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SUMMARY

Many geophysical studies require knowledge on the present-day temperature distribution in
Earth’s mantle. One example is geodynamic inverse models, which utilize data assimilation
techniques to reconstruct mantle flow back in time. The thermal state of the mantle can
be estimated from seismic velocity perturbations imaged by tomography with the help of
thermodynamic models of mantle mineralogy. Unique interpretations of the tomographically
imaged seismic heterogeneity can either be obtained by incorporating additional data sets or
requires assumptions on the chemical composition of the mantle. However, even in the case of
(assumed) known chemical composition, both the seismic and the mineralogical information
are significantly affected by inherent limitations and different sources of uncertainty.Here, we
investigate the theoretical ability to estimate the thermal state of the mantle from tomographic
models in a synthetic closed-loop experiment. The ‘true’ temperature distribution of the man-
tle is taken from a 3-D mantle circulation model with Earth-like convective vigour. We aim to
recover this reference model after: (1) mineralogical mapping from the ‘true’ temperatures to
seismic velocities, (2) application of a tomographic filter to mimic the effect of limited seismic
resolution, and (3) mapping of the ‘imaged’ seismic velocities back to temperatures. We test
and quantify the interplay of tomographically damped and blurred seismic heterogeneity in
combination with different approximations for the mineralogical ‘inverse’ conversion from
seismic velocities to temperature. Owing to imperfect knowledge of the parameters governing
mineral anelasticity, we additionally investigate the effects of over- or underestimating the
corresponding correction to the underlying mineralogical model. Our results highlight that,
given the current limitations of seismic tomography and the incomplete knowledge of mantle
mineralogy, magnitudes and spatial scales of a temperature field obtained from global seismic
models deviate significantly from the true state, even in the idealized case of known bulk
chemical composition. The average deviations from the reference model are on the order of
50-100 K in the upper mantle and depending on the resolving capabilities of the respective
tomography—can increase with depth throughout the lower mantle to values of up to 200 K
close to the core—mantle boundary. Furthermore, large systematic errors exist in the vicinity
of phase transitions due to the associated mineralogical complexities. When used to constrain
buoyancy forces in time-dependent geodynamic simulations, errors in the temperature field
might grow nonlinearly due to the chaotic nature of mantle flow. This could be particularly
problematic in combination with advanced implementations of compressibility, in which den-
sities are extracted from thermodynamic mineralogical models with temperature-dependent
phase assemblages. Erroneous temperatures in this case might activate ‘wrong’ phase tran-
sitions and potentially flip the sign of the associated Clapeyron slopes, thereby considerably
altering the model evolution. Additional testing is required to evaluate the behaviour of dif-
ferent compressibility formulations in geodynamic inverse problems. Overall, the strategy
to estimate the present-day thermodynamic state of the mantle must be selected carefully to
minimize the influence of the collective set of uncertainties.
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1 INTRODUCTION

Mantle convection is driven by thermally dominated buoyancy
forces in Earth’s interior. Direct observations of the 3-D temper-
ature variations in the mantle are not available, but inferences can
in principle be drawn from seismic observations. These provide
the most abundant and direct source of information on Earth’s
deep interior. Tomographic models, in particular, inferred from the
seismic data through inversion, provide insight into the present-
day structure of the mantle. Thanks to the enormous progress in
data acquisition, numerical methods and computational resources
over the last 40 yr, global seismic models are getting closer to re-
solving mantle features at the dynamically relevant length scales
(e.g. Rawlinson et al. 2010; French & Romanowicz 2014; Sim-
mons et al. 2021; Fichtner et al. 2024). Many promising research
directions have been identified that will further improve and diver-
sify tomographic efforts in the near future (Fichtner et al. 2024).
One aspect that is only recently shifting into the focus of seismic
tomography relates to the quantification of resolution and uncertain-
ties (Rawlinson et al. 2014; Fichtner & van Leeuwen 2015; Zaroli
2016; Freissler et al. 2024; Cui et al. 2024). This is particularly
relevant, because even though many tomographic models correlate
well at large scales, small scale structures of less than 1000 km
are generally not uniquely resolved, and tomographic images can
still differ fundamentally at these scales (Becker & Boschi 2002;
Dziewonski 2005; Liu & Gu 2012; Lebedev et al. 2017; Cui et al.
2024). To derive robust estimates of the present-day temperature
distribution in the mantle from tomography, we thus need to under-
stand the uncertainties caused by the complex relationship between
seismic and thermodynamic mantle properties, and in particular
their combination with limited tomographic resolution.

Alternative to the seismic data approach, physically driven expec-
tations on mantle structure can be gained from geodynamic forward
simulations. However, many of the governing material properties to
date still need to be constrained more robustly, most notably the
mantle viscosity. To further progress in this direction, geodynamic
inverse modelling based on the concept of mathematical adjoints
has been established as a promising tool (e.g. Bunge et al. 2003;
Ismail-Zadeh et al. 2004; Horbach et al. 2014; Colli et al. 2018,;
Ghelichkhan et al. 2021). These inverse models are designed to
solve for an unknown initial condition that naturally evolves into
the present-day state as seen by tomography. By iterative refinement
of the initial state, the models minimize the differences between the
tomographically imaged mantle and the predictions of a forward
mantle circulation model (MCM). Although mantle flow is chaotic
and subject to the butterfly effect, it has been shown that robust
flow histories can nevertheless be constructed through assimilation
of horizontal flow velocities as surface boundary condition (Colli
et al. 2015; Taiwo et al. 2023). The great benefit of inverse geo-
dynamic models is that they produce model trajectories from the
geologic past to the present, which, if simulated at sufficiently high
Rayleigh number, should provide accurate estimates of the true man-
tle evolution. Using independent data sets sensitive to the surface
expression of mantle convection, such as dynamic topography/the
geoid (e.g. Richards & Hager 1984; Hoggard et al. 2021; Lin et al.
2022) or geologic records of vertical motion (Hayek et al. 2020;
Vilacis et al. 2022), then allows testing the model evolution against

observations and placing tighter constraints on the validity of the
underlying parameters.

One vital element of geodynamic inverse models is an accurate
representation of the present-day thermal mantle structure derived
from seismic observations. The same is true for instantaneous flow
calculations that aim at modelling the geoid (e.g. Hager et al. 1985)
or compare tomographically derived mantle flow velocities to mea-
surements of seismic anisotropy (Becker ez al. 2008; Long & Becker
2010). Under the commonly adopted assumption that variations in
seismic velocity are predominantly controlled by temperature to-
gether with potential variations in chemical composition, a mul-
titude of studies have relied on interpreting seismic information
in terms of the thermal or thermochemical state of the crust and
mantle; using qualitative links and simple linear scaling laws, or
sophisticated modelling and probabilistic approaches, to relate the
observed seismic velocities to temperature and associated densities
(e.g. Forte et al. 1995; Sobolev et al. 1996; Deal et al. 1999; Goes
et al. 2000; Forte & Mitrovica 2001; Deschamps et al. 2002, 2019;
Deschamps & Trampert 2003; Priestley & McKenzie 2006; Khan
et al. 2008, 2011; Ritsema et al. 2009; Cammarano et al. 2011;
Priestley & McKenzie 2013; Afonso et al. 2013, 2016; Munch et al.
2020; Deschamps & Cobden 2022; Ramirez et al. 2022). New con-
cepts that aim to optimize seismic imaging techniques for a direct
inversion for temperature are presently emerging (Fullea et al. 2021;
Lebedev et al. 2024), which allow to bypass non-unique seismic
inversion solutions and ensure physically plausible temperature dis-
tributions. The seismic properties of the mantle are herein assumed
to be largely composition-insensitive (Lebedev ef al. 2024).

Nowadays, thermodynamic models of mantle mineralogy serve
as the basis to self-consistently model the nonlinear relationship
between temperature and seismic velocity in the mantle, while in-
corporating relevant effects of phase transformations together with
their dependence on temperature and pressure (e.g. Connolly 2005;
Piazzoni et al. 2007; Stixrude & Lithgow-Bertelloni 2011, 2021,
2024; Holland et al. 2013; Chust et al. 2017). Within these miner-
alogical models, stable phase assemblages are computed for a given
bulk composition by Gibbs-free-energy minimization of the candi-
date phases and their solid solutions. In combination with large ex-
perimental databases on mantle minerals, easy-to-use lookup-tables
can be created, providing the link between thermodynamic condi-
tion (pressure, temperature, composition) and the elastic properties
of interest (seismic velocities, thermal expansivity, etc.), as well as
density. From the mineralogical models, the relationship between
temperature and (elastic) seismic velocity is found to be complex
and nonlinear, seemingly invalidating the usability of a simple lin-
earized temperature-velocity scaling. The largest non-linearities are
generally attributed to pressure-induced solid—solid mineral phase
transitions (e.g. Stixrude & Lithgow-Bertelloni 2007), such as those
in the mantle transition zone (TZ). The associated sharp jumps of
mineral properties are observable as global seismic discontinuities
(e.g. Shearer 2000; Deuss 2009), and are a recurring feature in 1-D
seismic reference profiles (e.g. Dziewonski & Anderson 1981; Ken-
nett et al. 1995). Since phase transformation depths in the mantle are
sensitive to temperature, lateral thermal variations cause regional
undulations of the seismically visible interfaces. The topography
of various discontinuities has thus been the focus of many studies
(e.g. Flanagan & Shearer 1998; Gu & Dziewonski 2002; Lawrence
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& Shearer 2006; Schmerr & Garnero 2006; Ritsema et al. 2009),
providing independent constraints on mantle temperatures at the
respective depths.

In the mantle, the two most prominent discontinuities are linked
to the transformation of olivine to wadsleyite, occurring at roughly
410 km depth, and the dissociation of ringwoodite to bridgmanite
and ferropericlase, at roughly 660 km depth (Ringwood 1968). We
follow common abbreviations and refer to the two discontinuities as
the ‘410’ and the ‘660’ from here on. With the transformation from
bridgmanite, the most abundant mineral in the lower mantle, to the
post-perovskite phase (pPv), another important phase transition has
been discovered in the lowermost mantle (Murakami ez al. 2004;
Hirose 2006). While the lateral extent of pPv occurrence is debated
(Cobden et al. 2015; Thomas et al. 2022), the presence of this high-
pressure phase could be a potential explanation for many intriguing
seismic observation close to the core—mantle boundary (e.g. Shim
2008; Davies et al. 2015; Lay 2015; Koelemeijer et al. 2018).

In the TZ, important dynamic implications arise from the fact
that the 410 and 660 phase transitions have opposite Clapeyron
slopes, and therefore opposite effects on vertical mass transport
(Christensen & Yuen 1984; Bina & Helffrich 1994; Christensen
1995). While the exothermic transition associated with the 410 sup-
ports mantle flow, the 660 transition is endothermic, potentially
interfering with flow across the TZ. Early tomographic images al-
ready indicated substantial mass exchange between upper and lower
mantle, although often featuring complex slab morphologies near
the 660 (Fukao et al. 1992; Grand 1994; Grand ef al. 1997; van
der Hilst et al. 1997; Masters et al. 2000), which has subsequently
been interpreted as an indication of (temporarily) impeded man-
tle flow across the endothermic interface (e.g. Christensen 2001;
Fukao et al. 2009). The influence of the 660 on global-scale mantle
convection has been extensively studied (e.g. Christensen & Yuen
1984, 1985; Bercovici et al. 1993; Tackley et al. 1993; Christensen
1995; Schubert & Tackley 1995; Bunge et al. 1997; Nolet et al.
2006; Thomas & Billen 2009; van Mierlo et al. 2013; Papanagnou
et al. 2022), yet open questions remain regarding its imprint on the
characteristics of convection.

