flow due to density anoma-
lies dependent on their bulk composition. In m_cc_066_u, basalt is
5 per cent less dense than lherzolite between 660 and 740 km depth.
This results in a slight ‘basalt density filter’ effect where basaltic
material is more buoyant than pyrolitic material in the lower mantle
transition zone, but the resulting radial basalt segregation is not as
extreme as that advocated for by Yan et al. (2020) or that Tauzin
et al. (2022) suggest by inversion of global SS precursor structure.
Elsewhere, basalt is denser than pyrolite or harzburgite.
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Table 1. Parameters used in mantle circulation model ‘m_cc_066_u’

Symbol Parameter Value

k Thermal conductivity 4 Wm—K~! a
Cp Specific heat capacity 1100 Jkg~' K~ b
Tsurt Surface temperature 300 K -
TemB CMB Temperature (average over run) 4007 K ¢
Y410 4 of 01 > wd +1.5 MPaK~! -
Y660 48 of Rw — Brm + Pc —1 MPaK™! -
10 Reference viscosity 4 x 10%! Pas -
Ey Activation Energy 1.75

B Basalt buoyancy number 0.66

% Ol — Wd density change 6.37 %

A660 Rw — Brm + Pc density change 9.08 %

P660

Initial Condition: The mantle circulation model is initialized from a mantle convection model run for 2 Gyr. The
mantle is preconditioned for 200 Myr using the first stage of the plate model.

2 (p. 122, Clauser & Huenges 1995)
b (Panton 2020)
¢ cooling CMB condition, see main text.

Table 2. Assumed molar composition for our three characteristic litholo-
gies; harzburgite, lherzolite and basalt.

Harzburgite (Hzb) Lherzolite (Lhz) Basalt (Bas)
Si0, 36.184 38.819 52.298
MgO 56.559 49.894 15.812
FeO 5.954 6.145 7.121
CaO 0.889 2.874 13.027
Al,O3 0.492 1.963 9.489
Na,O 0.001 0.367 2.244

Bulk composition is described using a parameter (C) that varies
between 0 and 1 describing the relative depletion or enrichment
of the particle—a C-value of 0 represents entirely depleted mate-
rial [i.e. Harzburgite (Hzb)], of 0.2 represents bulk mantle material
[i.e. Lherzolite (Lhz)] and of 1 represents entirely enriched material
[i.e. Basalt (Bas)/Pyroxenite]. Particles are initialized with an even
distribution throughout the whole mantle with half of all particles
being lherzolitic, 40 per cent harzburgitic and 10 per cent basaltic—
resulting in an initial average C-Value of 0.2. The particles are then
advected through the simulation, following the whole-mantle circu-
lation. If the pressure—temperature conditions of the particle put it
over the solidus in the shallow mantle, it undergoes partial melting—
melt is extracted towards the surface resulting in particles near the
surface becoming enriched (basaltic) while the melt source parti-
cle becomes depleted (harzburgitic). As well as bulk composition,
various geochemical parameters (e.g. Panton et al. 2022) including
abundances of heat producing elements evolving with melt and ra-
dioactive decay are recorded on the particles but are not of interest
here.

2.2 Mineral physics models

In order to predict the discontinuity topography, we require look-up
tables of density (p), P-wave velocity (V) and S-wave velocity
(Vs) in pressure—temperature space for each of our assumed end-
member compositions. The tables used by Davies et al. (2025) are
used here as well. We describe our end member lithologies by using
six oxide components (see Table 2)—chosen to fit published data
sets for Harzburgite, Lherzolite and Basalt (Baker & Beckett 1999;
Walter 2003; White & Klein 2014, respectively).

Equilibrium mineral assemblages (with resultant elastic and ther-
modynamic properties) are calculated by Gibbs free energy mini-
mization using Perple_X (Connolly 2009), with thermodynamic
data from Stixrude & Lithgow-Bertelloni (2005, 2011, 2022). The
isotropic elastic seismic velocities are corrected for anelasticity us-
ing the model ‘Q7g’ (Goes et al. 2004; Maguire et al. 2016). The
Vs structure of the lherzolite, harzburgite basalt and pyrolitic as-
semblage (MM 18) are shown in Fig. S3.

2.3 Prediction of seismic velocity discontinuity (‘local
mechanical mixing and reflectivity’)

Whilst composition is tracked on the fine scale length of the parti-
cles, the total proportion of harzburgite, lherzolite and basalt in the
region surrounding each node is also recorded. This then allows us
to predict the thermochemical discontinuity topography on the regu-
lar TERRA grid at a spacing of ~ 45km laterally in the mid-mantle,
far finer than the thermochemical structure that SS precursors are
sensitive to given that the lateral extent of the first Fresnel zone of
S660S and S410S are both ~ 1000 km (Guo & Zhou 2020), and
the full Fresnel zones have sensitivity that extend for several times
as far dependent on the azimuth to the source—receiver pair and
bands of positive- and negative-sensitivity extending away from the
ray-theoretical bounce-point.

Vertically, however, a 45 km vertical resolution is far too coarse
to resolve the phase transition, so we first interpolate the data from
the coarse TERRA grid onto a finer vertical grid centred on a target
depth (for this work 410 and 660 km) for each horizontal position
(see Fig. 1a). The thermal field of our geodynamic model is smooth,
so we interpolate temperature linearly (similar to the method used
by Papanagnou et al. 2023) between the TERRA grid-points and
since chemical diffusion is very slow composition is interpolated by
a nearest neighbour scheme. This allows us to integrate the chemi-
cal heterogeneity from the MCM into our discontinuity prediction.
Given recent geodynamic and seismologic work (e.g. Yan et al.
2020; Goes et al. 2022; Tauzin et al. 2022) chemical heterogeneity
is expected to be quite high in the Earth’s mantle, and particularly
in the mantle transition zone.

