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S U M M A R Y 

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 b y tomo graphy with the help of 
thermodynamic models of mantle mineralogy. Unique interpretations of the tomo graphicall y 

imaged seismic heterogeneity can either be obtained by incorporating additional data sets or 
requires assumptions on the chemical composition of the mantle. Ho wever , even in the case of 
(assumed) known chemical composition, both the seismic and the mineralogical information 

are significantl y af fected b y inherent limitations and dif ferent 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 conv ectiv e 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 tomo graphicall y damped and blurred seismic heterogeneity in 

combination with different approximations for the mineralogical ‘in verse’ con version 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 
cor responding cor rection to the underl ying mineralo gical 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 de viate significantl y from the true state, e ven 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 boundar y. Fur ther more, 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 acti v ate ‘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 e v aluate 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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 I N T RO D U C T I O N  

antle convection is dri ven b y thermall y dominated buoyancy
orces in Earth’s interior. Direct observations of the 3-D temper-
ture variations in the mantle are not available, but inferences can
n principle be drawn from seismic observations. These provide
he most abundant and direct source of information on Earth’s
eep interior. Tomographic models, in particular, inferred from the
eismic data through inversion, provide insight into the present-
ay structure of the mantle. Thanks to the enormous progress in
ata acquisition, numerical methods and computational resources
ver the last 40 yr, global seismic models are getting closer to re-
olving mantle features at the dynamicall y rele v ant length scales
e.g. Rawlinson et al. 2010 ; French & Romanowicz 2014 ; Sim-
ons et al. 2021 ; Fichtner et al. 2024 ). Many promising research

irections have been identified that will further improve and diver-
ify tomographic efforts in the near future (Fichtner et al. 2024 ).
ne aspect that is only recently shifting into the focus of seismic

omography relates to the quantification of resolution and uncertain-
ies (Rawlinson et al. 2014 ; Fichtner & van Leeuwen 2015 ; Zaroli
016 ; Freissler et al. 2024 ; Cui et al. 2024 ). This is particularly
ele v ant, because e ven though man y tomo graphic models correlate
ell at large scales, small scale structures of less than 1000 km
re generally not uniquely resolved, and tomographic images can
till differ fundamentally at these scales (Becker & Boschi 2002 ;
ziewonski 2005 ; Liu & Gu 2012 ; Lebedev et al. 2017 ; Cui et al.
024 ). To derive robust estimates of the present-day temperature
istribution in the mantle from tomography, we thus need to under-
tand the uncertainties caused by the complex relationship between
eismic and thermodynamic mantle properties, and in particular
heir combination with limited tomographic resolution. 

Alternative to the seismic data approach, physically driven expec-
ations on mantle structure can be gained from geodynamic forward
imulations. Ho wever , many of the governing material properties to
ate still need to be constrained more robustly, most notably the
antle viscosity. To further progress in this direction, geodynamic

nverse modelling based on the concept of mathematical adjoints
as been established as a promising tool (e.g. Bunge et al. 2003 ;
smail-Zadeh et al. 2004 ; Horbach et al. 2014 ; Colli et al. 2018 ;
helichkhan et al. 2021 ). These inverse models are designed to

olve for an unknown initial condition that naturally evolves into
he present-day state as seen by tomography. By iterative refinement
f the initial state, the models minimize the differences between the
omo graphicall y imaged mantle and the predictions of a forward

antle circulation model (MCM). Although mantle flow is chaotic
nd subject to the butterfly effect, it has been shown that robust
ow histories can nevertheless be constructed through assimilation
f horizontal flow velocities as surface boundary condition (Colli
t al. 2015 ; Taiwo et al. 2023 ). The great benefit of inverse geo-
ynamic models is that they produce model trajectories from the
eologic past to the present, which, if simulated at suf ficientl y high
ayleigh number, should provide accurate estimates of the true man-

le evolution. Using independent data sets sensitive to the surface
xpression of mantle convection, such as dynamic topography/the
eoid (e.g. Richards & Hager 1984 ; Hoggard et al. 2021 ; Lin et al.
022 ) or geologic records of vertical motion (Hayek et al. 2020 ;
ilac ́ıs et al. 2022 ), then allows testing the model evolution against
bservations and placing tighter constraints on the validity of the
nderlying parameters. 