Alongside the mineralogical complexities, inferences on the
present-day thermodynamic state of the mantle from tomographic
models are additionally hindered by the fact that the seismic resolu-
tion is naturally limited by uneven data coverage—due to an uneven
distribution of both earthquakes and receivers around the globe—and
the need for regularization in seismic inversions. As a consequence,
global tomographic models represent a blurred and low-fidelity
image of the true mantle structure. For meaningful comparisons
between geodynamic and tomographic models, the resolution dis-
crepancies need to be taken into account by tomographic filtering of
the geodynamic model (e.g. Mégnin et al. 1997; Bunge & Davies
2001; Ritsema et al. 2007; Schuberth et al. 2009b), which mim-
ics how a given (hypothetical) input structure would be imaged by
a specific tomographic inversion. This process is computationally
simple, but requires resolution information for the respective tomo-
graphic model to be explicitly available in the form of a resolution
matrix or generalized inverse (Freissler et al. 2020). The necessity
of tomographic filtering to link geodynamic and tomographic mod-
els has been increasingly acknowledged and incorporated in the
past decade (e.g. Bull ez al. 2009; Davies et al. 2012; Koelemeijer
et al. 2018; Simmons et al. 2019; Su et al. 2023; Freissler et al.
2024).

Deriving temperatures from seismic observations is thus subject
to various assumptions and uncertainties, even in the simplified case

of homogeneous chemical composition. Using the aforementioned
mineralogical models, the seismic velocities obtained by tomogra-
phy can generally be translated to temperature in a straightforward
manner. However, little attention has been paid so far to the com-
bined effects of tomographic and mineralogical limitations. The
uncertainties of thermodynamic parameters in mineralogical mod-
els, as well as their propagation to temperature inferences, have
been estimated earlier (e.g. Cammarano ef al. 2003; Khan et al.
2008; Connolly & Khan 2016), but to our knowledge, no such
study has explicitly included the effects of reduced-amplitude and
blurred seismic velocities due to limited tomographic resolution.
Bull ef al. (2010) on the other hand investigated the influence of
tomographic resolution together with different approaches to derive
density perturbations from seismic velocities on calculated flow
fields of geodynamic models. However, they employed simplified
velocity-density scalings that do not account for realistic complex-
ity induced by phase transitions. To this end, we systematically and
quantitatively assess the coupled effects of limited resolution and
complex mineralogical relationships on the recoverability of accu-
rate present-day thermal models in a synthetic closed-loop setup.
Additionally, we assess further contributions from uncertainties in
the necessary anelastic correction and assumed bulk composition.
We aim to quantify first-order effects of various uncertainties in
the simplest case of an isochemical model, since possible chemical
variations introduce large additional complexities (see Munch et al.
2020; Cobden et al. 2024). We begin by introducing the concept
and individual methods of the closed-loop experiment, followed by
outlining the effects of different uncertainties individually, as well
as their potential interplay. We investigate different approaches and
common approximations used for the conversion of seismic veloci-
ties to temperature and discuss their advantages and disadvantages
as well as the potential dynamic implications of the associated errors
for geodynamic simulations.

2 METHODS—CLOSED-LOOP SETUP

In order to assess the theoretical ability to estimate the present-
day thermal mantle structure from seismic models, we employ a
synthetic closed-loop experiment. The starting point of the loop is
the 3-D temperature field from a pre-existing isochemichal MCM
(Nerlich et al. 2016). With a dense radial and lateral grid spac-
ing on the order of 25 km globally, mantle flow was simulated at
Earth-like convective vigour in this MCM. Temperature variations
in such models are controlled by the dynamics of the system, and
thus show realistic length scales and magnitudes (Schuberth et al.
2009a, b). Owing to the fact that tectonic plate reconstructions are
incorporated as time-varying surface velocity boundary condition,
the model characteristics furthermore are largely independent of
the (unknown) initial condition (Colli ef al. 2015). With the thermal
structure being reasonably Earth-like in a statistical sense as well as
in terms of the broader geographical distribution, we take the final
(i.e. geologic present-day) state of the geodynamic model as a repre-
sentation of the true temperature distribution in the mantle. Further
technical details on the input model are provided in Appendix A.
The concept of the closed-loop is summarized in Fig. 1. The
‘true’ 3-D temperature field is taken from the reference MCM,
either from the model directly or from a reparametrized version.
The reparametrization step at the start of the loop is necessary to
apply a tomographic filter in order to mimic the limited resolu-
tion of seismic tomography. Both concepts are further outlined in
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Figure 1. Closed-loop setup, starting from the 3-D temperature field of a
mantle circulation model. In case a tomographic filter is applied in the loop,
an additional reparametrization step of the input temperature field is required
(see Section 2.1). The reparametrized temperatures then act as the ‘true’ ref-
erence model, thereby allowing us to omit the mathematically necessary (but
non-physical) step of reparametrization from the final comparison (solid,
blue loop). Under the idealized assumption of perfect tomographic resolution
(i.e. without tomographic filtering), no reparametrization is required, and the
reference model is the temperature field of the MCM directly (dashed, red
loop).

the following subsection. Using a thermodynamic model of mantle
mineralogy (Chust et al. 2017), we initially convert the ‘true’ model
temperatures into seismic velocities. This way, non-linearities in the
relation between thermal and seismic structure are incorporated, in
particular the relevant effects of phase transitions as well as their
dependence on pressure and temperature. We call this the ‘for-
ward’ mineralogical mapping, through which we derive the ‘true’
seismic heterogeneity from the thermal heterogeneity of the start-
ing model. As a second step, we apply a tomographic filter to the
‘true’ seismic heterogeneity, to account for the limited resolution of
seismic tomography. The ‘imaged’ seismic heterogeneity after to-
mographic filtering thus represents a synthetic tomographic model
that is compatible with the ‘true’ reference temperature field. Tak-
ing the same mineralogical model used to realize the ‘forward’
mineralogical mapping (i.e. to convert from temperature to seismic
velocity), a consistent ‘inverse” mineralogical mapping can be per-
formed, converting the tomographically filtered seismic velocities
back to temperature. Alternatively, approximations of the miner-
alogical model can be employed to convert from seismic velocity
to temperature, which simplify the nonlinear (and non-bijective)
mineralogical relationships (for details see Section 2.2). At the end
of the closed-loop, we recover a 3-D temperature field, which can
be directly compared to the ‘true’ reference, allowing us to quan-
titatively evaluate the differences. Without considering additional
sources of uncertainty, the misfit between reference and recovered
model showcases the full amount of information that is lost due to
tomographic limitations and the difficulties related to the complex-
ity of the mineralogical mapping. The three major tools used in this
study are:

(i) a high-resolution 3-D mantle convection model, from which
we take the present-day temperature distribution as the ‘true’ mantle
structure with realistic amplitudes and length scales,

(ii) thermodynamic models of mantle mineralogy, to convert be-
tween temperatures and seismic velocities,

(iii) and tomographic filtering, to account for limited seismic
resolution.

All three tools are described in further detail in the subsequent
sections and the Appendix.
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2.1 Tomographic filtering

Tomographic filtering allows for meaningful comparisons between
seismic tomography and geodynamic models; that is, the hypothet-
ical ‘true’ mantle, by mimicking how a given input structure would
be imaged in a respective tomographic inversion. Here, this step
is performed by multiplying the ‘true’ model with the resolution
operator R, as described in Ritsema et al. (2007). R is specific to
a tomographic model and fully characterizes its spatially heteroge-
neous resolution and the effects of damping. Explicit calculation of
‘R is computationally demanding, especially for larger tomographic
problems. Therefore, only a few full resolution operators have been
published so far (e.g. Boschi 2003; Soldati & Boschi 2005; Ritsema
et al. 2007, 2011; Koelemeijer et al. 2016; Bogiatzis et al. 2016;
Simmons ez al. 2019). To assess the variable characteristics of dif-
ferent tomographic filters and their specific resolving power on our
results, we test all global tomographic models for which we have R
explicitly available. These encompass the S-wave models S20RTS
(Ritsema et al. 1999, 2004) and S40RTS (Ritsema et al. 2011), and
the joint P- and S-wave models SP12RTS (Koelemeijer et al. 2016)
and LLNL-G3D-JPS (Simmons ef al. 2015, from hereon abbrevi-
ated as LLNL). The S++RTS-family of models is parametrized
in spherical harmonics laterally and splines vertically and repre-
sents a broad spectrum of resolution: the long-wavelength model
SP12RTS that incorporates normal-mode data, the earlier S20RTS
model considered intermediate resolution here, and the compara-
tively high-resolution model S40RTS. The LLNL model in contrast
is parametrized in local basis functions on an (almost) equidistant
grid and locates at the upper end of the resolution spectrum con-
sidered here. Our analysis thus covers a representative range of the
properties of available tomographic models.

One general characteristic of tomographic models is their in-
ability to resolve the sharp velocity variations induced by phase
transitions (Romanowicz 2003). After tomographic filtering, this
(non-)feature is reproduced in our synthetic setup (Fig. 2). Conse-
quently, loss of amplitudes due to limited resolution is generally
largest in depths of seismic discontinuities, strongly limiting the
interpretability of these depth regions in terms of temperature.

A complication in the closed-loop experiment arises from the fact
that tomographic filtering can only be performed on geodynamic
models represented in the same parametrization as the respective
tomography. Modern geodynamic models are usually calculated on
dense numerical grids, with typical grid spacing in the range of
10-50 km. The spatial parametrization of current global traveltime
tomographies on the other hand differs by at least one order of mag-
nitude (e.g. Zaroli 2016; Simmons et al. 2021), with typical grid
resolution on the order of hundreds of kilometres. The ‘true’ struc-
ture of the geodynamic input model therefore needs to be projected
onto the tomographic grid before filtering; that is, a reparametriza-
tion is required, which constitutes an unphysical, but unavoidable
step in the general work flow. There are two options when to perform
this procedure in our closed-loop setup: Specifically, one can choose
whether the ‘true’ temperatures or rather the ‘true’ seismic veloci-
ties are projected to the tomographic grid; in other words, whether
the reparametrization is implemented before or after the nonlin-
ear forward mineralogical mapping. Depending on the magnitude
of grid spacing differences between geodynamic and tomographic
model, reparametrization alone can have a strong, depth-dependent
effect on the ‘resolved’ length scales and amplitudes of model het-
erogeneities (Schuberth et al. 2009b). When the reparametrization
is performed with respect to the conversion to seismic velocities
therefore determines whether or not sharp seismic discontinuities
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Figure 2. Depth-dependent histograms of the distribution of temperature/seismic velocity variations. Counts in each depth are normalized to the total number
of grid points per layer (163 842), so that the values in each horizontal row sum to 1. The histograms show (a) the ‘true’ temperature field given by the
reference MCM, (b) the corresponding ‘true’ seismic heterogeneity and (c) the ‘imaged’ seismic heterogeneity after tomographic filtering with the resolution
operator of S40RTS. Note that strong seismic perturbations in the ‘true’ seismic velocities are generated in regions of phase transitions from an initially smooth
temperature field, particularly at 660 and at ~2600 km depth. After tomographic filtering, the strong perturbations are almost completely smoothed out due to
the limited resolving power of the seismic inversion. Temperatures are mapped to seismic velocities using the original mineralogical table (see Section 2.2).
After tomographic filtering in the spherical harmonics domain (i.e. with either of the S++RTS filters), the seismic velocities are expanded back onto the grid
of the unfiltered reference MCM, therefore keeping the same amount of grid points per layer.

are smoothed out in the ‘true’ seismic structure. However, as to-
mographic filtering leads to further smoothing and damping, differ-
ences between the two possibilities in the resulting ‘imaged’ seismic
heterogeneity are negligible for all tomographic filters used in this
study (Figs D1 and D2). Instead, choosing between the two options
mainly determines whether the recovered temperature field can be
evaluated against the initial MCM or its reparametrized version (i.e.
which model to use as reference). This is because a reparametrized
temperature field consistent with the parametrization of the chosen
tomographic model is only available when the forward mineralogi-
cal mapping is performed afterwards. In previous studies involving
tomographic filtering, reparametrization is commonly performed in
the seismic domain (e.g. Schuberth et al. 2009b; Bull et al. 2009;
Davies ef al. 2012; Koelemeijer ef al. 2018; Simmons et al. 2019).
In this study, we chose to reparametrize in temperature and use the
reparametrized model as reference (Fig. 1, blue loop). This way, we
isolate the physical errors due to tomographic filtering from the un-
physical, but mathematically necessary reparametrization effects.
The results of this study therefore represent a minimum estimate
of the limitations due to the physical resolution effects only, when
inferring global temperature distributions from seismic models. Un-
der the (idealized) assumption of perfect tomographic resolution,
one can also choose to omit seismic filtering in the loop by con-
verting the ‘true’, unfiltered seismic heterogeneity directly back
to temperature using one of the mineralogical inverse mappings.
The temperature field of the initial MCM acts as reference then,
because reparametrization is not required in this case (Fig. 1, red
loop.)