A mechanical mixing calculation is performed between the
tracked compositions at each point to evaluate p, Vs and Vp on
this refined grid (Fig. 1b). To gain a representative estimate of the
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Figure 1. Sketch of method introduced here. (a) The gridding used for the geodynamic modelling is too coarse for the purposes of finding the discontinuity
structure, so the thermal and chemical structures are interpolated onto a finer grid centred on a reference depth (i.e. 410 or 660 km). (b) temperature, pressure
and composition at each interpolated location is used to compute Vs, Vp and p. (c) These are then used to compute S-wave reflectivity R at each interpolated
location, and the highest reflectivity is used as the discontinuity depth at that location.

bulk properties, a harmonic average is used for densities and veloc-
ities

1 _ thz + szb + fbas

P,T — P.T P.T P.T”
LIJBu]k LIthz ‘"IIsz \l/bas

(M

where WPT represents either the density or one of the seismic
velocities of the material (m) at the relevant pressure (P) and tem-
perature (7). We refer to this calculation, where the fraction of each
end-member in the averaging scheme varies according to the lo-
cal abundance of each end-member, as ‘local mechanical mixing’
to differentiate it from the assumption of a uniform mechanical
mixture globally.

Having produced the high-resolution density and velocity pro-
files at each node, we predict the topography as observed by SS
precursors, assuming vertical incidence. First, the vertical reflectiv-
ity is calculated for each depth 7 as the impedance contrast across
that depth,

I e D N ) B Ve 0 (LS B )
ST 4 o)V + V) + (o o)V V)

2

To then find the discontinuity depth, the peak vertical reflectivity
is found at each lateral node, and the corresponding depth used
(Fig. 1c) since we assume the peak vertical reflectivity is associated
with the depth of the discontinuity. The peak vertical reflectivity rep-
resents an upper bound for the actual reflectivity for the offsets used
in SS precursor studies since the SS-precursor phase is not strictly
vertically incident on the discontinuity. Whilst for 410, this is usu-
ally unambiguous as across compositions it is generally controlled
by the Ol-out reaction (until the pyroxene-garnet reaction dominates
at high basalt fraction), the region around 660 is much more com-
plex. At cool temperatures the spinel-out reaction is accomplished
via akimotoite (e.g. Yu et al. 2011; Cottaar & Deuss 2016) and at
high basalt fraction the spinel out reaction is replaced by the deeper
garnet-out reaction (e.g. Jenkins et al. 2016)—together these can re-
sult in multiple peaks and broad regions of elevated reflectivity (see
Fig. S4). For simplicity we pick the depth of maximum reflectivity.

2.4 The ‘bounce-point-spherical cap filter’—a simple filter
for SS precursors

Later, we will compare these predicted topographies to those ob-
served using SS-precursors, and here describe a simple filter to
permit a meaningful comparison.

As the distribution of sources, receivers and therefore bounce-
points, are highly non-uniform and SS-precursor sensitivity extends
away from the ray-theoretical bounce-point (e.g. Neele et al. 1997;
Dahlen 2005; Guo & Zhou 2020) we implement here a first-order ap-
proximation of the sensitivity of the precursors to mantle transition
zone seismic structure distributed with the ray-theoretical bounce-
points. We approximate the sensitivity of the precursor (typically
of period ~ 20 s), which is actually a complex region of posi-
tive and negative traveltime sensitivity, as a spherical cap of radius
500km. This spherical cap represents a multi-azimuthal average
of SS-SdS traveltime sensitivity and is similar in size to the first
Fresnel zone of the SS precursor (e.g. Dahlen 2005). Similar caps
are typically used in stacking these SS precursor data (e.g. Houser
et al. 2008; Guo & Zhou 2020). As well as this finite-far-field sen-
sitivity seismic waves cannot resolve infinitely thin radial seismic
impedance structures. Usually it is assumed that impedance con-
trasts less than a quarter wavelength thick cannot be resolved (e.g.
Chambers et al. 2005). Using array processing does allow a smaller
effective Fresnel zone to be formed (e.g. Rost & Thomas 2009)
between a seismic source and an array of receivers, but due to the
additional labour required for the array processing, coverage is at
present much more limited than for more conventional SS-precursor
studies (e.g. Saki et al. 2024), although it allows the consideration
of important effects, such as out-of-plane energy, yielding a more
accurate assessment of reflector depths (e.g Rochira & Thomas
2023).

This ‘filter’ is very simple and does not capture all of the com-
plexities of the physics of seismic ray reflection. In regions with
many bounce-points and a reasonable spread of azimuths (e.g. the
North Pacific) use of the true sensitivity kernels is unlikely to have a
significant impact on the expected topography. However, in poorly
constrained regions we likely underpredict the high spherical har-
monic degree structure compared to that retrieved by a realistic
kernel. We also do not consider the effect of earthquake focal
mechanisms (which would create a null-sensitivity along the nodal
planes; Zhao & Chevrot 2003) or anisotropic velocities in the mid-
upper mantle (Huang et al. 2019) since we judge these to have
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Figure 2. Topography on 410 (a—d) and 660 (e-h) discontinuities and MTZ thickness variations (i-1) calculated by method described here for model
‘m_cc_066_u” compared to the topography found for the Earth by Waszek et al. (2021b) in the righthand most column (d, h, 1). The other columns denote
different methods of mechanical mixture. ‘7C3MM: topography predicted by three end-member local mechanical mixing calculation using a equilibrium
assemblage table for Lhz. ‘TC2MM’: topography predicted by two end-member local mechanical mixing calculation using a Mechanical Mixture table of
80 per cent Hzb, 20 per cent Bas for Lhz. ‘MM18": topography predicted by a global mechanical mixing calculation of 18 per cent Bas and 82 per cent Hzb.

a secondary impact on recovered topographies compared to the
above.