One vital element of geodynamic inverse models is an accurate
epresentation of the present-day thermal mantle structure derived
rom seismic observations. The same is true for instantaneous flow
alculations that aim at modelling the geoid (e.g. Hager et al. 1985 )
r compare tomo graphicall y deri ved mantle flow velocities to mea-
urements of seismic anisotropy (Becker et al. 2008 ; Long & Becker
010 ). Under the commonly adopted assumption that variations in
eismic velocity are predominantly controlled by temperature to-
ether with potential variations in chemical composition, a mul-
itude of studies have relied on interpreting seismic information
n terms of the thermal or thermochemical state of the crust and
antle; using qualitative links and simple linear scaling laws, or

ophisticated modelling and probabilistic approaches, to relate the
bserv ed seismic v elocities to temperature and associated densities
e.g. Forte et al. 1995 ; Sobolev et al. 1996 ; Deal et al. 1999 ; Goes
t al. 2000 ; Forte & Mitrovica 2001 ; Deschamps et al. 2002 , 2019 ;
eschamps & Trampert 2003 ; Priestley & McKenzie 2006 ; Khan

t al. 2008 , 2011 ; Ritsema et al. 2009 ; Cammarano et al. 2011 ;
riestley & McKenzie 2013 ; Afonso et al. 2013 , 2016 ; Munch et al.
020 ; Deschamps & Cobden 2022 ; Ramirez et al. 2022 ). New con-
epts that aim to optimize seismic imaging techniques for a direct
nversion for temperature are presently emerging (Fullea et al. 2021 ;
ebedev et al. 2024 ), which allow to bypass non-unique seismic

nversion solutions and ensure physically plausible temperature dis-
ributions. The seismic properties of the mantle are herein assumed
o be largely composition-insensitive (Lebedev et al. 2024 ). 

Nowadays, thermodynamic models of mantle mineralogy serve
s the basis to self-consistently model the nonlinear relationship
etween temperature and seismic velocity in the mantle, while in-
orporating rele v ant ef fects of phase transformations together with
heir dependence on temperature and pressure (e.g. Connolly 2005 ;
iazzoni et al. 2007 ; Stixrude & Lithgow-Bertelloni 2011 , 2021 ,
024 ; Holland et al. 2013 ; Chust et al. 2017 ). Within these miner-
logical models, stable phase assemblages are computed for a given
ulk composition by Gibbs-free-energy minimization of the candi-
ate phases and their solid solutions. In combination with large ex-
erimental databases on mantle minerals, easy-to-use lookup-tables
an be created, providing the link between thermodynamic condi-
ion (pressure, temperature, composition) and the elastic properties
f interest (seismic v elocities, thermal e xpansivity, etc.), as well as
ensity. From the mineralogical models, the relationship between
emperature and (elastic) seismic velocity is found to be complex
nd nonlinear, seemingly invalidating the usability of a simple lin-
arized temperature-velocity scaling. The largest non-linearities are
enerally attributed to pressure-induced solid–solid mineral phase
ransitions (e.g. Stixrude & Lithgow-Bertelloni 2007 ), such as those
n the mantle transition zone (TZ). The associated sharp jumps of
ineral properties are observable as global seismic discontinuities

e.g. Shearer 2000 ; Deuss 2009 ), and are a recurring feature in 1-D
eismic reference profiles (e.g. Dziewo ́nski & Anderson 1981 ; Ken-
ett et al. 1995 ). Since phase transformation depths in the mantle are
ensitive to temperature, lateral thermal variations cause regional
ndulations of the seismically visible interfaces. The topography
f various discontinuities has thus been the focus of many studies
e.g. Flanagan & Shearer 1998 ; Gu & Dziewo ́nski 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 et 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 et 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 extensi vel y 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. M égnin 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 et 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. Ho wever , little attention has been paid so far to the com- 
bined effects of tomographic and mineralogical limitations. The 
uncer tainties of ther modynamic parameters in mineralogical mod- 
els, as well as their propagation to temperature inferences, have 
been estimated earlier (e.g. Cammarano et 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 et al. ( 2010 ) on the other hand investigated the influence of 
tomo graphic resolution to gether with dif ferent approaches to deri ve 
density perturbations from seismic velocities on calculated flow 

fields of geodynamic models. Ho wever , they employed simplified 
velocity-density scalings that do not account for realistic complex- 
ity induced by phase transitions. To this end, we systematically and 
quantitati vel y 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  M E T H O D S — C L  O S E D - L  O O P  S E T U P  