2.2 Mineralogical forward and inverse mapping

To compute the mineralogical tables, which list the elastic parame-
ters and density for a discrete set of pressure and temperature values,
we use the software MMA-EoS (Chust et al. 2017). The code incor-
porates the widely adopted thermodynamic database of Stixrude &
Lithgow-Bertelloni (2011). Alternative databases exist (e.g. Con-
nolly 2005; Piazzoni et al. 2007; Stixrude & Lithgow-Bertelloni
2024), but we do not expect them to significantly change the system-
atic findings of this study. We derive stable mineral assemblages fora
six-oxide NCFMAS system (Na, O, CaO, FeO, MgO, Al,03, SiO,),
which accounts for ~99 mol per cent of a pyrolite chemical compo-
sition (Chust et al. 2017). The detailed oxide proportions are listed in
table C1. Pyrolite in turn has been found to be a reasonable choice for
bulk mantle composition, reconciling for example the magnitude of
observed seismic velocities and their lateral gradients in the lower
mantle (Schuberth et al. 2009a; Davies et al. 2012; Zhang et al.
2013), global traveltime statistics (Schuberth ef al. 2012) and the
occurrence of phase transformations in the TZ and lowermost man-
tle at the expected conditions (Murakami et al. 2005; Koelemeijer
et al. 2018; Ishii et al. 2018). Additional complexities from poten-
tial chemical heterogeneity are deliberately avoided by keeping the
composition fixed throughout the mantle. Assuming a purely ther-
mal origin of mantle heterogeneity is consistent with the isochemical
input MCM and allows for a unique interpretation of the seismic
structure in terms of temperature. In a later section, we nevertheless
briefly explore the effects of a mismatch between the bulk compo-
sitions applied in the forward and inverse mineralogical conversion,
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Figure 3. Relation between shear-wave velocity and temperature given by the three versions of the mineralogical model that are used to convert seismic
velocities to temperature. (a) The original mineralogical table, (b) its smoothed, interpolated form (Colli e al. 2018) and (c) the quasilinear conversion method.
Each line in (a, b, c¢/left) represents the 7—vs-relation at one discrete depth, indicated by the colour. Dashed lines represent multiples of 500 km in depth. The
data is illustrated this way, because for the inverse mapping with the original mineralogical data, the algorithm searches along one of those lines—determined
by the specified depth and starting from the mean temperature—for a suitable temperature matching the given seismic velocity. (c/right) Depth-dependent
temperature derivatives of seismic velocity used for the quasilinear conversion, evaluated at £250 K around the mean temperature (separately for positive and
negative values). The derivatives (solid lines) are smoothed with a Gaussian filter (dashed lines) before extracting the scaling factors.

such as a mechanical mixture of depleted mantle and bulk oceanic
crust.

The thermodynamic lookup-tables contain the temperature- and
pressure-dependent elastic properties of the bulk rock in incre-
ments of 50 K and 0.1 GPa, respectively. We restrict this study to
the results obtained from a conversion to shear-wave velocities (vs),
as vs-models commonly provide better global data coverage than
models of compressional-wave velocities (v,). Together with the
greater temperature-dependence of vscompared to v, this makes
shear-wave velocities more widely applicable for the thermal inter-
pretation of seismic models. Additionally, of the four tomographic
filters available to us, two underlying tomographic models exclu-
sively provide information on vg(S20RTS and S40RTS). Fig. 3(a)
illustrates the relation between temperature and shear-wave veloc-
ity, determined from the lookup-tables. The mineralogical model
integrates the simple, almost linear temperature-dependence of v,
in the mid- to lower mantle on one hand, and the highly nonlinear

relation between the parameters in the presence of phase transitions
on the other hand (410 and 660 km highlighted in thick blue and
red, respectively). Steeper slopes in the figure represent increased
temperature sensitivity of the seismic velocities. They are largest
in the vicinity of phase transitions, indicative of sudden changes
in material properties that produce the prominent sharp jumps in
radial seismic profiles. On average, these synthetically predicted
transformations agree well with the observed depths of seismic
discontinuities (Cammarano et al. 2009; Deuss 2009; Papanagnou
et al. 2022).

In order to relate the thermal structure of the geodynamic input
model to its according seismic structure in a forward sense, we al-
ways use the mineralogical model in its original form, as acquired
from MMA-EoS. This way, we ensure that the temperature variations
obtained from the geodynamic model, which inherently are rather
smooth, translate into the expected ‘rough’ seismic structure across
phase transitions (see Fig. 2b). For the inverse conversion from
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seismic velocities to temperatures on the other hand, we explore
three approaches that are all derived from the thermodynamic min-
eralogical model—its original form and two approximate versions:

(i) Conversion with the original table
The most natural choice for mapping seismic velocities to temper-
ature is to utilize the same, unaltered lookup-tables that are em-
ployed for the forward conversion (Fig. 3a). This way, the full non-
linear complexity of the assumed ‘true’ mineralogical behaviour
is captured. Since the occurrence of phase transitions is a self-
consistent consequence of this original approach, it would—in case
of perfect seismic resolution—convert a realistic seismic structure
with discontinuities back into a smooth temperature field. Devia-
tions from the ‘true’ seismic velocities, as is the case in any real
tomography, will however propagate into the recovered tempera-
tures and introduce dynamically unexpected disturbances. A con-
siderable drawback of the original approach is the non-bijectivity
of the temperature—seismic-velocity mapping around the negative
Clapeyron-slope transition at the 660 (negative-slope section in
Fig. 3a between ca. 1500 and 1800 K), where one seismic velocity
can potentially be explained by multiple temperatures. Note that fur-
ther regions of similar non-uniqueness exist in the parameter space
of the mineralogical model, but not for plausible mantle conditions.
(i1) Interpolated conversion

To avoid the non-uniqueness problems of the original approach and
to ensure that the obtained temperature field does not contain phys-
ically unexpected and numerically challenging jumps, Colli et al.
(2018) used an approximated version of the original lookup-table
for their inverse geodynamic models. This interpolated conversion
is based on an exponential fit, tied to a seismic reference profile
(U,LID)’

exp(vs) = aT + exp(vs_1p) (D

with o determined as the best-fit parameter for each depth. Fig. 3(b)
shows the resulting interpolated temperature—velocity relation, vi-
sualized in the same way as the original data, for comparison. While
the fit to the original data is good away from phase transitions, larger
complexities, particularly in the TZ, are almost completely lost in
the approximated model.
(ii1) Quasilinear conversion

As a third method, we adopt the classical and widely used lineariza-
tion of the mineralogical information. Prior to the establishment
of sophisticated thermodynamic mineralogical models, studies in
which seismic observations were interpreted in terms of mantle
temperature or density usually relied on such simplified linear scal-
ing laws (e.g. Hager et al. 1985; Stacey 1998; Forte & Mitrovica
2001; Cammarano et al. 2003; Deschamps & Trampert 2003; Goes
et al. 2004). Variants of this approximation range from using just
a globally constant scaling factor for the entire mantle to a depth-
dependent or depth- and sign-dependent linear scaling between the
parameters. In order to be best compatible with the original min-
eralogical inverse mapping, we follow the latter approach by de-
termining temperature derivatives of seismic velocities from the
original mineralogical model at 250 K around the mean tempera-
ture of the geodynamic input model, separately for each depth and
sign of the seismic anomaly. (Fig. 3¢, right panel). The choice of
4250 K for the determination of the derivatives is somewhat arbi-
trary. We tested values between 50 and 500 K, with no fundamental
differences on the results, so we chose to adopt the value of 250 K
from Goes et al. (2004).

The resulting derivatives are then used to linearize the conversion
between shear-wave velocity and temperature for positive and nega-
tive anomalies independently. Because of this split between positive
and negative, providing two independent linear scaling factors per
depth, we call this the quasilinear approach. Evaluating the com-
plex mineralogical model in temperature ranges that cross phase
transitions produces large derivatives, reaching values close to 10
per cent for temperature changes of 250 K. While this is expected
for thermal perturbations that induce a phase change, it leads to
small seismic anomalies being translated to erroneously small tem-
perature variations. To avoid this, and to be representative of ear-
lier studies, we applied a Gaussian filter to the derivatives (dashed
lines in Fig. 3c, right panel) and used the filtered curves for the
determination of the scaling values instead. Both the filtered and
unfiltered curves highlight the expected decreasing sensitivity to
temperature changes with depth (Trampert et al. 2001; Cammarano
et al. 2003), with strongly increased values in the vicinity of phase
transitions (Stixrude & Lithgow-Bertelloni 2007). Clear sensitivity
peaks exist at 410 and 660 km as well as for the pPv-transition
around 2600 km depth, with obvious asymmetry between positive
and negative anomalies in the TZ. Additionally, one can also ob-
serve the self-consistent appearance of discontinuity topography
from the mineralogical model, where peak sensitivities are located
at different depths between warmer and colder anomalies (clearly
visible for the 410 and pPv, less so for the more complex 660).
The resulting scaling relation between temperature and v is shown
in the left panel of Fig. 3(c), again in the same fashion as the two
previous approaches. Similar to the interpolated table, the fit outside
of phase transitions is good, whereas the complex behaviour in the
TZ and for pPv is poorly reproduced.

2.3 Anelastic correction

Minerals behave anelastically, especially at the high pressure—
temperature conditions of the deep mantle, but the anelastic effects
on the temperature—seismic-velocity scaling are poorly constrained.
The material parameters in the databases entering the mineralogi-
cal models are based on high-frequency experimental data, where
anelastic effects are negligible. In the much lower frequency range
of teleseismic waves, however, intrinsic attenuation reduces wave
propagation velocities and amplitudes due to dissipative processes,
especially at high temperatures. This effect needs to be taken into
account in the interpretation of seismic models, but its relative
importance with respect to the anharmonic (i.e. purely elastic) con-
tribution is still strongly debated. For instance, over thirty years ago,
Karato (1993) already stated that anelasticity must be considered
when relating results of seismic tomography to the thermal state of
the mantle. Trampert ef al. (2001) on the other hand found that its
effects are likely negligible in the lower mantle, while newer studies
argue that anelasticity must in fact be taken into account throughout
the whole mantle (e.g. Matas & Bukowinski 2007; Schuberth & Bi-
galke 2021). On the contrary, according to Karato & Karki (2001),
the anelastic contribution to the temperature sensitivities of seismic
velocities could be as high as their elastic counterpart.