To produce the filtered topographies, we do the same upscaling
and local mechanical mixing procedure described above, but instead
of focusing on the region around the discontinuities, we predict the
fine-scale material property structure on the length scale of the
thermodynamic tables (2.5 km) radially throughout the MTZ. For
a 20s period SS precursor just beneath d660, a quarter wavelength
is 30 km, so we use a rolling window 30 km thick to find the radial
reflectivity structure through the whole MTZ at each lateral point.
We then pick the depths with the brightest reflection around 410 km
(200 — 480km) and 660km (600 — 850 km depth) depth as the
depths of the discontinuities. To filter the predicted topographies
for the lateral sensitivity of the SS precursor, we take a simple
average of the discontinuity depth within a radius of 500 km of the
bounce-points for the source-receiver pairs used by Waszek et al.
(2021b).

These are then compared directly to the Waszek et al. (2021b)
topography model. In this study we approximate the spatial aver-
aging of the SS-precursor performed by Waszek ef al., as exact
reproduction would require original data from the study. We expect
the exact choice of spatial averaging to have a negligible impact on
our results.

3 RESULTS

3.1 Local mechanical mixing with three end members:
TC3MM

First we consider the topographies calculated with three end mem-
bers, referring to this local mechanical mixing model as ‘TC3MM’
(since this takes account of the full thermochemical structure with
three-end members). The global discontinuity topography predicted
by this method is illustrated in Figs 2(a), (e) and (i). The topography

on these reactions is dominated by the focused upwellings (approx-
imating plumes) and downwellings (approximating slabs) that pass
through the MTZ of the model—but there are other regions of com-
plex topography particularly on d410 above flat-lying slabs such
as beneath Eastern Canada and NE Brazil. On d410, as suggested
by the classic understanding that the discontinuity is controlled by
the olivine-out reaction with a positive Clapeyron slope, hot up-
wellings are associated with a deepening of the discontinuity and
cool downwellings are associated with an elevation.

On d660, the broad-scale structure follows the trends expected
if we assume the topography is dominantly controlled by the
ringwoodite-out reaction, which has a negative Clapeyron slope
(i.e. that the downwellings have a deeper associated discontinuity
and the upwellings have a shallower discontinuity). The much wider
spatial extent of the topography associated with downwellings on
d660 compared to d410 (e.g. Western Pacific) is notable. This is
explained by the greater viscosity around d660 than d410 in the
geodynamic model (the viscosity in the geodynamic model starts to
increase in the lower part of the mantle transition zone, so is already
elevated compared to around d410 see Fig. S1).

3.2 Effect of different end-member assumptions in the
local mechanical mixing calculation

One of the distinctive aspects of the method presented here com-
pared to previous work (Papanagnou et al. 2023) is that we consider
the effect of lateral variations of composition on discontinuity to-
pography. We can also predict the topography by the same peak R
method, but by assuming a fixed (mechanically mixed) composi-
tion or by assuming instead that lherzolite represents a mechanical
mixture of harzburgite and basalt get a sense of the effect the lo-
cal mechanical mixing and the number of end members has on
the topography. The effects are small, but the discontinuities pre-
dicted using these simpler chemical assumptions have more power
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Figure 3. Power spectra of (a) 410 discontinuity topography, (b) 660 discontinuity topography, (c) MTZ thickness variations for predicted seismic structures
with different mechanical mixing methods, as discussed in the text, TC3MM—Ilocal mechanical mixing with three end members, TC2MM—Ilocal mechanical
mixing with two end members, MM 18—global mechanical mixture. Power spectra of topography calculated by Waszek et al. (2021b) are included for reference.

in the spherical harmonic spectra than TC3MM at most spherical
harmonic degrees (Fig. 3).

3.2.1 Reducing the number of end members to two: TC2MM

We track composition in TERRA on three end members (see above).
This implicitly assumes that the entire mantle has not been com-
pletely processed since Earth’s solidification, and that at the start
of our model evolution (1.2 Gyr before present), a large part of
it was un-processed. We can change this assumption by replacing
the Lherzolite tables (representing a pyrolitic equilibrium assem-
blage) of seismic properties with a mechanical mixture of basalt and
harzburgite, corresponding to fi,s = 0.2—representing the same
bulk composition but as a mixture of the two end members. We
refer to this local mechanical mixing model as ‘TC2MM’ (since we
have reduced our consideration of the thermochemical structure to
a consideration of two end members). The resulting discontinuity
topographies are shown in Figs 2(b), (f) and (j)—with no signif-
icant differences in the distribution of topographic anomalies. On
d410, the topographic anomalies in Fig. 2(b) are generally shifted
to deeper values, with a deepening of the average discontinuity
depth globally. On d660 (Fig. 2f), the average discontinuity depth
becomes shallower (but only by 300 m).