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 conv ectiv e 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 fur ther more are largely independent of 
the (unknown) initial condition (Colli et 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). 
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he following subsection. Using a thermodynamic model of mantle
ineralogy (Chust et al. 2017 ), we initially convert the ‘true’ model

emperatures into seismic velocities. This way, non-linearities in the
elation between thermal and seismic structure are incorporated, in
articular the rele v ant ef fects of phase transitions as well as their
ependence on pressure and temperature. We call this the ‘for-
 ard’ mineralo gical mapping, through which we deri ve the ‘true’

eismic heterogeneity from the thermal heterogeneity of the start-
ng model. As a second step, we apply a tomographic filter to the
true’ seismic heterogeneity, to account for the limited resolution of
eismic tomography. The ‘imaged’ seismic heterogeneity after to-
ographic filtering thus represents a synthetic tomographic model

hat is compatible with the ‘true’ reference temperature field. Tak-
ng the same mineralogical model used to realize the ‘forward’

ineralogical mapping (i.e. to convert from temperature to seismic
 elocity), a consistent ‘inv erse’ mineralogical mapping can be per-
or med, conver ting the tomog raphically filtered seismic velocities
ack to temperature. Alternati vel y, approximations of the miner-
logical model can be employed to convert from seismic velocity
o temperature, which simplify the nonlinear (and non-bijective)
ineralogical relationships (for details see Section 2.2 ). At the end

f the closed-loop, we recover a 3-D temperature field, which can
e directly compared to the ‘true’ reference, allowing us to quan-
itati vel y e v aluate the dif ferences. Without considering additional
ources of uncertainty, the misfit between reference and recovered
odel showcases the full amount of information that is lost due to

omographic limitations and the difficulties related to the complex-
ty of the mineralogical mapping. The three major tools used in this
tudy are: 

(i) a high-resolution 3-D mantle convection model, from which
e take the present-day temperature distribution as the ‘true’ mantle

tructure with realistic amplitudes and length scales, 
(ii) thermodynamic models of mantle mineralogy, to convert be-

ween temperatures and seismic velocities, 
(iii) and tomographic filtering, to account for limited seismic

esolution. 

All three tools are described in further detail in the subsequent
ections and the Appendix. 
.1 Tomographic filtering 

omographic filtering allows for meaningful comparisons between
eismic tomography and geodynamic models; that is, the hypothet-
cal ‘true’ mantle, by mimicking how a given input structure would
e imaged in a respective tomographic inversion. Here, this step
s performed b y multipl ying the ‘true’ model with the resolution
perator R , as described in Ritsema et al. ( 2007 ). R is specific to
 tomographic model and fully characterizes its spatially heteroge-
eous resolution and the effects of damping. Explicit calculation of
 is computationally demanding, especially for larger tomographic

roblems. Therefore, onl y a fe w full resolution operators have been
ublished so far (e.g. Boschi 2003 ; Soldati & Boschi 2005 ; Ritsema
t al. 2007 , 2011 ; Koelemeijer et al. 2016 ; Bogiatzis et al. 2016 ;
immons et al. 2019 ). To assess the variable characteristics of dif-
erent tomographic filters and their specific resolving power on our
esults, we test all global tomographic models for which w e ha ve R
xplicitl y av ailable. These encompass the S -w ave models S20RTS
Ritsema et al. 1999 , 2004 ) and S40RTS (Ritsema et al. 2011 ), and
he joint P - and S -wave models SP12RTS (Koelemeijer et al. 2016 )
nd LLNL-G3D-JPS (Simmons et al. 2015 , from hereon abbrevi-
ted as LLNL). The S ++ RTS-family of models is parametrized
n spherical harmonics laterally and splines vertically and repre-
ents a broad spectrum of resolution: the long-wavelength model
P12RTS that incorporates normal-mode data, the earlier S20RTS
odel considered intermediate resolution here, and the compara-

i vel y high-resolution model S40RTS. The LLNL model in contrast
s parametrized in local basis functions on an (almost) equidistant
rid and locates at the upper end of the resolution spectrum con-
idered here. Our analysis thus covers a representative range of the
roperties of available tomographic models. 