To allow meaningful thermal interpretations of seismic models,
the mineralogical tables thus need to be corrected for the effects
of anelasticity. Nowadays, the elastic thermodynamic parameters of
the relevant mantle minerals are constrained to within a few per cent
(e.g. Stixrude & Lithgow-Bertelloni 2024), translating to an (elas-
tic) vsuncertainty of ~5 percent (Connolly & Khan 2016). The
poorly understood contribution of anelasticity further contributes to
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the uncertainty of the effective, anelastic mantle properties (Cam-
marano et al. 2009). In this study, we follow the anelastic cor-
rection approach of Karato (1993), also adopted by e.g. Kuskov
et al. (2006), Matas & Bukowinski (2007), Stixrude & Lithgow-
Bertelloni (2007), Goes et al. (2012) and Schuberth & Bigalke
(2021). Seismic velocities are adjusted for anelasticity based on the
seismic quality factor Qs, determined from a radial Q-profile to-
gether with local temperature deviations from a 1-D reference. This
approach is beneficial in our synthetic setup, compared to the esti-
mation of Q based on homologous temperature (e.g. Cammarano
et al. 2003, 2011; Goes et al. 2004; Ghelichkhan et al. 2021), be-
cause we have full knowledge of the radial average temperature in
the geodynamic models (which, however, is not well constrained
for Earth). Uncertainties in the anelastic correction itself primarily
stem from poorly understood parameters governing the anelastic
contribution to seismic wavespeeds. These include the activation
energy and the factor of frequency dependence of attenuation, and
their complex dependencies on pressure, temperature, phase, grain
size, etc. Similarly, the radial behaviour of Qj is also insufficiently
constrained, and many different profiles exist in the literature (see
e.g. Romanowicz & Durek 2000; Schuberth & Bigalke 2021). Flu-
ids like water or partial melts are not considered in our solid-state
mineralogical models. Their presence in the mantle would how-
ever further increase seismic attenuation (e.g. Cobden et al. 2018).
Additional details on the anelastic correction are provided in Ap-
pendix B.

For the purpose of this study, we test the influence of the uncertain
anelastic contribution by exploiting the fact that we can indepen-
dently switch on or off the correction for the forward and inverse
mineralogical mapping within the closed-loop. Additionally to the
standard case, where we assume perfect knowledge of anelasticity
by applying the same (and thus consistent) correction to forward
and inverse conversion, we explore two scenarios:

(i) The anelastic correction is applied in the forward conversion
from temperatures to seismic velocities (which represents the ‘true
Earth’ in our closed-loop). The inverse mapping is, however, per-
formed with the uncorrected, elastic values, thereby mimicking a
general underestimation of the anelastic effects.

(i1) The anelastic correction is not used in the forward conver-
sion, but later applied in the inverse mapping, which mimics an
overestimation of the effects of anelasticity.

3 RESULTS

In this section, we evaluate and quantify the fit between reference
and recovered temperature field at the final stage of the closed-loop.
First, we investigate the errors introduced through the three different
mineralogical approaches used to convert from seismic velocities
back to temperature by assuming perfect tomographic resolution
and no additional uncertainties. Following this, we step-by-step add
limitations and uncertainties to the evaluation. Most importantly, we
assess the effects of limited tomographic resolution and its complex
interaction with the approximate mineralogies. Afterwards, we add
the effects of uncertainties in anelasticity and bulk composition by
independently varying the relevant parameters in the forward and
inverse mapping.

3.1 Effects of mineralogical inverse mapping

We isolate the effects introduced through the mineralogical inverse
mapping by considering perfect tomographic resolution. This is

From seismic models to mantle temperatures 2009
easily achieved by skipping the tomographic filtering step in the
closed-loop. The ‘true’ seismic velocities are directly converted
back to temperatures with each of the three conversion approaches,
while all other parameters are kept constant. This scenario thus
assumes no influence of additional uncertainties from tomography,
anelasticity, composition, etc.

Fig. 4 shows the temperature distribution of the reference model
at four different depths, together with the errors after recovering
temperatures with each of the three conversion options. Note that
in this ‘perfect resolution’ scenario, the reference model that acts
as the ‘true’ structure is the unreparametrized MCM (i.e. unaltered
on the numerical grid of the underlying geodynamic simulation).
This corresponds to the red closed-loop variant in Fig. 1. Errors are
determined as simple point-by-point differences between reference
and recovered temperature fields. The depths are chosen to cover the
three most relevant phase transitions (410, 660 and pPv-transition
between 2600 and 2700 km). Additionally, we show a mid-mantle
section at roughly 1500 km, where the 7—v; relation in the miner-
alogical model is simple and well reproduced by both approximate
mineralogies. For a complete evaluation with depth, we plot his-
tograms of the mismatch between reference and recovered models
(Fig. 5).

When using the original mineralogy in the unfiltered case, the
reference temperature field can be recovered almost perfectly at
all depths (Fig. 5a), with the only exception around the 660-
discontinuity, where the endothermic phase change causes a non-
bijective temperature—velocity relation. This represents a non-
unique interaction between temperature and discontinuity topog-
raphy, which cannot be resolved by sole knowledge of the seismic
velocities. Utilizing the interpolated or quasilinear approach, large
recovery errors can clearly be linked to phase transition effects in
the forward mineralogy. The associated large velocity variations of
the ‘true’ seismic heterogeneity (Fig. 2b) can, in contrast to the
original mineralogy, no longer be explained by either of the two
simplified inverse mappings. The recovered models therefore need
vastly increased temperature anomalies in the respective depths to
account for the velocity jumps. Resulting error amplitudes are on
the order of 300 K, comparable in magnitude to the TZ ther-
mal heterogeneity of the underlying MCM itself. Both approxima-
tions perform similarly well in depths away from phase transfor-
mations, with errors of less than 100 K for the majority of grid
points. The nature of the misfit is complex, even outside of phase
changes, and varies with the mineralogical conversion method, de-
spite the apparent similarities of the two approximations at first
glance. For instance, for extreme temperature variations, the lin-
ear approximation deviates to a larger extent from the nonlinear
T—v, relation of the original mineralogical model, but with op-
posing effect: using the quasilinear conversion, hotter-than-average
temperatures are systematically overestimated, while lower-than-
average temperatures are systematically underestimated, resulting
in predominantly negative differences in the corresponding his-
togram (Fig. 5c¢). The interpolated conversion gives a better fit to
the temperature extremes, resulting in a more symmetric histogram,
at the cost of larger errors for moderate temperature perturbations
(Fig. 5b).

3.2 Effects of limited tomographic resolution

For the realistic scenario of non-perfect seismic resolution, we now
include the step of tomographic filtering in the closed-loop. In-
stead of the ‘true’ seismic velocities, we subsequently convert the
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Figure 4. (Left column) Temperature anomalies of the reference mantle circulation model at four different depths, and (columns a—c) the respective point-by-
point differences between the reference and the recovered temperature fields using (a) the original, (b) the interpolated and (c) the quasilinear version of the
mineralogical model. Temperatures were recovered from the ‘true’ seismic heterogeneity (i.e. omitting the tomographic filtering step in the closed-loop), thus
representing the idealized case of perfect seismic resolution.
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Figure 5. Depth-dependent histograms of the errors in the recovered temperature fields in the idealized case of perfect seismic resolution, using (a) the original,
(b) the interpolated and (c) the quasilinear mineralogical conversion. Errors are computed as point-by-point differences between reference and recovered
models, same as in Fig. 4. Histograms are normalized as described in Fig. 2.
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Figure 6. Reference and recovered temperature anomalies for the case of limited seismic resolution. (Uppermost row) Reparametrized temperature fields at
660 km depth that represent the reference for each tomographic filter. (Rows 2 & 4) Depth slices of recovered temperature anomalies after tomographic filtering
with the resolution operator indicated above each column using (row 2) the original and (row 4) the interpolated mineralogical inverse conversion. (Rows 3 &
5) Associated histograms of the recovered temperature anomalies for the two conversion methods. Histograms are normalized as described in Fig. 2. Note that
for the LLNL-reparametrized and -filtered cases, the total amount of grid points per layer differs from the rest, with 40 962 points in layers between surface

and 660 km depth, and 10 242 below 660 km.

‘imaged’ seismic heterogeneity back to temperature in this case.
Without the addition of tomographic filtering (Section 3.1), the
(‘true’) seismic structure contains large velocity variations, intro-
duced through phase transitions (Fig. 2b). After tomographic filter-
ing, this heterogeneity is largely removed from the seismic image
(Fig. 2¢). Again, we map seismic velocities back to temperatures us-
ing all three conversion methods, and evaluate the recovered models
in terms of depth slices and histograms (Fig. 6). This time, we show
the full recovered temperature distributions instead of the errors to
allow for an easy discrimination between over- and underestimated
amplitudes. As pointed out in Section 2.1, we chose to exclude the
non-physical reparametrization effects from the results for this more
realistic scenario and use the reparametrized temperature fields as
reference model. Note that the reference therefore changes for each
tomographic filter, depicted in the top row of the figure.
Reparametrization alone introduces an artificial low-pass filter-
ing effect (see e.g. Schuberth er al. 2009b). This is best observed
in the continuously increased smoothing and damping of struc-
tures between the S40RTS and SP12RTS parametrizations shown
in Fig. 6. The range of recovered temperature anomalies (i.e. width

of the histograms) is further reduced after tomographic filtering,
as expected. Deviations between the different filters highlight the
unique resolving capabilities of the respective tomographic models.
The choice of conversion approach is again most relevant in the
vicinity of phase transitions, most prominently at the 660, which is
chosen as the map depth in the figure. The systematics of the results
using either of the two approximate mineralogies (interpolated or
quasilinear) are very similar when tomographic filtering is included.
We therefore focus on the interpolated case here.

Using the original mineralogical table on tomographically fil-
tered seismic velocities for the conversion to temperature causes
a systematic underestimation of the strength of thermal hetero-
geneity in regions of phase changes. In this case, the inverse
mapping requires only small temperature perturbations to account
for the damped seismic anomalies in combination with the high
temperature-sensitivities of the original mineralogy. With the in-
terpolated approach on the other hand, the reference temperatures
are recovered more accurately at these depths, because the loss of
complexity and associated lower 7-sensitivity of v in this approx-
imate mineralogy counteract the damping of the seismic structure.
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Figure 7. RMS-profiles of the differences between reference and recovered temperature anomalies. (a) Comparison of the effects of the four tomographic
filters and the unfiltered (‘perfect resolution’) case using the original mineralogical inverse conversion. (b) Comparison of the different conversion methods
for tomographic filters LLNL and S40RTS. The inset panel in (b) highlights the upper mantle transition zone. In this blow-up, solid lines belonging to the two

filtered models together with the original mineralogy are omitted for clarity.

An exception to this behaviour is illustrated by model LLNL, which
additionally inverts for discontinuity topography. As a result, seis-
mic variations in the TZ are reduced less compared to the other
tomographic filters. Interestingly, the ‘imaged’ seismic amplitudes
in this case are too large, and do not sufficiently balance the low-
ered temperature-sensitivities inherent to the simplified mineralogy.
Converting seismic anomalies that are close enough in amplitude
to the ‘true’ values (i.e. more Earth-like) in consequence leads to
overestimated temperatures with the interpolated (and also quasi-
linear; not shown) method, but to less severe underestimation with
the original mineralogy.