3.2.2 Uniform global mechanical mixture: MM18

Similarly to the section above, we can form a table representing
a global mechanical mixture by mixing our end-member tables of
Lhz, Hzb and Bas. A commonly assumed global mantle composi-
tion is a pyrolite model-—a mechanical mixture of ~ 20 per cent
basalt and ~ 80 per cent harzbugite—following previous work
(Ritsema et al. 2009; Papanagnou et al. 2023), we use a value
of foas = 0.18 (the ‘MM18’ pyrolite model) for this comparison.
The resulting calculated topography is shown in Figs 2(c), (g)
and (k). As this global mechanical mixture has only two end-
members a comparison is best made with the local mechanical
mixture TC2MM. The average discontinuity depths are similar be-
tween the two models, and very few differences can be seen on d410
or d660.

3.3 Effect of bounce-point-spherical cap filter on
recovered discontinuity topographies

So far, we have only calculated the geographic distribution of peak
reflectivity depth and have not considered how this is observed

seismically. Above (Section 2.4), we described a simple filter that
captures some of the key physics, and we consider the effect of that
filtering on recovered topographies here.

The topographies of d410 and d660 calculated from the MCM
shown in Fig. 2 are filtered by this method and shown in Fig. 4.
Note the significant reduction in the peak-to-peak amplitude of to-
pography, and how the focused elevation of topography on the d410
beneath subduction zones in the unfiltered predicted topography is
broadened to a similar width as that seen in the observed topogra-
phy of d660. Fine-scale features such as the lateral offset of d410
and d660 due to steps in the surface motion patterns (e.g. beneath
the Hindu-Kush) are lost. Power spectra for the filtered predicted
topographies are plotted in Fig. 5. For d660 and MTZ thickness
variations, filtering reduces the difference between the topographies
predicted with different mixing methods (compare Figs 3 and 5),
although on d410 there appears to be increased sensitivity to the
filtering method. Irrespective of the mixing method, at high spher-
ical harmonic degree the power on d410, d660 and MTZ thickness
variation is significantly reduced when the ‘filtering’ is applied.
Whilst the bounce-point-spherical-cap filtering improves the match
between the predicted topographies and the topography reported by
Waszek et al. (2021b) (compare the coloured lines to the black line
in Figs 3 and 5) at high spherical harmonic degrees (/ > 7), it does
not significantly reduce the spectral power at medium spherical har-
monic degree (3 </ < 7) or increase it at low spherical harmonic
degree (I < 3), where there is a particularly strong mis-match be-
tween the predicted unfiltered power spectra and the seismologically
observed topography structure. We might interpret this mis-match
as a degree 2 structure present in the Earth but not in this MCM.
For instance, we could invoke thermochemical piles swept by the
history of downwellings guiding the position of upwellings or the
impact of continents insulating domains of the upper mantle be-
neath them, but without a broader suite of MCMs it is not possible
to conclude at this point. We also note that other published d410-
d660 structures (e.g. Houser 2016; Guo & Zhou 2020) do not have
the same dominant degree 2 structure recovered by Waszek et al.
(2021b), so this may instead be a quirk of the averaging scheme
they employ.

We illustrate the effect of varying the spherical cap radius in
Fig. S7. Even with a comparatively small cap radius (250 km),
the predicted topography is considerably smoothed (Figs S7a and
b). With a larger cap than that which we use here in the main text
(1000 km radius), topography structure is further smoothed and the
peak-to-peak amplitude is slightly underpredicted and the power on
high spherical harmonic degrees (/ > 7) topography amplitude is
underpredicted (Figs S7g and h).
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Figure 4. Topography on 410 (a—) and 660 (e—g) discontinuities and MTZ thickness variations (i—k) calculated by the method described here, then filtered
using a 500 km spherical-cap-bounce-point method, compared to the topography on 410 and 660 and MTZ thickness variations described by Waszek et al.

(2021b) in (d), (h) and (1), respectively.
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Figure 5. Power spectra of (a) 410 discontinuity topography, (b) 660 discontinuity topography (c) MTZ thickness variations for filtered predicted seismic
structures with different mechanical mixing methods, as discussed in the text, TC3MM-local mechanical mixing with three end members, TC2MM-local
mechanical mixing with two end members, MM 18—global mechanical mixture. Power spectra of topography calculated by Waszek et al. (2021b) are included

for reference.

Considering the variations in MTZ thickness (Fig. S7i), there
is an overprediction of power at all spherical harmonic degrees
for spherical caps smaller than 1000 km, and for a cap of radius
1000 km a good fit is only observed at high spherical harmonic
degree (/I > 12), where structure on d410 and d660 is completely
smoothed by the cap. On d410 and d660 this largest cap predicts a
spectra that matches the Waszek et al. (2021b) spectra from / ~ 3
outto/ = 20. This suggests that the length scales of the topographies
on d10 and d660 are individually reasonably correct for this large
cap, but that they result in an excessively rough transition zone
thickness structure—that is, that they are excessively anticorrelated
for this combination of MCM and mineral physics tables.

We additionally illustrate the effect of filtering regionally in
Fig. S6. Small-scale downwellings around 410km depth, which
produced narrow ridges on d410 are washed out in the filtered to-
pography. Complex topography within the downwellings on d660
is lost, as well as the slight shallowing of the discontinuity beneath
Florida and the Eastern Gulf of Mexico.