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

A complication in the closed-loop experiment arises from the fact
hat tomographic filtering can only be performed on geodynamic

odels represented in the same parametrization as the respective
omog raphy. Moder n geodynamic models are usually calculated on
ense numerical grids, with typical grid spacing in the range of
0–50 km. The spatial parametrization of current global traveltime
omographies on the other hand dif fers b y at least one order of mag-
itude (e.g. Zaroli 2016 ; Simmons et al. 2021 ), with typical grid
esolution on the order of hundreds of kilometres. The ‘true’ struc-
ure of the geodynamic input model therefore needs to be projected
nto the tomographic grid before filtering; that is, a reparametriza-
ion is required, which constitutes an unphysical, but unav oidab le
tep in the general work flow. There are two options when to perform
his procedure in our closed-loop setup: Specifically, one can choose
hether the ‘true’ temperatures or rather the ‘true’ seismic veloci-

ies are projected to the tomographic grid; in other words, whether
he reparametrization is implemented before or after the nonlin-
ar forw ard mineralo gical mapping. Depending on the magnitude
f grid spacing differences between geodynamic and tomographic
odel, reparametrization alone can have a strong, depth-dependent

ffect on the ‘resolved’ length scales and amplitudes of model het-
rogeneities (Schuberth et al. 2009b ). When the reparametrization
s performed with respect to the conversion to seismic velocities
herefore determines whether or not sharp seismic discontinuities

art/ggaf141_f1.eps
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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. 
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are smoothed out in the ‘true’ seismic structure. Ho wever , 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 
e v aluated 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 et al. 2012 ; Koelemeijer et al. 2018 ; Simmons et al. 2019 ). 
In this study, we chose to reparametrize in temperature and use the 
reparametrized model as reference (F ig. 1 , b lue loop). This wa y, w e 
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- 
ver ting the ‘tr ue’, unfiltered seismic hetero geneity directl y 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 tab les, w hich 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-Ber telloni ( 2011 ). Alter nativ e databases e xist (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 for a 
six-oxide NCFMAS system (Na 2 O, CaO, FeO, MgO, Al 2 O 3 , SiO 2 ), 
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 C 1 . Pyrolite in turn has been found to be a reasonable choice for 
bulk mantle composition, reconciling for example the magnitude of 
observ ed seismic v elocities and their lateral gradients in the lower 
mantle (Schuberth et al. 2009a ; Davies et al. 2012 ; Zhang et al. 
2013 ), global traveltime statistics (Schuberth et 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 et al. 2018 ) and (c) the quasilinear conversion method. 
Each line in (a, b, c/left) represents the T –v s -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 deri v ati ves of seismic velocity used for the quasilinear conversion, e v aluated at ±250 K around the mean temperature (separately for positive and 
ne gativ e values). The derivatives (solid lines) are smoothed with a Gaussian filter (dashed lines) before extracting the scaling factors. 
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uch as a mechanical mixture of depleted mantle and bulk oceanic
rust. 

The thermodynamic lookup-tables contain the temperature- and
ressure-dependent elastic properties of the bulk rock in incre-
ents of 50 K and 0.1 GP a, respectiv ely. We restrict this study to

he results obtained from a conversion to shear-wave velocities ( v s ),
s v s -models commonly provide better global data coverage than
odels of compressional-wave velocities ( v p ). Together with the

reater temperature-dependence of v s compared to v p , this makes
hear-wav e v elocities more widely applicable for the thermal inter-
retation of seismic models. Additionally, of the four tomographic
lters available to us, two underlying tomographic models exclu-
i vel y provide information on v s (S20RTS and S40RTS). Fig. 3 (a)
llustrates the relation between temperature and shear-wave veloc-
ty, determined from the lookup-tables. The mineralogical model
ntegrates the simple, almost linear temperature-dependence of v s 
n the mid- to lower mantle on one hand, and the highly nonlinear
elation between the parameters in the presence of phase transitions
n the other hand (410 and 660 km highlighted in thick blue and
ed, respecti vel y). Steeper slopes in the figure represent increased
emperature sensitivity of the seismic v elocities. The y are largest
n the vicinity of phase transitions, indicative of sudden changes
n material properties that produce the prominent sharp jumps in
adial seismic profiles. On average, these synthetically predicted
ransfor mations ag ree well with the obser ved depths of seismic
iscontinuities (Cammarano et al. 2009 ; Deuss 2009 ; Papanagnou
t al. 2022 ). 