In Fig. 7, the results after tomographic filtering are further sum-
marized as root-mean-square (RMS) depth profiles of the differ-
ences between the reference for each filter and the respective re-
covered temperature fields. Panel (a) compares the results for all
tomographic filters, using only the original inverse conversion. Av-
erage errors lie between 50 and 200 K for all tomographic filters
applied. Clear peaks in the RMS-error exist at the 660 and at the
pPv-transition, due to systematic underestimation of temperature
anomalies, but less so for the 410. When adding the two other min-
eralogical conversion approaches as a second parameter (Fig. 7b),
we restrict the comparison to the tomographic filters LLNL and
S40RTS, which are most comparable in terms of their resolved
scales and amplitudes. Since the models of the S++RTS-series
are inherently constructed similarly, their results follow compara-
ble trends and are well summarized by one of the filters. The same
philosophy will be followed in the remainder of this study. Overall,
the differences between the three mineralogical conversion meth-
ods are small compared to the effects of tomographic filtering. In
the vicinity of phase transitions, the choice of conversion method
is becoming more relevant, as seen before in Fig. 6. For S40RTS,
the interpolated or quasilinear method outperform conversion with
the original mineralogy at the 660. Using the interpolated table in
particular with this tomographic filter, there is no prominent contri-
bution to the RMS-error from mineralogical uncertainties beyond

the statistical effects of tomographic filtering alone (compared to the
distinct peak at the 660 with the original conversion). With model
LLNL on the other hand, such an effect is not observable, and the
original conversion method performs equally or better at almost all
depths.

3.3 Uncertain anelastic correction

In the following, we include the uncertainties related to mineral
anelasticity. In our synthetic setup, it is possible to apply the anelas-
tic correction individually to both the forward mineralogical map-
ping (which affects the ‘true’ mantle structure) and to the inverse
mineralogical mapping, which represents the common assumptions
in practice when interpreting seismic tomography. This allows us
to test the influence of incomplete knowledge of mineralogical pa-
rameters and associated ‘wrong’ assumptions on the magnitude of
the anelastic correction—while still having complete control and
full knowledge about the underlying (‘true’) reference state. For
simplicity, we restrict ourselves to two basic cases: overestimation
or underestimation of the ‘true’ anelastic effects, as previously de-
scribed in Section 2.3. To isolate the associated errors, we first show
results without tomographic filtering in Fig. 8.

Anelasticity reduces seismic velocities, with exponentially grow-
ing effect with increasing temperature. Under- or overcompensat-
ing for this velocity reduction when using the original mineralog-
ical data shifts the mean of the recovered temperatures by about
100-150 K. This is because the original inverse mapping con-
verts absolute seismic velocities to absolute temperatures, which
are directly affected by the miscompensated nonlinear velocity re-
duction. Underestimating the anelastic correction generally shifts
recovered absolute temperatures towards higher values, which ap-
pear as strictly negative differences in the error histograms, while
overestimating the correction has the opposite effect. In compar-
ison, using either of the two approximate mineralogical models
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Figure 8. Effects of uncertainties in mineral anelasticity illustrated for two end-member scenarios: the anelastic correction applied to the mineralogical model is
(top row) underestimated or (bottom row) overestimated. (a—c) Depth-dependent histograms of the errors in the recovered temperature fields in the idealized case
of perfect seismic resolution, using (a) the original, (b) the interpolated and (c) the quasilinear mineralogical conversion. Errors are computed as point-by-point
differences between reference and recovered models. The histograms are normalized as described in Fig. 2. (d) The respective average (RMS-)errors for each
of the cases. For the original mineralogy, the errors are shown (solid line) with and (dashed line) without the shift of the mean included, illustrating the errors in
absolute temperatures or temperature perturbations, respectively. The relevance of using the latter is discussed in Section 4.2. For details on how the anelastic

correction is applied in the two scenarios, see Section 2.3.

preserves average temperatures, because both methods convert be-
tween relative variations directly. A strong asymmetry in the error
histograms exists also for the approximate mineralogies, however,
because the strong nonlinear temperature-dependence of anelas-
ticity causes the modelled seismic velocities to not be uniformly
affected by the anelastic correction. For all mineralogical conver-
sion methods, underestimating the anelastic effects generally leads
to inflated amplitudes of thermal anomalies and broader histograms,
while too small temperature variations and narrow histograms result
from overestimating the anelastic effects. The latter case however
yields lower average errors for all conversion methods, particularly
pronounced with the approximate mineralogies (compare top and
bottom panels of Fig. 8d).

With tomographic filtering included (Fig. 9), the same general
conclusions can be drawn. The differences between the respective
variants are however less prominent with damped seismic model
heterogeneity, as expected, especially for S40RTS. Still, overesti-
mating the anelastic correction generally improves the RMS-misfit
compared to the case of underestimated anelastic effects, as it limits

large deviations around phase transitions and overall reduces the
dependence on the employed conversion strategy.

3.4 Uncertain bulk composition

Up to this point, we assumed that the mantle is well represented
by an equilibrated pyrolitic composition (Davies et al. 2012; Zhang
et al. 2013). However, through subduction of basaltic oceanic crust,
chemically distinct material is constantly transported into the up-
per (and perhaps lower) mantle. Chemical diffusion and mechanical
stirring are possibly too slow to effectively rehomogenize the mantle
(Farber et al. 1994; Kellogg et al. 2002). Unequilibrated mechani-
cal mixtures therefore are a common alternative to represent mantle
composition (e.g. Hofmann & Hart 1978; Christensen & Hofmann
1994). We investigate scenarios of a deviation of the ‘true’ bulk
composition from the assumption of pyrolite at thermodynamic
equilibrium. For simplicity, we only vary bulk composition, be-
cause the inclusion of chemical heterogeneity inevitably raises the
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Figure 9. RMS-profiles of the differences between reference and recovered
temperature fields with uncertain anelasticity and including the effects of to-
mographic filtering for models LLNL and S40RTS. Uncertainties in anelas-
ticity are incorporated by mimicking (top) an underestimation or (bottom)
an overestimation of the anelastic correction in the inverse mineralogical
conversion. For the original mineralogy, we again plot the curves for two
cases: (solid lines) with and (dashed lines) without the shift of mean values
included (see also Fig. 8 for more details).

question to what extent the observed variations in seismic veloc-
ities are of thermal and compositional origin (e.g. Deschamps &
Trampert 2003), resulting in non-unique interpretations. We test
two cases with altered ‘true’ composition: (1) a mechanical mixing
model (MM18), and (2) the extreme-case of a purely basaltic upper
mantle. MM 18 is composed of a mixture of 18 per cent basalt (bulk
oceanic crust, BOC) and harzburgite (depleted mantle, DM) (Xu
et al. 2008). The respective oxide proportions are listed in table
C1, a more detailed description of the compositions and associ-
ated mineralogical models is given in Papanagnou et al. (2022).
For the inverse conversion of seismic velocities to temperature, we
always use equilibrium pyrolite, as this is the most commonly used
assumption in such studies.

Results for a mismatch of bulk composition between forward
and inverse mineralogical mapping are displayed in Fig. 10. For the
original conversion, we distinguish between the errors in absolute
temperatures (including potential shift of mean temperature) and
the errors in relative variations (de-meaned). Differences between
the reference and recovered temperatures for both composition sce-
narios are by far largest for absolute temperatures with the original
conversion method. These compositional errors also dominate over
the influence of tomographic filtering. Large deviations, well above
400 K on average, arise directly from compositional inconsistencies
at the 660 for MM 18, and in broader depth regions near the 410 and
660 for the basaltic composition. The latter is expected, given the

vastly different stability field of olivine minerals in a hypothetical
basaltic mantle (Chemia ez al. 2015; Chust et al. 2017). In compar-
ison to the original method, the misfit in the TZ is strongly reduced
with the interpolated or quasilinear conversion. With MM18 as
the ‘true’ composition, the choice of conversion method further-
more affects the errors outside of phase changes in the unfiltered
case, but not so much when tomographic filtering is applied. In the
extreme-case of a basaltic upper mantle, the errors with both to-
mographic filters and in the unfiltered case are much smaller when
converting with the approximated mineralogies instead of the orig-
inal tables, for almost all depths shown. The same applies to the
de-meaned original case, which yields similar results throughout
the analysed depth range. Overall, deviations in bulk composition
strongly restrict the recoverability of absolute temperatures in re-
gions of phase transitions and potentially outweigh the effects of
tomographic filtering, particularly with the original mineralogical
data.

4 DISCUSSION

We have tested three different variants of the underlying mineralog-
ical information for the conversion from seismic velocities to tem-
peratures, with fundamentally different outcomes. Although one
would intuitively expect the original inverse mapping to be most
favourable, as it adequately represents the Earth’s complex miner-
alogy, our study shows that it is not so clear overall which of the
conversion approaches yields the best results. This primarily de-
pends on the characteristics of the tomographic model and, more
generally speaking, the overall achievable seismic resolution.

4.1 Interplay between tomographic resolution and
mineralogical complexity

The complexities inherent to the different mineralogical represen-
tations employed in this study primarily differ in regions of phase
transitions. There, strong non-linearities exist in the 7-v, relation of
the original mineralogy, whereas seismic velocities in the two sim-
plified mineralogical models show strongly reduced temperature-
sensitivity (Fig. 3). Based on these discrepancies, we found that the
benefit of using the complex, original mineralogy or rather taking
advantage of a simplified, approximated version primarily depends
on the resolving capabilities of the tomographic model.

In the ideal case of perfect resolution (i.e. without tomographic
filtering; seismic velocity variations have realistic amplitudes), and
without considering additional uncertainties, conversion with the
original mineralogy expectedly outperforms its alternatives (Fig. 5).
In this case, the ‘inverse’ mineralogy includes the complexities of
the assumed true mineralogical behaviour. When converted with
the approximate mineralogical models on the other hand, large seis-
mic anomalies due to phase changes require overestimated thermal
variations in the absence of the necessary mineralogical complex-
ity. However, to be representative of realistic applications, limited
tomographic resolution and its influence on amplitudes and spatial
scales of the imaged seismic structure need to be considered. Once
such effects are reproduced in the closed-loop experiment through
tomographic filtering of the ‘true’ seismic structure, none of the
conversion methods stand out as a universal best choice. Most no-
tably, we find intriguing interactions between damped tomographic
amplitudes and the different mineralogical adaptations. Then, using
the original mineralogy to convert the damped seismic structure
results in systematically underpredicted temperature perturbations
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Figure 10. RMS-profiles of the misfit between reference and recovered temperature fields in case of inconsistent chemical composition in forward and inverse
mineralogical conversion using the original, interpolated and quasilinear mineralogical representations. The mineralogical forward conversion incorporates
either (top) a mechanical mixture (MM18) or (bottom) a basaltic composition. For the inverse conversion from seismic velocities to temperature, a pyrolitic
composition is assumed in both cases, thereby mimicking the scenario that the ‘true’ bulk composition is different to the (commonly assumed) pyrolite.
RMS-profiles are shown for (a) the idealized perfect-resolution case without tomographic filtering as well as for two tomographically filtered cases with (b)
the LLNL and (c) the S40RTS resolution operator. For inverse conversion with the original mineralogy, we again show the errors with the shift of mean values

(solid line) included or (dashed line) removed (see Fig. 8).

in the vicinity of phase transitions (Fig. 6). The magnitude of this
effect ultimately depends on the degree of amplitude reduction in
the respective tomographic model. With the four tomographic fil-
ters tested in this study, our results with the original mineralogy
show that the thermal heterogeneity around the 660 is largely lost
even for the (comparatively) high-resolution model S40RTS and
only begins to be recoverable for model LLNL. With both the in-
terpolated and quasilinear approximations, the associated lowered
temperature-sensitivity around phase transitions counteracts the ef-
fects of reduced seismic amplitudes to some extent. Again, however,
the quality of recovery is predominantly controlled by the amplitude
loss due to filtering, and therefore the tomographic model itself. Put
differently, if the amplitude reduction at depths of relevant phase
transitions is not strong enough in the tomography, the interpolated
or quasilinear approaches result in overestimated temperature vari-
ations, similar to the idealized case without tomographic filtering.
For example, using the tomographic filter LLNL reduces average
vs-perturbations at the 660 by only 32 per cent with respect to the
reparametrized reference, in comparison with 66, 65 and 57 per cent
for S40RTS, S20RTS and SP12RTS, respectively. Converting the
LLNL-filtered amplitudes back to temperature with the interpo-
lated mineralogy yields largely overpredicted thermal anomalies
(leftmost column in Fig. 6) and—in RMS-sense—does not offer an

improvement over the original conversion approach (Fig. 7b). With
the other tomographic filters, using either the interpolated or quasi-
linear conversion reduces the RMS-errors compared to the original
mineralogy (shown for S40RTS in Fig. 7b), as seismic anomalies
are more strongly damped in depths of phase transitions.