3.3.1 Predicted dip of discontinuity surfaces

Related to the short length scales of the unfiltered topography, the
resulting topography has some slope everywhere but apart from
in downwellings and immediately around upwellings is reasonably
smooth, with slopes of less than 45°. However, the discontinuity
surface is predicted to be significantly steeper (around 70° slope)
around downwellings (see Fig. 6). On filtering, whilst the recovered
topography is smoother, subvertical regions around upwellings and
downwellings remain. The seismological significance of this will
be discussed in Section 4.2.2.

3.3.2 Lateral variations in reflectivity of predicted discontinuity
structures

The relative amplitude of SS precursors to the main SS arrival is
also of interest since it has been used to invert for the basalt frac-
tion in the mantle transition zone (Tauzin et al. 2022), and we have
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Figure 6. Dip of surface of (a, ¢ and ¢) d410 and (b, d and f) d660 for unfiltered predicted topography (TC3MM) (a and b), filtered (500 km radius bounce-point
spherical cap) predicted topography (c and d), Waszek et al. (2021b) topography model (e and f).

taken the discontinuity reflectivity as a proxy for this amplitude
ratio—see discussion in Section 4.2.3. We plot the lateral distri-
bution of peak R and R in Fig. 7. The mismatch between
the geographic distribution of high R¢ regions predicted by this
simulation and areas with high SS precursor amplitudes is strong.
Local mechanical mixing is more important in local variations in
R¢ structure than for the discontinuity topography, with the ‘bright’
spots around upwellings less intense, and more short-wavelength
structure notable (Fig. S8) than in the reflectivity structure pre-
dicted from a global mechanical mixture. The variations we find
here in d660 reflectivity due to variations in the thermal structure
of the MCM are of a similar magnitude to those interpreted to
be due to chemical variations within the mantle, but have a dif-
ferent geometry—being aligned along downwelling and upwelling
centres, unlike in the Waszek et al. (2021b) data set where high
amplitude regions are not obviously associated with the location of
slabs or large plumes in the Earth. The variations in the reflectiv-
ity of d410 are smaller than on d660, but again are closely asso-
ciated with the distribution of downwellings and upwellings in the
MCM. We expand on the significance of the reflectivity variations in
Section 4.2.3

4 DISCUSSION

4.1 Comparison to previous work predicting d410 and
d660 from MCMs

Papanagnou et al. (2023) also predicted d410 and d660 topog-
raphy from a MCM, in their case a model published by Nerlich
et al. (2016), which has a higher resolution than the MCM used
here, allowing Nerlich ef al. to use an upper mantle viscosity of
1 x 10%!' Pas, a quarter of that we use here, in line with the Haskell
constraint and likely resulting in thermal anomalies that are nar-
rower and smaller in amplitude than in the simulation we have used
from Davies et al. (2025). Their CMB temperature is also signif-
icantly higher (4200 K versus 4007 K here), which may explain
why the depression of d660 they predict in upwelling centres due
to the garnet-out control of the d660 is not present in our predicted
topographies. Since Papanagnou ef al. (2023) did not consider the
resolution of the SS-precursor or lateral chemical heterogeneity, a
comparison is made with the unfiltered topographies with the global
mechanical mixture ‘MM 18’ in Figs 2(c), (g) and (k). If the filtering
scheme used here were to be applied to the topographies predicted
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Figure 7. Ry (Shear wave reflectivity) on d410 (a—c) and d660 (e—g) for each of the mechanical mixing methods considered in this paper TC3MM (a and e),
TC2MM (b and f) and MM18 (c and g) are compared qualitatively to the amplitude of the SS precursor (d and h), filtered using the bounce-point spherical
cap of radius 500 km (and ‘thickness’ of 30 km. Note the poor fit in geographic distribution between the geodynamic predictions and the data of Waszek et al.
(2021b). The average reflectivities of d410 and d660 are more different (e.g. for TC3MM 0.066 and 0.073 respectively) than the average normalized amplitude

of the precursors in the Waszek et al. data set (0.038 and 0.037 respectively).

by Papanagnou et al. (2023), we would expect the extremely lo-
calized deflections of the discontinuities to be spread out, and in
particular the shallowing of the d660 in the upwelling cores are un-
likely to be recovered by this filter. Spectrally, we would not expect
the topographies predicted by Papanagnou et al. (2023) to provide
a markedly improved fit to the Waszek et al. data set due to the
comparatively low power at degree two on both discontinuities for
the comparable mantle composition of MM18 (their Fig. S11).
The depth anomaly ranges quoted in the figure are from the 0.1-st
percentile to the 99.9-th percentile, and with reference to Fig. S19
of Papanagnou et al. (2023), we predict slightly broader ranges of
discontinuity depths than they do, which is not surprising consid-
ering the higher viscosity used in the MCM of this study. Plotting
a histogram of the topography on d410 and d660 for the unfiltered
MM18 model in Fig. S13 we can make a more detailed compar-
ison to the topographies predicted by Papanagnou et al. (2023).
The range and distribution of predicted depths of d410 predicted by
us from the geodynamic model ‘m_cc_066_u’ (Davies et al. 2024)
(Fig. S13) is very similar to that predicted by Papanagnou et al.
(2023) (their Fig. S19) for a less viscous mantle for a similar mantle
composition. Histograms of d660 depths are more different than for
d410 with our topography distribution extending to greater depths
than that which Papanagnou et al. (2023) predict for the same com-
position and their mantle circulation model. This likely is due to
the detail of the viscosity structures used in the geodynamic simu-
lations; whilst usually described as a ‘jump at 660 km depth’, due
to the finite resolution in mantle convection or circulation models
it is always necessary for this jump to be spread over several radial
grid nodes. Davies et al. (2025) chose to implement this so that the
jump to the lower mantle viscosity is completed at 660 km depth
(i.e. the viscosity at d660 is ~ 1.2 x 10?* Pas), whereas Nerlich
et al. (2016) chose to implement the jump so that it is centred on
660 km depth (i.e. the viscosity at d660 is only ~ 6 x 10%' Pas, and
so the convective temperature anomalies will be smaller and more
localized than around d660 in m_cc_066_u, which is reflected in the
tighter range of depths predicted by Papanagnou et al. (2023) for