In order to relate the ther mal str ucture of the geodynamic input
odel to its according seismic structure in a forward sense, we al-
ays use the mineralogical model in its original form, as acquired

rom MMA-EoS . This wa y, w e ensure that the temperature variations
btained from the geodynamic model, which inherently are rather
mooth, translate into the expected ‘rough’ seismic structure across
hase transitions (see Fig. 2 b). 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. 3 a). 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 
tomo graphy, will howe v er propagate into the recov ered 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 ne gativ e 
Clapeyron-slope transition at the 660 (ne gativ e-slope section in 
Fig. 3 a 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. 

(ii) 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 
( v s 1 D ), 

exp ( v s ) = αT + exp ( v s 1 D ) (1) 

with α 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. 

(iii) 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 deri v ati ves 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 c, right panel). The choice of 
±250 K for the determination of the deri v ati ves is some what 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 deri v ati ves are then used to linearize the conversion 
betw een shear-wa v e v elocity and temperature for positive and nega- 
ti ve anomalies independentl y. Because of this split between positive 
and ne gativ e, 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 deri v ati ves, reaching v alues 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 deri v ati ves (dashed 
lines in Fig. 3 c, 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 ne gativ e 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 s 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 anelasticall y, especiall y 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-frequenc y e xperimental data, where 
anelastic effects are negligible. In the much lower frequency range 
of teleseismic wa ves, how ever, 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 et 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 rele v ant mantle minerals are constrained to within a few per cent 
(e.g. Stixrude & Lithgow-Bertelloni 2024 ), translating to an (elas- 
tic) v s uncertainty of ∼5 per cent (Connolly & Khan 2016 ). The 
poorly understood contribution of anelasticity further contributes to 
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he uncertainty of the ef fecti ve, anelastic mantle properties (Cam-
arano et al. 2009 ). In this study, we follow the anelastic cor-

ection approach of Karato ( 1993 ), also adopted by e.g. Kuskov
t al. ( 2006 ), Matas & Bukowinski ( 2007 ), Stixrude & Lithgow-
ertelloni ( 2007 ), Goes et al. ( 2012 ) and Schuberth & Bigalke
 2021 ). Seismic velocities are adjusted for anelasticity based on the
eismic quality factor Q s , determined from a radial Q -profile to-
ether with local temperature deviations from a 1-D reference. This
pproach is beneficial in our synthetic setup, compared to the esti-
ation of Q s based on homologous temperature (e.g. Cammarano

t al. 2003 , 2011 ; Goes et al. 2004 ; Ghelichkhan et al. 2021 ), be-
ause w e ha ve full knowledge of the radial average temperature in
he geodynamic models (which, ho wever , is not well constrained
or Ear th). Uncer tainties in the anelastic correction itself primarily
tem from poorly understood parameters governing the anelastic
ontribution to seismic wavespeeds. These include the activation
nergy and the factor of frequency dependence of attenuation, and
heir complex dependencies on pressure, temperature, phase, grain
ize, etc. Similarly, the radial behaviour of Q s is also insufficiently
onstrained, and man y dif ferent profiles exist in the literature (see
.g. Romanowicz & Durek 2000 ; Schuberth & Bigalke 2021 ). Flu-
ds like water or partial melts are not considered in our solid-state

ineralogical models. Their presence in the mantle would how-
ver further increase seismic attenuation (e.g. Cobden et al. 2018 ).
dditional details on the anelastic correction are provided in Ap-
endix B . 