In summary, the resolution characteristics of a tomographic
model should be considered for the choice of mineralogical inverse
mapping approach as follows:

(1) If perfect seismic resolution were possible, the original min-
eralogy would naturally perform best. With this inverse conver-
sion, strong and short-scale variations in seismic velocities in the
‘true’ model, which result from combining a smooth temperature
field with a complex forward mineralogy, can be mapped back to a
smooth temperature field. Difficulties with the original mineralogy
only arise at the 660, where the inverse mineralogical mapping is
non-unique.

(i1) In the realistic case of limited tomographic resolution, the
ability of the original mineralogy to recover the reference tempera-
ture field declines the stronger the damping of seismic amplitudes
(i.e. with decreasing resolution; the larger the minimum structural
length scales resolved in the tomography).
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(iil) Approximations to the original mineralogy, such as an in-
terpolated fit or a (quasi-)linearization, represent viable alternatives
and, depending on the tomography of interest, may represent the
better choice. With the imperfect resolution inherent to any tomo-
graphic inversion, the ‘imaged’ seismic velocities are smoother and
damped in amplitude compared to the ‘true’ structure. When using
the original mineralogy for the inverse conversion, the recovered
temperatures then are rather rough and significantly underestimated
in regions of phase transitions. The ‘imperfect” approximate miner-
alogies partly mitigate this effect and produce smoother (and thus
seemingly more realistic) temperature variations.

4.2 Absolute versus relative velocities/temperatures

When choosing between the different mineralogical mapping op-
tions, one also needs to consider possible advantages and disadvan-
tages of either converting absolute seismic velocities to absolute
temperatures (original), or alternatively converting directly between
relative variations (interpolated/quasilinear). The information con-
tained in the original mineralogy depends on absolute seismic veloc-
ities, which potentially bears a considerable drawback: in standard
traveltime tomographies, seismic velocities are usually expressed
as perturbations with respect to a 1-D seismic reference profile,
often PREM (Dziewonski & Anderson 1981) or AK135 (Kennett
et al. 1995).However, it has been noted that radial seismic models
cannot reflect the mantle’s average physical structure, due to biases
when averaging over 3-D topographic variations of phase transi-
tions (Styles ef al. 2011) and potential 3-D chemical heterogeneity
(Cobden et al. 2008). Additionally, seismic profiles derived from
body-wave traveltimes are likely shifted towards faster velocities
overall, because the majority of earthquakes occur in and around
subduction zones (e.g. Nolet ef al. 1994; Davies & Bunge 2001).
Absolute seismic velocities from tomographic models are therefore
difficult to interpret thermally, because uncertainties in the 1-D ref-
erence directly propagate into the derived absolute temperatures.
This effect is mitigated when using tomographic models obtained
with full-waveform inversion, as they iteratively update absolute
seismic velocities directly (e.g. Fichtner ef al. 2013; Bozdag et al.
2016; Thrastarson et al. 2022; Cui et al. 2024); not considering
their ambiguous dependence on the starting model (Virieux & Op-
erto 2009).

With the interpolated approximation on the other hand, the expo-
nential fit to absolute seismic velocities is tied to a radial reference.
This causes the inverse conversion to be effectively independent of
the assumed seismic 1-D profile, as long as the one used to derive
the exponential fit is the same as the one underlying the tomo-
graphic model. The quasilinear approach is truly independent of a
radial reference and converts between relative variations directly.
Using either of the two options thus minimizes the dependence on
accurate seismic reference profiles, but consequently limits direct
interpretability of seismic data to temperature deviations. In this
case, absolute temperatures can only be assessed by linking the
variations to a 1-D temperature profile. Such profiles, often simply
taken to be adiabats (e.g. Brown & Shankland 1981; Katsura 2022),
to date have yet to be successfully matched with radial seismic
profiles using mineralogical constraints (Cammarano et al. 2005;
Cobden et al. 2008, 2009).

Beyond mineralogical and tomographic limitations, one advan-
tage of converting between relative rather than absolute perturba-
tions is that it preserves average temperatures, for example under the

influence of the uncertain anelastic correction (Fig. 8), and consider-
ably reduces sensitivity to variations in bulk composition (Fig. 10).
Cammarano et al. (2003) stated that, due to the nonlinear depen-
dence of anelasticity to temperature, relative velocity variations
cannot directly be interpreted. However, both relative conversion
methods we employ in this study are derived from the anelastically
corrected 7—v; relation of the original mineralogy, and thus intrin-
sically account for the temperature-dependence of anelastic effects.
Additionally, this conclusion of Cammarano et al. (2003) does not
account for limited tomographic resolution, which renders a ther-
mal interpretation of seismic velocities imperfect in any case. As
displayed in Figs 8 and 9, converting absolute or relative seismic ve-
locities does not crucially alter the ability to recover correct temper-
atures under the influence of uncertain anelasticity. In both figures,
we show two versions of RMS-errors for the original mineralogy:
one for the ‘full” error in absolute temperature (solid line), and one
with the mean removed before RMS-calculation to obtain the error
of the associated temperature variations (de-meaned; dashed line).
For absolute temperatures, the comparatively large RMS-deviations
with the original mineralogy are strongly affected by the associated
shift of the mean values away from zero. When compared in terms
of relative variations, however, the original mineralogy generally
produces better results than the two approximations. Depending on
the requirements of the problem, either of the two representations
might be appropriate for the estimation of associated uncertainties.
An example of this, regarding the treatment of compressibility in
geodynamic models, is further discussed in Section 4.3.

4.3 Implications for geodynamic modelling

A major motivation of our work is to provide quantitative error es-
timates for geodynamic studies that rely on temperatures derived
from tomography. Geodynamic inverse models, in particular, aim
at reconstructing the evolution of mantle flow in the past (e.g. Colli
et al. 2018; Ghelichkhan et al. 2021). In these so-called ‘retrodic-
tions’, mantle flow in the Cenozoic is constrained by the physics
of fluid dynamics and an estimate of the present-day temperature
distribution in the mantle, which serves as a starting point for a
time-reversed simulation (technically speaking, however, this is the
“final’ or ‘terminal’ state in accordance with the physical direction
of time). Here, we have quantified several different contributions to
the errors that inherently occur when deriving those temperatures
from tomographic models. To assess the influence of temperature-
errors on the retrodictions, driven by the associated buoyancy forces,
it is important to also understand the seismic observations in terms
of the associated density structure. Classically, convection simu-
lations for a compressible mantle are formulated using the ‘Trun-
cated Anelastic Liquid Approximation’ (TALA; Jarvis & McKenzie
1980), which linearizes the buoyancy effects around a radial refer-
ence density profile based on the local temperature deviations and
the thermal expansivity of the material. First-order effects of a mis-
matched final state on the evolution of mantle flow reconstructions
with TALA were previously assessed by Colli ez al. (2020), with the
effects of seismic resolution approximated by simple low-pass fil-
tering (i.e. not taking into account the laterally and radially varying
effects of uneven data coverage). In the absence of short-wavelength
features, they found in particular that small-scale artefacts in the
thermal boundary layers of the reconstructed initial state emerge
to counteract the model-driven development of short-wavelength
anomalies.
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Figure 11. RMS-profiles of the errors in recovered density anomalies for
the unfiltered perfect-resolution case and for the four different tomographic
filters. The seismic anomalies were converted to density through tempera-
ture using the original mineralogical table. Compare with Fig. 7(a) for the
different behaviour of the errors in recovering temperatures versus density.

A more physically complete treatment of compressibility has
recently been introduced in the form of the ‘Projected Density Ap-
proximation’ (PDA; Gassmoller et al. 2020, who present a detailed
overview on different formulations of compressibility in geody-
namic simulations). The PDA is based on tabulated material prop-
erties from thermodynamic mineralogical models, which capture
physical non-linearities in a self-consistent fashion, as discussed in
detail before. With pressure and temperature as input, the associ-
ated space- and time-dependent density structure can be extracted
consistently from the lookup-tables at each time step. This way,
buoyancy effects in particular of phase transitions should be cap-
tured correctly in the mantle flow simulation.

In order to use tomographic models as a constraint on buoyancy
in geodynamic inverse models that employ the PDA, present-day
densities need to be determined from the observed seismic ve-
locities via the inferred absolute temperatures. Knowledge of the
temperature distribution is necessary, because just like with TALA,
the underlying equations are solved for temperature (or entropy;
Dannberg et al. 2022), and not density. Errors in the estimated
temperature field thus directly propagate into the driving buoyancy
forces, but can be modulated by the choice of mineralogical inverse
mapping (see Section 4.1). A logical choice would be to derive the
present-day temperatures by conversion with the original mineralog-
ical tables, physically consistent with the determination of material
properties from temperature and pressure at model runtime. This
approach can be additionally motivated by the PDA’s requirement
of absolute temperatures, which again favours the original method
(discussed in Section 4.2). The associated errors in density for this
case are shown in Fig. 11. Compared with the results in tempera-
ture (Fig. 7a), the density misfit is even more pronounced at phase
transitions, particularly at the 660 and the pPv-transition. This is
because deviations in temperature cause a portion of the model to
be associated with the wrong mineral phase, which then strongly
affects the density estimate. At the 660, the average density error

From seismic models to mantle temperatures 2017
reaches values close to 1 percent, which is on the order of the
expected density anomaly of thermal mantle plumes itself (given
typical estimates of plume excess temperature; e.g. Albers & Chris-
tensen 1996; Bunge 2005; Leng & Zhong 2008). For comparison,
the RMS density variations of the reference MCM are 0.97 per cent
at the 660 and 0.81 percent at 2600 km. It must, however, be
noted that the RMS-metric is sensitive to the smallest scales, while
mantle convection is driven by large-scale buoyancies (Colli et al.
2020).

Alternatively, one could attempt to mitigate large density errors
by initially deriving the temperature distribution with the interpo-
lated or quasilinear mineralogy and subsequent translation of the
temperature variations to density anomalies together with an (un-
certain) reference temperature profile. As discussed in Section 4.1,
results in this case depend on an adequate fit between approximate
mineralogy and tomographic resolution, as it would otherwise lead
to systematically mismatched temperatures, and consequently den-
sities.