d660). This choice in radial viscosity structure, rather than the fac-
tor of four difference in reference viscosity, has a larger effect on the
predicted discontinuity topographies and in particular in explaining
the difference in predicted d660 depth-frequency distribution and
range between this work and that of Papanagnou et al. (2023).

4.2 Comparison to SdS-derived topography

For global geodynamic simulations, the natural point of compari-
son are global SS-precursor topographies (e.g. Houser 2016; Guo
& Zhou 2020; Waszek et al. 2021b). As an example we here make
a comparison to the topography model of Waszek et al. (2021b),
derived from SS precursors in seismograms filtered for a period of
15 — 50 s. A naive comparison between our calculated topogra-
phies in the geographic (Fig. 2) and spectral domains (Fig. 3)
is not encouraging—our peak-to-peak topography is much larger
(~ 100km on d410 and d660) than that found by Waszek et al.
(2021b) (~ 28km and ~ 45km respectively), and our structure
is focused on short-wavelengths (high spherical harmonic degree)
particularly around downwellings.

4.2.1 Influence of bounce point spherical cap filter on d410 and
d660 structure

The topography that we naively predicted from a mantle circulation
with a lateral temperature range of ~ 2000 K in the MTZ that drives
vigorous convection compared poorly to the topography recovered
from SS-precursors (~ 100 km on each of d410 and d660, 150 km
on the transition zone thickness variations compared to ~ 40 km
observed on all three in recent studies (e.g. Houser 2016; Guo &
Zhou 2020; Waszek et al. 2021b). However, when a seismologically
motivated cap of radius 500 km is applied, the topographies become
of similar amplitude to those inverted by Waszek et al. (2021b) and
Tauzin et al. (2022) to a much smaller temperature range of 400 K.
Of course, this is dependent on the cap size, and many models
in principle could be oversmoothed until they are compatible with
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observations, but given the contribution to total sensitivity away
from the first Fresnel zone is small with increasing radius (e.g.
Guo & Zhou 2020, fig. 4) doing this would not be seismologically
motivated. We note that the range of depths for d410 and d660
when filtered with the largest cap in Fig. S7 are within a couple
of kilometres of the ranges for d410 and d660 reported by Waszek
et al. (2021b).

4.2.2 Predicted discontinuity topography extremely steep around
downwellings

We highlighted the steep dips on the d410 and d660 predicted topog-
raphy surfaces (see Section 3.3.1). Here we sketch some seismologic
implications. Such a steep discontinuity topography structure could
significantly complicate the physics of reflection, potentially chang-
ing the location of bounce-points away from the mid-point of the
source-receiver great circle (e.g. Rochira & Thomas 2023) and sig-
nificantly changing the reflectivity-offset curve. Whilst the global
topographies inverted in SS-precursor studies, such as the Waszek
et al. (2021b) model we compare to here, are smooth and rolling
(dips not exceeding 15°) there is some evidence that the disconti-
nuity surface in the Earth could be considerably rougher, at least
in places. Rochira & Thomas (2023) showed that some SS and PP
precursors that could be interpreted as reflectors in the deeper mid-
mantle (e.g. Waszek ef al. 2018) were, when the backazimuth was
taken into account in the bounce-point location, more accurately
located around d410 and d660. Whilst these out-of-plane reflec-
tions could be due to compositional or thermal structure associated
with the downwelling in the study region, SdS reflected out of the
great-circle plane is also a possibility (Rochira & Thomas 2023).
Neele et al. (1997) and Neele & Regt (1999) considered the topog-
raphy of a discontinuity around slabs with a similar magnitude to
that presented here, showing the smearing of the intense deflection
away from the slab regions they were imposed within, also creat-
ing effects far from the downwelling slab. However, the deflections
in unfiltered discontinuity topography we predict are much steeper
than the sinusoidal topographies used by Neele ef al., and we expect
significant deflections both due to slabs and upwellings. To prop-
erly assess the validity of the simple spherical cap filter, we would
need to propagate seismic waves through regions of our predicted
mantle transition zone reflectivity structures to see what structures
are recovered, compared to the ‘filtered’ topographies presented
here.

4.2.3 Significance of lateral reflectivity variations in the Earth
and predicted discontinuity structures

Tauzin et al. (2022) use the observed variations of MTZ thick-
ness and the amplitude of SS precursors to invert for the ther-
mochemical structure—principally using MTZ thickness variations
to recover temperature and the amplitude of the SS-precursor for
basalt fraction. However, we find significant variations in dis-
continuity reflectivity due to thermal variations (see Fig. 7 and
Fig. S8).