For the purpose of this study, we test the influence of the uncertain
nelastic contribution by exploiting the fact that we can indepen-
ently switch on or off the correction for the forward and inverse
ineralogical mapping within the closed-loop. Additionally to the

tandard case, where we assume perfect knowledge of anelasticity
 y appl ying the same (and thus consistent) correction to forw ard
nd inverse conversion, we explore two scenarios: 

(i) The anelastic correction is applied in the forward conversion
rom temperatures to seismic velocities (which represents the ‘true
arth’ in our closed-loop). The inverse mapping is, however, per-

ormed with the uncorrected, elastic values, thereby mimicking a
eneral underestimation of the anelastic effects. 

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

 R E S U LT S  

n this section, we e v aluate and quantify the fit between reference
nd recovered temperature field at the final stage of the closed-loop.
irst, we investigate the errors introduced through the three different
ineralogical approaches used to convert from seismic velocities

ack to temperature by assuming perfect tomographic resolution
nd no additional uncertainties. Following this, we step-by-step add
imitations and uncertainties to the e v aluation. Most importantl y, we
ssess the effects of limited tomographic resolution and its complex
nteraction with the approximate mineralo gies. Afterw ards, we add
he effects of uncertainties in anelasticity and bulk composition by
ndependentl y v arying the rele v ant parameters in the forward and
nverse mapping. 

.1 Effects of mineralogical inverse mapping 

e isolate the effects introduced through the mineralogical inverse
apping by considering perfect tomographic resolution. This is
asil y achie ved b y skipping the tomo graphic filtering step in the
losed-loop. The ‘true’ seismic velocities are directly converted
ack to temperatures with each of the three conversion approaches,
hile all other parameters are kept constant. This scenario thus

ssumes no influence of additional uncertainties from tomography,
nelasticity, composition, etc. 

Fig. 4 shows the temperature distribution of the reference model
t four different depths, together with the errors after recovering
emperatures with each of the three conversion options. Note that
n this ‘perfect resolution’ scenario, the reference model that acts
s the ‘true’ structure is the unreparametrized MCM (i.e. unaltered
n the numerical grid of the underlying geodynamic simulation).
his corresponds to the red closed-loop variant in Fig. 1 . Errors are
etermined as simple point-b y-point dif ferences between reference
nd recovered temperature fields. The depths are chosen to cover the
hree most rele v ant phase transitions (410, 660 and pPv-transition
etween 2600 and 2700 km). Additionally, we show a mid-mantle
ection at roughly 1500 km, where the T –v s relation in the miner-
logical model is simple and well reproduced by both approximate
ineralogies. For a complete evaluation with depth, we plot his-

ograms of the mismatch between reference and recovered models
Fig. 5 ). 

When using the original mineralogy in the unfiltered case, the
eference temperature field can be recovered almost perfectly at
ll depths (Fig. 5 a), with the only exception around the 660-
iscontinuity, where the endothermic phase change causes a non-
ijectiv e temperature–v elocity relation. This represents a non-
nique interaction between temperature and discontinuity topog-
aphy, which cannot be resolved by sole knowledge of the seismic
elocities. Utilizing the interpolated or quasilinear approach, large
ecovery errors can clearly be linked to phase transition effects in
he forw ard mineralo gy. The associated large velocity variations of
he ‘true’ seismic heterogeneity (Fig. 2 b) can, in contrast to the
riginal mineralogy, no longer be explained by either of the two
implified inverse mappings. The recovered models therefore need
 astl y increased temperature anomalies in the respective depths to
ccount for the velocity jumps. Resulting error amplitudes are on
he order of ±300 K, comparable in magnitude to the TZ ther-
al heterogeneity of the underlying MCM itself. Both approxima-

ions perform similarly well in depths away from phase transfor-
ations, with errors of less than 100 K for the majority of grid

oints. The nature of the misfit is comple x, ev en outside of phase
hanges, and varies with the mineralogical conversion method, de-
pite the apparent similarities of the two approximations at first
lance. For instance, for extreme temperature variations, the lin-
ar approximation deviates to a larger extent from the nonlinear
 –v s relation of the original mineralogical model, but with op-
osing effect: using the quasilinear conv ersion, hotter-than-av erage
emperatures are systematically overestimated, while lower-than-
verage temperatures are systematically underestimated, resulting
n predominantly ne gativ e differences in the corresponding his-
ogram (Fig. 5 c). The interpolated conv ersion giv es a better fit to
he temperature extremes, resulting in a more symmetric histogram,
t the cost of larger errors for moderate temperature perturbations
Fig. 5 b). 