Dynamically, if the PDA is employed in geodynamic inverse mod-
els, important implications could arise from the ambiguous influ-
ence of the 660 phase transition on vertical mass exchange between
upper and lower mantle. The ringwoodite transition mainly associ-
ated with the 660 discontinuity is endothermic, generally tending to
impede vertical flow. Complications are caused by two additional
phase transitions, which have been identified at a similar depth, po-
tentially becoming dominant at colder (akimotoite + ferropericlase
= stishovite) or hotter (garnet = bridgmanite) temperatures (see
Hirose 2002; Jenkins et al. 2016; Papanagnou et al. 2022). Both of
those phase transformations are exothermic, therefore supporting
vertical mantle flow, rather than hindering it. In case of wrong tem-
peratures in the terminal state (i.e. at the start of the geodynamic
inversion), it is therefore likely that different phase transitions, im-
plicitly defined by the mineralogical model, are ‘activated’ during
the model’s evolution, erroneously switching from an endothermic
to an exothermic regime (or vice versa) and consequently alter-
ing or even flipping large-scale buoyancy forces in the geodynamic
system. Fig. 12 displays potential differences of the distribution
of dominant phase transitions in the present-day state, determined
by the derived temperatures. It can be seen that in conjunction
with different tomographic filters, the relative distribution between
exothermic and endothermic transformations can considerably be
modified, compared to the ‘true’ reference model. For instance, in
the unfiltered case together with the interpolated mineralogy, the
area of the exothermic garnet transition is greatly increased, poten-
tially (artificially) emphasizing the ascent of hot plumes through
the 660. On the other hand, using the original tables together with
the LLNL-filter lessens the significance of the garnet transition,
but at the same time locally increases the extent of the exothermic
stishovite transition in slab regions around Asia. With the increased
amplitude reduction from S40RTS, both extreme-temperature tran-
sitions largely disappear in favour of the endothermic ringwoodite
transition, therefore reducing the overall buoyancy in the system
(even more so for filters S20RTS and SP12RTS; not shown). Un-
certainties in the anelastic correction and the corresponding shift in
absolute temperatures using the original tables could exert a simi-
larly strong control on the dominant phase transformations.

In light of these results, it is likely that errors in the final-state
temperature distribution could critically alter the geometry of the
convective system, potentially determining to what extent the 660
poses a hindrance to mantle convection in geodynamic inverse mod-
els that employ the PDA. Note again that errors in the present-day
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Figure 12. Maps of the laterally varying dominant phase transitions at the 660 associated with the recovered temperature fields using (a) the original, (b) the
interpolated and (c) the quasilinear mineralogy, with and without tomographic filtering applied. Blue areas indicate the presence of the stishovite transition
(ak + fp = st) for low temperatures (7 < 1200 K), red areas indicate the presence of the garnet transition (gt = br) for high temperatures (7" > 2150 K). The
grey colour indicates occurrence of the ‘common’ ringwoodite transition (ri = br + fp) with temperatures in between 1200 and 2150 K. Dynamical relevance
originates from the opposing Clapeyron slopes (Cp) of the three phase transformations: both the stishovite and garnet transition have positive Clapeyron slopes,
supporting vertical mantle flow across the 660, whereas the Clapeyron slope of the ringwoodite transition is negative, potentially impeding vertical flow. The
temperature ranges for the respective phase transitions are taken from Papanagnou et al. (2022). (Abbreviations: ak = akimotoite, br = bridgmanite, fp =

ferropericlase, gt = garnet, ri = ringwoodite, st = stishovite.).

buoyancy structure can be partially controlled by careful selec-
tion of the method to derive temperature/density variations from
tomography. Dynamic effects from misrepresented phase changes
during model evolution are however a potential pitfall of the PDA
in general, since they are modulated by (likely erroneous) abso-
lute temperatures and not density. This is particularly relevant for
the geodynamic retrodictions, because the chaotic nature of mantle
convection might cause the errors in the present-day state to grow
exponentially through model evolution. In geodynamic inverse sim-
ulations, such complications can presumably only be avoided with
simpler formulations of compressibility, such as TALA, that do not
dynamically include variable phase transformations. So, while the
self-consistent incorporation of mineralogical constraints via the
PDA constitutes a logical improvement towards Earth-like geody-
namic simulations that run convection forward in time, it needs to
be thoroughly investigated whether the same applies to geodynamic
inverse models under the influence of systematic errors in the fi-
nal state. More testing with PDA and TALA is required to create
comparable flow evolutions and evaluate how a mismatched final

state could shape geodynamic inverse models with either of the two
compressibility formulations.

The resulting density-errors found in this study similarly apply
to instantaneous flow calculations (e.g. Simmons et al. 2006; Long
& Becker 2010; Richards et al. 2020, 2023), which, for example,
model convective flow velocities and the generation of anisotropy
based on the present-day density structure derived from seismic
tomography. Contrary to the applications to (forward or inverse)
MCMs, no association between densities and temperatures is needed
in that case, thus relieving the requirements on how to derive the
density structure from tomographic models. For instance, uncertain-
ties from temperature-dependent phase transitions could entirely
be avoided by converting the observed seismic velocities directly
to densities using linear scaling parameters (e.g. Simmons et al.
2009), analogous to the quasilinear approximation in this study. In
any case, the errors occurring in single depth layers of relevant phase
transitions likely only have a minor impact on the overall integrated
buoyancy, and thus the results of the (one-step) instantaneous flow
calculations.
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4.4 Additional sources of uncertainty

In this study, we have quantified uncertainties relating to limited
tomographic resolution, the mineralogical approximation, anelastic
correction and bulk composition. In Section 4.2, we additionally
outlined possible issues arising from uncertain seismic reference
profiles, when converting absolute seismic velocities with the orig-
inal mineralogical tables. Assessing further uncertainties that in-
fluence our understanding of the thermal structure of the mantle
would in general be possible with our synthetic setup, but goes be-
yond the scope of this study. Further limitations we do not analyse
here include:

(i) Chemical variations
Chemical heterogeneity is likely to exist to some extent in the man-
tle, owing to the constant subduction of chemically differentiated
basaltic crust and harzburgitic lithosphere. Accounting for the pos-
sibility of chemical variations introduces a further non-uniqueness
to the interpretation of seismic velocities, or alternatively requires
independent data that allows to distinguish between thermal and
chemical origins of velocity variations. On the other hand, a homo-
geneous pyrolite composition has been shown to adequately repro-
duce global traveltime statistics (Schuberth et al. 2012), as well as
seismic characteristics and rheology of the mantle in the TZ (e.g.
Akaogi 2007; Frost 2008; Ishii ez al. 2018) and lowermost mantle
(e.g. Schuberth et al. 2009a, b; Davies et al. 2012; Koelemeijer
et al. 2018). Additionally, at least in the upper mantle, seismic wave
velocities are much more sensitive to temperature than composi-
tion (e.g. Sobolev ef al. 1996; Deschamps et al. 2002; Cammarano
et al. 2003; Lebedev et al. 2024), while composition becomes rele-
vant only with increasing pressure (Trampert e al. 2001). Overall,
the addition of chemical uncertainties likely plays no overarching
role within the resolution lengths of seismic tomography. The as-
sumption of an isochemical composition is therefore reasonable
and allows to interpret the seismic structure uniquely in terms of
temperature. Nevertheless, the quantified errors of this study likely
constitute a lower bound of the overall uncertainties when interpret-
ing tomographic models, and would only be further elevated with
the addition of potential chemical heterogeneity.

(i) Elastic and anelastic parameters
The uncertainties accompanying the elastic and anelastic parame-
ters making up the mineralogical models are well explored and pub-
lished, for example in the recent update to the database of Stixrude &
Lithgow-Bertelloni (2024). Earlier studies have investigated these
uncertainties and their influence on the ability to determine man-
tle properties from seismic models before (e.g. Connolly & Khan
2016). Cammarano et al. (2003) estimated that they introduce an
~250 K uncertainty on inferred temperatures in the shallow lower
mantle. A large portion of this effect is expected to be caused by the
anelastic uncertainty, which we cover in Section 3.3 (see also Schu-
berth & Bigalke 2021, for more details on the anelastic contribution
to the temperature-derivatives of seismic velocities). We find aver-
age deviations between 100 and 150 K in the shallow lower mantle
due to uncertain anelasticity, in general agreement with the estimate
of Cammarano et al. (2003). However, since our assessment of the
anelastic correction relies on two end-member scenarios, and min-
eralogical models have undoubtedly improved over the last 20 yr,
the value of 250 K now very likely constitutes an upper limit to the
influence of the combined elastic and anelastic uncertainty.

(iii) Reference temperature
Absolute temperatures in the mantle are poorly constrained. We have
shown that the conversion of relative seismic variations to temper-
ature can bear some advantages, because it reduces the sensitivity
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to uncertainties in e.g. bulk composition or 1-D seismic velocity. In
this case, however, interpretation of the results in terms of absolute
temperatures is difficult and relies on an accurate 1-D temperature
profile. This limits the usability of either of the two approximate
mineralogies if absolute temperatures are required.
Another factor to consider is the mean temperature profile of the
reference MCM in our closed-loop, and its interaction with po-
tential non-bijective (i.e. non-unique) 7—v; relations in the original
mineralogical data (see Section 2.2). Based on the simplest in-
version procedure (parameters at each grid point are converted in
isolation, independent of the observations at close radial or lateral
neighbours), any seismic velocities falling into the non-bijective
range (i.e. that could be explained by multiple temperatures) are
translated to the suitable temperature closest to the mean model
temperature at that depth. Temperature values further away from
the mean within the non-unique range can never be reached with
this scheme. This results in unrecoverable thermal perturbations
between roughly —200 and —600 K at the 660, as seen in the
associated deviations in Figs 4(a) and 5(a). The ‘width’ of this non-
recoverable temperature band of ~400 K is fixed and corresponds
to the non-bijective portion of the original mineralogy (along the
thick red line in Fig. 3, between ca. 1500 and 1900 K). However, the
fraction of model grid points affected depends crucially on the as-
sumed mean temperature during parameter conversion. In our case,
only about 2 per cent of the reference model temperatures fall into
the non-bijective range between —200 and —600 K. This number
potentially increases to about 6 per cent, if one considers an average
temperature that is lower by 100 K, and to about 40 per cent with a
200 K decrease.
At the 660, absolute temperatures are comparatively well explored,
due to the usability of the seismically visible discontinuity as a
geothermometer (e.g. Ito & Takahashi 1989; Ritsema et al. 2009;
Waszek et al. 2021; Katsura 2022). With 2035 K, our average MCM
temperature at 660 km depth is about 50—150 K larger than the val-
ues found in the literature, indicating that the non-unique section of
the original conversion might produce more significant deviations
than shown in this study.

(iv) Tomographic uncertainty
Tomographic filtering accounts for limitations in resolution, but
does not consider uncertainties in the tomographic model parame-
ters themselves, related to the influence of seismic data errors from
imperfect traveltime determination, source localization, crustal cor-
rection, modelling errors, etc. Assessing uncertainties in large-
scale tomographic models is computationally very expensive in the
framework of traditional damped least-squares inversions, and thus
is often disregarded (Zaroli 2016). So far, only a small number of
studies have determined model covariances in an attempt to estimate
uncertainties beyond resolution (e.g. Nolet et al. 1999; Zaroli et al.
2017; Simmons et al. 2019; Cui et al. 2024). Recently, Freissler ez al.
(2024) developed a scheme that allows to explicitly quantify both
resolution lengths and tomographic model uncertainty based on the
SOLA-Backus—Gilbert inversion scheme (Zaroli 2016), which ex-
plicitly provides specific control over the trade-off between these
parameters at every grid-point. Such methodologies, applicable at
global scale, will further help to improve our understanding of the
state of the mantle.