The relative amplitude of the SS precursor phase should be mainly
controlled by the reflectivity of the discontinuity, that we used for
the prediction of the depth of the discontinuities, but is also con-
trolled by any attenuation along the ray-path, which is not trivial
to assess. For now, we accept R;_’ as a proxy for Agus/Ass, but
note these potential sources of error. Another major component is
the variation of angle of incidence of the SS-precursor with the

discontinuity surface, either due to variation in the source-receiver
separation (which Waszek et al. correct for in their reported SS-
precursor amplitude model), or the variation in the dip of the dis-
continuity (which we do not consider in this analysis, since where
this is important more complex wavefront-healing physics may also
be in play). Interrogating our tables we produce a similar rela-
tionship between MTZ thickness and Ry for varying fu,s and 7 as
found by Tauzin et al. (2022) (Fig. S10)—which suggests that using
R or RS as an initial proxy for SS precursor amplitudes is not
unreasonable.

The average reflection amplitude of S410S and S660S is similar
in the Waszek et al. (2021b) data set (d410 is 2.5 per cent brighter
than d660), but in the discontinuity structure predicted from this
simulation, d660 is significantly (10 per cent) brighter than d410,
using the three-end-member mechanical mixing (TC3MM, Fig. 7).
Varying the fraction of basalt in a global mechanical mixture (Fig.
S8)allows RS ~ RO where £;5 > £410 This geodynamic model
does not have an accumulation of enriched material in the mantle
transition zone around d660, but this suggests that a better fit to
the Earth may be observed for a geodynamic simulation with basalt
enrichment in the basalt density filter (e.g. Davies 2008; Yan et al.
2020).

Plotting histograms of SdS amplitude from the Waszek et al.
(2021b) model and values of R{ predicted for this geodynamic
model (Fig. S11), we highlight how the reflectivity is much less
variable for the predicted discontinuities than the observed precursor
amplitudes. This could suggest that this geodynamic simulation
underestimates the compositional variability in the mantle transition
zone, particularly given the range of reflectivity predicted for the
various global mechanical mixtures (see Fig. S12). Further, given
our overprediction of the relative reflectivity of d660, it appears
very likely that there are regions with additional basaltic material in
the Earth’s mantle transition zone, as has been found from previous
seismological work (Cammarano et al. 2009; Khan et al. 2009;
Munch et al. 2020; Bissig et al. 2022; Tauzin et al. 2022). Other
factors, such as the roughness of the discontinuity surface may also
play an important role (see above).

4.3 Relative importance of thermal and compositional
heterogeneity for discontinuity topography

When considering the predicted topographies by this method (Fig. 2)
for a MCM with moderate compositional variations we find that the
local mechanical mixing has essentially no effect, particularly once
filtered for what is seismically visible (Fig. 4). We do show some
subtle differences in the reflectivity structure for discontinuities
picked from different mixing assumptions (Fig. 7), but in the model
we have shown here there is not a drastic difference for the different
assumptions about composition mixing.

If we vary the composition of the whole mantle according to
different proportions of basalt and ‘pyrolite’ in a global mechani-
cal mixture in the range of 0.1 < fi,s < 0.5 we see no significant
change in predicted filtered topographies (see Fig. S9), highlighting
that for moderate changes in mantle composition, any changes are
limited to changes in lateral reflectivity structure.

This highlights that for reasonable mantle transition zone com-
positions, d410 and d660 topographies predicted from a mantle
circulation model are explained principally by the decomposition
of olivine and ringwoodite (not precluding a role for other reactions
at extremes of temperature), and that the reflectivity is affected by
the relative abundance of enriched basaltic material which controls
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the relative importance of the garnet-out reaction compared to the
ringwoodite-out reaction.

4.4 Is MTZ discontinuity structure a useful constraint on
MCMs?

4.4.1 Topography of d410 and d660

Fitting the observed topographies of d410 and d660 in the Earth
from a MCM is a complex combination of thermochemical struc-
ture, the correct application of mineral physics tables and any seis-
mological filtering. We have shown that a very simple seismology-
motivated smoothing filter obscures a lot of the fine detail of topog-
raphy structure expected from a geodynamical simulation, and have
discussed the dominance of thermal structure as a control on d410
and d660 structure rather than composition for moderate variations
in basalt content.

The thermal structure of the mid-mantle is dominated by down-
going slabs and upwelling plumes, and is also expected to control
the transition zone discontinuity structure. The location and mor-
phology of the downgoing slabs are largely a function of the surface
motion history, which in MCMs is imposed at the surface. However,
the remainder of the thermal structure is a function of the reaction
of the convecting mantle to the imposed downwellings and does
vary between geodynamic models with different dynamic struc-
tures, particularly variations in rheology and mineral physics. The
geodynamic significance of interpretations of the topographies of in-
dividual discontinuities is disputed, due to the potential dominance
of uncorrected upper mantle velocity structure in the differential
traveltimes of the SS and SdS phases (e.g. Tauzin et al. 2022). This
makes it challenging to interpret poorly fitting (geographically or
spectrally) predicted individual topographies in terms of geodynam-
ics.

4.4.2 Variations in MTZ thickness

As the transition zone thickness is determined by the differential
traveltimes of S660S and S4108S, without reference to the SS phase,
it should not be sensitive to upper mantle velocity structure varia-
tions (e.g. Tauzin et al. 2022). Sadly this approach limits the ability
to consider separately the thermal structure at 410 and 660 km
depth, although generally the offset in convective thermal struc-
tures between 410 and 660 km depth is generally expected to be
small compared to the 1000 km width of the SS precursors’ first
Fresnel zone. This potentially suggests that variations of transition
zone thickness can give a sense of the fit between the simulated and
true Earth’s lateral thermal structure at the scale lengths SS precur-
sors are sensitive to. However S410S-S660S differential traveltime
may not be a simple proxy for MTZ thickness as Koroni et al. (2017)
showed S410S has significant sensitivity to discontinuity structure
at 670 km depth, although this was at longer periods than those used
by SS-precursor studies. We do not consider this further here, but
note that it is still worth considering d410 and particularly d660
individually in addition to the transition zone thickness.