.2 Effects of limited tomographic resolution 

or the realistic scenario of non-perfect seismic resolution, we now
nclude the step of tomographic filtering in the closed-loop. In-
tead 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. 

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 in verse con version. (Ro ws 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. 
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imaged’ seismic heterogeneity back to temperature in this case.
ithout the addition of tomographic filtering (Section 3.1 ), the

‘true’) seismic structure contains large velocity variations, intro-
uced through phase transitions (Fig. 2 b). After tomographic filter-
ng, this heterogeneity is largely removed from the seismic image
Fig. 2 c). Again, we map seismic velocities back to temperatures us-
ng all three conversion methods, and e v aluate the recovered models
n terms of depth slices and histograms (Fig. 6 ). This time, we show
he full recovered temperature distributions instead of the errors to
llow for an easy discrimination between over- and underestimated
mplitudes. As pointed out in Section 2.1 , we chose to exclude the
on-physical reparametrization effects from the results for this more
ealistic scenario and use the reparametrized temperature fields as
eference model. Note that the reference therefore changes for each
omographic filter, depicted in the top row of the figure. 

Reparametrization alone introduces an artificial low-pass filter-
ng effect (see e.g. Schuberth et al. 2009b ). This is best observed
n the continuously increased smoothing and damping of struc-
ures between the S40RTS and SP12RTS parametrizations shown
n Fig. 6 . The range of recovered temperature anomalies (i.e. width
f the histograms) is further reduced after tomographic filtering,
s expected. Deviations between the different filters highlight the
nique resolving capabilities of the respective tomographic models.
he choice of conversion approach is again most rele v ant in the
icinity of phase transitions, most prominently at the 660, which is
hosen as the map depth in the figure. The systematics of the results
sing either of the two approximate mineralogies (interpolated or
uasilinear) are very similar when tomographic filtering is included.
e therefore focus on the interpolated case here. 
Using the original mineralogical table on tomo graphicall y fil-

ered seismic velocities for the conversion to temperature causes
 systematic underestimation of the strength of thermal hetero-
eneity in regions of phase changes. In this case, the inverse
apping requires only small temperature perturbations to account

or the damped seismic anomalies in combination with the high
emperature-sensitivities of the original mineralogy. With the in-
erpolated approach on the other hand, the reference temperatures
re recovered more accurately at these depths, because the loss of
omplexity and associated lower T -sensitivity of v s in this approx-
mate mineralogy counteract the damping of the seismic structure.

art/ggaf141_f6.eps
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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. 
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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 
tomo graphic filters. Interestingl y, the ‘imaged’ seismic amplitudes 
in this case are too large, and do not suf ficientl y 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. 7 b), 
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 rele v ant, 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 con version). W ith 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 indi viduall y to both the forw ard mineralo gical 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 ef fects, as pre viousl y de- 
scribed in Section 2.3 . To isolate the associated errors, we first show 

results without tomographic filtering in Fig. 8 . 
Anelasticity reduces seismic v elocities, with e xponentially 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 ne gativ e 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 respectiv e av erage (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, respecti vel y. The rele v ance 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 . 
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reserv es av erage temperatures, because both methods conv ert be-
ween relative variations directly. A strong asymmetry in the error
istograms exists also for the approximate mineralo gies, howe ver,
ecause the strong nonlinear temperature-dependence of anelas-
icity causes the modelled seismic velocities to not be uniformly
f fected b y the anelastic correction. For all mineralogical conver-
ion methods, underestimating the anelastic effects generally leads
o inflated amplitudes of thermal anomalies and broader histograms,
hile too small temperature variations and narrow histograms result

rom overestimating the anelastic effects. The latter case however
ields low er a verage errors for all conversion methods, particularly
ronounced with the approximate mineralogies (compare top and
ottom panels of Fig. 8 d). 

With tomographic filtering included (Fig. 9 ), the same general
onclusions can be drawn. The differences between the respective
 ariants are howe ver less prominent with damped seismic model
eterogeneity, as expected, especially for S40RTS. Still, overesti-
ating the anelastic correction generally improves the RMS-misfit

ompared to the case of underestimated anelastic effects, as it limits
arge deviations around phase transitions and overall reduces the
ependence on the employed conversion strategy. 