5 CONCLUSION

Using a closed-loop synthetic experiment, with geodynamic, min-
eralogical and seismic modelling components, we systematically
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tested the theoretical ability to derive robust estimates of mantle
temperatures from tomographic models. We assessed the tempera-
ture distributions recovered from tomographic ‘images’ of a mantle
circulation model, using different realizations of the underlying
mineralogy: the original table as well as two approximate versions.
In our analysis, we quantified the misfit between reference and re-
covered temperature field, with a specific focus on the influence
of various mineralogical uncertainties in combination with the ef-
fects of limited seismic resolution. To obtain unique temperatures
without including additional data, such as gravity/geoid measure-
ments, seismic attenuation, or electrical conductivity, a negligible
influence of lateral chemical heterogeneity was assumed. Our study
shows that accurate inferences of the thermal mantle structure are
primarily hampered by the limited resolving power of seismic to-
mography. In most cases, the choice of mineralogical conversion
approach was found to only play a secondary role. The laterally av-
eraged (RMS-) errors in the recovered temperature fields vary with
depth, with values between 50 and 100 K in the upper mantle. For
some tomographic filters, the errors increase with depth up to 200 K
close to the core—mantle boundary. For comparison, the respective
reference model’s average (RMS) strength of thermal heterogeneity
increases from values on the order of 100 K in the upper mantle
to about 250-300 K at 2500 km depth. Additional large systematic
errors occur in the vicinity of phase transitions, so that the total error
at those depths is comparable in magnitude to the reference model’s
temperature variations. Overall, our results regarding the strategies
to convert seismic velocities to temperature can be summarized as
follows:

(1) The ‘better resolved’ the tomographic model (i.e. the more
realistic the amplitudes of seismic heterogeneity and the finer the
structures), the more important it is to account for the complexities
in the mineralogy; that is, the original representation should be used.
Approximated versions of the mineralogical model generally are
more advantageous together with lower resolution tomographies.

(i1) Overestimating the anelastic correction to seismic velocities
produces more reliable results with generally smaller average errors
than if anelastic effects are underestimated. It could for real-world
applications thus be advisable to choose the governing parameters
such as to push the magnitude of the anelastic correction towards
its upper bound. This is especially true when using the interpo-
lated mineralogical conversion together with high-resolution tomo-
graphic models.

(iii) Converting relative seismic variations to temperature per-
turbations generally is more robust than the conversion of absolute
seismic velocities to absolute temperatures, particularly under the
influence of uncertainties in the anelastic correction and the incom-
plete knowledge on bulk composition.

(iv) Absolute temperatures can directly be derived with the orig-
inal mineralogical inverse mapping, but are strongly affected by
potential uncertainties in the anelastic correction, bulk composition
or the seismic reference profile. With the approximated mineralo-
gies, absolute temperatures can only be inferred as deviations from
a (uncertain) reference mantle geotherm.

The errors in the recovered temperature distribution also im-
pact the related densities and therefore have important implications
for the associated buoyancy forces when employed in geodynamic
inverse models. Modern formulations of compressibility in geody-
namic simulations, which incorporate the temperature-dependent
buoyancy effects of phase changes dynamically, (e.g. the ‘Projected
Density Approximation’; Gassmoller et al. 2020), need to be treated
with particular care in light of our findings. With these formulations,

incorrect temperature inferences could ‘activate’ the wrong phase
transitions and potentially lead to a flip in sign of the associated
Clapeyron slope. Large-scale buoyancy forces in the models could
thus be altered or even reversed. Owing to the nonlinear nature of
the convection equations, these initial errors are likely to further
increase exponentially during model evolution. Thorough testing is
required to assess the influence of different compressibility formu-
lations on the accuracy of geodynamic retrodictions.

Most importantly, our analysis shows that thermal interpreta-
tions of tomographic models and their potential implications for
simulations of mantle convection critically depend on the resolving
capabilities of the specific tomography, as well as the confidence
in the parameters underlying both seismic and mineralogical mod-
els. Methods to retrieve temperatures from tomographically imaged
seismic velocities need to be selected carefully to make reliable
deductions, at best with explicit knowledge about the tomographic
model’s resolution characteristics in the form of a resolution opera-
tor or generalized inverse. This will become increasingly important
with the upcoming generations of tomographic models that come
along with improved resolution, including at depths of major phase
transitions.
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APPENDIX A: GEODYNAMIC INPUT
MODEL

We use the global mantle circulation model of Nerlich ez al. (2016).
It is computed with the parallel finite element code TERRA (Bunge

G20z ABIN 20 UO JosN (NNT) UBYIUSN JoBYISIBAIUN-SUBIIWIXE\-BIMPNT A 16291 1 8/2002/€/ L ¥Z/l0ne1IB/wod dno-oiwspede/:sdny wouj papeojumoq


http://dx.doi.org/10.1111/j.1365-246X.2010.04884.x
http://dx.doi.org/10.1146/annurev.earth.31.091602.113555
http://dx.doi.org/1029/2005jb004197
http://dx.doi.org/10.1016/0264-3707(95)00019-6
http://dx.doi.org/10.1029/2008gc002235
http://dx.doi.org/1029/2009gc002401
http://dx.doi.org/10.1111/j.1365-246x.2011.05333.x
http://dx.doi.org/1146/annurev.earth.36.031207.124309
http://dx.doi.org/10.1016/j.epsl.2006.04.003
http://dx.doi.org/1111/j.1365-246x.2009.04133.x
http://dx.doi.org/1002/2015gl066237
http://dx.doi.org/1093/gji/ggz102
http://dx.doi.org/1093/gji/ggab277
http://dx.doi.org/1016/0012-821x(95)00238-8
http://dx.doi.org/10.1111/j.1365-246x.2005.02551.x
http://dx.doi.org/1016/s0031-9201(98)00084-3
http://dx.doi.org/1016/j.epsl.2007.08.027
http://dx.doi.org/10.1111/j.1365-246x.2010.04890.x
http://dx.doi.org/1093/gji/ggab394
http://dx.doi.org/1093/gji/ggae126
http://dx.doi.org/1111/j.1365-246x.2010.04914.x
http://dx.doi.org/1093/gji/ggad190
http://dx.doi.org/1038/361699a0
http://dx.doi.org/1093/gji/ggad188
http://dx.doi.org/1111/j.1365-246x.2008.03934.x
http://dx.doi.org/1029/2021gc010325
http://dx.doi.org/1093/gji/ggac122
http://dx.doi.org/1016/s0031-9201(01)00201-1
http://dx.doi.org/1038/386578a0
http://dx.doi.org/10.1038/ngeo1772
http://dx.doi.org/10.1098/rspa.2021.0764
http://dx.doi.org/1190/1.3238367
http://dx.doi.org/10.1038/s41561-021-00850-w
http://dx.doi.org/10.1016/j.epsl.2008.08.012
http://dx.doi.org/1093/gji/ggw315
http://dx.doi.org/10.1002/2017gl074996
http://dx.doi.org/1016/j.epsl.2013.07.034

& Baumgardner 1995; Bunge ef al. 1998), which solves the con-
servation equations for momentum, mass and energy at infinite
Prandtl number (i.e. no inertial forces) in a 3-D spherical shell. The
model is discretized in an icosahedral mesh and incorporates ~80
million degrees of freedom in 129 equidistant radial layers, with
lateral grid spacing of ~25 km at the surface, reducing to ~15 km
at the core-mantle boundary (CMB). This parametrization is suffi-
cient to simulate global mantle flow at Earth-like convective vigour
(thermal Rayleigh number ~ 2 x 10%). Isochemical convection is
simulated, assuming a constant pyrolitic composition throughout the
spatio-temporal model evolution. Effects of compressibility are in-
cluded in form of the truncated anelastic liquid approximation (e.g.
Jarvis & McKenzie 1980). The model combines internal (~24 TW)
and bottom heating (~ 12 TW), with prescribed thermal bound-
ary conditions of 300 K at the surface and 4200 K at the CMB.
In particular the CMB temperature is not well known for Earth,
but a high associated CMB heat flux is supported by many stud-
ies (e.g. Boehler 1996; Buffett 2002; Bunge 2005; Mittelstaedt &
Tackley 2006; GliSovi¢ et al. 2012; Christensen 2018; Lobanov
et al. 2021) and consistent with the assumption that seismic mantle
heterogeneity is primarily controlled by variations in temperature
(Schuberth et al. 2009a, b; Davies et al. 2012). Tectonic plate recon-
structions of the last 230 Ma (Miiller et al. 2016) are incorporated
as surface velocity boundary condition through sequential data-
assimilation (Bunge ef al. 2002). The characteristic length scales
and magnitudes of temperature variations in the model are therefore
largely independent of the (unknown) initial condition (Colli et al.
2015). The resulting present-day state of the model serves as the
starting point in our closed-loop, with presumed Earth-like ther-
mal structure in both amplitude and wavelengths due to the dense
grid spacing together with the simulated high vigour of convec-
tion.

APPENDIX B: ANELASTIC
CORRECTION

Following Karato (1993), seismic velocities are corrected for the
contribution of anelasticity based on the seismic quality factor Qs,
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determined from a radial Q-profile and 3-D temperature deviations
from a 1-D reference according to:

o 7)) 1 1
0.1 = 0o o0 (5 (7 - 1)) B1)

with frequency w, gas constant R, activation energy £ and the
frequency-dependence of anelasticity expressed by «. Both @ and £
are highly uncertain in the mantle. For this study, we take fixed val-
ues of @ = 0.26 and E = 424 KJ mol~!, based on experiments on
grain size dependence of QO in olivine polycrystals (Jackson et al.
2002) and in line with the study of Stixrude & Lithgow-Bertelloni
(2007). Qyer is taken from PREM. In accordance with PREM, we
generally assume a seismic period of 1s and omit the term w
from the calculation. Using Qy(T") determined from eq. (B1), we
can correct the elastic seismic velocities vg from the thermody-
namic models to obtain vy, the seismic velocity relevant in the
seismic frequency band that includes the effects of anelasticity,
as:

1 To 1
Vo = g - (1 — Seot (7) : Qﬂ)) . (B2)

APPENDIX C: BULK COMPOSITION

Table C1. Oxide proportions (in mol%) of the chemical bulk compositions
used in this study, a six-oxide pyrolite (NCFMAS), BOC and DM. Based on
Chust et al. (2017) and Papanagnou et al. (2022).

NCFMAS BOC DM
Component (mol%) (mol%) (mol%)
MgO 49.85 15.11 56.17
FeO 6.17 6.59 5.71
CaO 2.94 14.39 0.99
Al,O3 222 10.39 0.59
Na,O 0.11 1.76 0.00
SiO; 38.71 51.76 36.54
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Figure D2. Same as Fig. D1, but with the tomographic filter for model
LLNL.
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Figure D1. Depth-dependent histograms of seismic velocity perturba-
tions after reparametrization and tomographic filtering for (a) initial
reparametrization in the temperature-domain followed by mineralogical
mapping to seismic velocities and (b) initial conversion to seismic veloc-
ities followed by reparametrization in the vs-domain. Note that mapping
from temperature to seismic velocities after reparametrization introduces
strong heterogeneity around phase transitions in the velocity field, while
reparametrizing after conversion considerably smoothes these effects. After
tomographic filtering, very little of the initial differences remain, and the
resulting histograms are almost identical. Tomographic filtering here is per-
formed with the resolution operator of model S40RTS. The histograms are
normalized as described in Fig. 2.
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