4.4.3 Reflection amplitude structure

Fit to reflection amplitude structure is more complex—as reflection
amplitude structure has a strong compositional component, it is
sensitive to the long-term evolution and residence of melt-derived
heterogeneity in the lower mantle transition zone (Tauzin et al.
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2022). The amount and distribution of basaltic material at the base
of the MTZ should be a function of the history of melt-production,
history of convection, the relative behaviours of enriched and de-
pleted material in the MTZ, other heterogeneities in the mantle, as
well as the uncertainties in mineral physics and seismological fil-
tering of the mantle transition zone. However, even in a well mixed
mantle such as that produced by this MCM, lateral variations in R%
exist, largely driven by thermal structure instead of compositional
variations. Therefore, lateral variations in reflectivity may be a more
discriminating metric than the discontinuity depth variations, and
so a well fitting MCM may not emerge until our knowledge of
mid-mantle dynamics, mineral physics and seismology is much im-
proved.

4.4.4 Characteristics of an Earth-like MCM

If an Earth-like MCM were found, the resulting discontinuity struc-
ture when filtered for the sensitivity of SS precursors should match
the predicted depths of d410 and d660, as well as the amplitude of
the discontinuity topographies and transition zone thickness. The
spherical harmonic spectra of the predicted discontinuities should
peak on degree 1 or 2 and then decay approximately monotoni-
cally with increasing spherical harmonic degree. These reflect the
correct thermal structure globally (average discontinuity depths)
and the correct lateral variations of temperature (discontinuity to-
pographies). From the predicted reflectivity structure the global
distribution of ‘bright” and ‘dark’ spots should match the reported
amplitude structure, indicating a reasonable thermochemical struc-
ture. However, we anticipate this as a challenging metric to match
since the amplitude of reflected waves is a function of the ther-
mal and chemical structures (the latter of which is sensitive to the
history of the delivery of compositional heterogeneity to the man-
tle transition zone), and is possibly more sensitive to the correct
‘seismological treatment’ than the discontinuity topographies.

4.4.5 Limitations of the candidate model

Whilst we do predict the mean depths of d410 and d660 well, we
overpredict the topography on both discontinuities (by a factor of
about 1.7 for d410 and 1.5 for d660). The thickness of the MTZ
is slightly overpredicted, as are the range of MTZ thickness varia-
tions. Spherical harmonic power is overpredicted at high degree for
d410 and d660, and underpredicted at low degree, but the power
of MTZ thickness variation spectra is overpredicted at all degrees.
We suggest this reflects an excessive anticorrelation of d410 and
d660 predicted by this method from this MCM compared to those
recovered form the Earth using SS precursors. This suggests a poor
match between the thermal structures of our MCM and Earth’s.
However, there are many regions where the distribution of thick and
thin regions of the MTZ is encouraging (see Fig. 4).

The comparison between the predicted reflectivity structure and
the amplitude structure is less straight-forward. We do not consider
the reflectivity of the Earth’s surface underside. Similar to the effect
of shallow structure on traveltimes, the reflectivity of the Earth’s
surface could be highly dependent on regions of partial melt, the
thickness of lithosphere or crust, the presence of oceans and icecaps
and the roughness of surface topography. However, we do not cor-
rectly predict the relationship between the mean reflectivity values
of d410 and d660, which the Waszek et al. data suggest are simi-
lar, but with d410 slightly brighter than d660. We predict d660 as
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slightly brighter than d410, which might reflect the underprediction
of basalt fraction around 660 km depth in this simulation.

Whilst this assessment has shown that m_cc_066_u is not an
ideal geodynamic model, it highlights the utility of considering the
discontinuity topography as we have here, as it has allowed us to
take a mantle circulation model that is fairly reasonable (Davies
et al. 2025) and critically assess its mantle transition zone structure
and potentially informs the parameter space where we might seek a
better-fitting model.

5 CONCLUSION

We predict the topography of d410 and d660 for a thermochemical
MCM. The Fresnel Zone of SS precursors has a significant impact
on the recovered topography, and when we apply a simple filter to our
predicted topographies we can compare the predicted topographies
of d410 and d660 to those inverted from SS precursors meaningfully.
Lateral chemical variations seem to have a limited role in control-
ling the topography predicted from a well-mixed thermochemical
MCM, although appear important in explaining the discontinuity
reflectivity structure.

We assessed a candidate mantle circulation model using its dis-
continuity topography and reflectivity structure, finding the range
of discontinuity depths were too large on both d410 and d660 and
that reflectivity structure predicted from this model does not match
global observations well. This is interpreted as suggesting a smaller
range of temperatures and more recycled heterogeneity in the MTZ
than in our geodynamic model considered here. This allowed us to
critically assess the discontinuity structure predicted from a MCM,
suggesting that either the thermochemical structure is not Earth-
like or that the simple treatment of the SS-precursor interaction
with the discontinuities we used here is not sufficient. We also note
that the discontinuities predicted from this geodynamic simulation
are much rougher than the sub-horizontal discontinuities recovered
by SS-precursor studies from the Earth and expect this could have
some impact on the observation of the discontinuities.
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