.4 Uncertain bulk composition 

p to this point, we assumed that the mantle is well represented
y an equilibrated pyrolitic composition (Davies et al. 2012 ; Zhang
t al. 2013 ). Ho wever , through subduction of basaltic oceanic crust,
hemically distinct material is constantly transported into the up-
er (and perhaps lower) mantle. Chemical diffusion and mechanical
tirring are possibly too slow to effectively rehomogenize the mantle
Farber et al. 1994 ; K ello gg et al. 2002 ). Unequilibrated mechani-
al mixtures therefore are a common alternative to represent mantle
omposition (e.g. Hofmann & Hart 1978 ; Christensen & Hofmann
994 ). We investigate scenarios of a deviation of the ‘true’ bulk
omposition from the assumption of pyrolite at thermodynamic
quilibrium. For simplicity, we onl y v ary bulk composition, be-
ause the inclusion of chemical hetero geneity ine vitabl y 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). 
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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. MM18 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 
C 1 , 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 
al wa ys 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 relati ve v ariations (de-meaned). Dif ferences 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 MM18, and in broader depth regions near the 410 and 
660 for the basaltic composition. The latter is e xpected, giv en the 
v astl y dif ferent stability field of oli vine minerals in a hypothetical 
basaltic mantle (Chemia et 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 con version. W ith 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 
tomog raphic filtering, par ticularly with the original mineralogical 
data. 

4  D I S C U S S I O N  

We have tested three dif ferent v ariants of the underlying mineralog- 
ical information for the conversion from seismic velocities to tem- 
peratures, with fundamentally different outcomes. Although one 
would intuiti vel y e xpect the original inv erse mapping to be most 
fav ourab le, 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 T –v s 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 mineralo gy expectedl y outperfor ms its alter natives (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. Ho wever , 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 dif ferent mineralo gical adaptations. Then, using 
the original mineralogy to convert the damped seismic structure 
results in systematically underpredicted temperature perturbations 
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(a) (b) (c)

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 in verse con version 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 tomo graphicall y 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 ). 
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n the vicinity of phase transitions (Fig. 6 ). The magnitude of this
f fect ultimatel y depends on the degree of amplitude reduction in
he respective tomographic model. With the four tomographic fil-
ers tested in this study, our results with the original mineralogy
how that the thermal heterogeneity around the 660 is largely lost
ven for the (comparatively) high-resolution model S40RTS and
nly begins to be recoverable for model LLNL. With both the in-
erpolated and quasilinear approximations, the associated lowered
emperature-sensitivity around phase transitions counteracts the ef-
ects of reduced seismic amplitudes to some e xtent. Again, howev er,
he quality of recovery is predominantly controlled by the amplitude
oss due to filtering, and therefore the tomographic model itself. Put
if ferentl y, if the amplitude reduction at depths of rele v ant phase
ransitions is not strong enough in the tomography, the interpolated
r quasilinear approaches result in overestimated temperature vari-
tions, similar to the idealized case without tomographic filtering.
or example, using the tomographic filter LLNL reduces average
 s -perturbations at the 660 by only 32 per cent with respect to the
eparametrized reference, in comparison with 66, 65 and 57 per cent
or S40R TS, S20R TS and SP12R TS, respecti vel y. Converting the
LNL-filtered amplitudes back to temperature with the interpo-

ated mineralogy yields largely overpredicted thermal anomalies
leftmost column in Fig. 6 ) and—in RMS-sense—does not offer an
mpro vement o ver the original conversion approach (Fig. 7 b). With
he other tomographic filters, using either the interpolated or quasi-
inear conversion reduces the RMS-errors compared to the original

ineralogy (shown for S40RTS in Fig. 7 b), as seismic anomalies
re more strongly damped in depths of phase transitions. 

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

(i) If perfect seismic resolution were possible, the original min-
ralo gy would naturall y perform best. W ith this in verse con ver-
ion, strong and short-scale variations in seismic velocities in the
true’ model, which result from combining a smooth temperature
eld with a complex forward mineralogy, can be mapped back to a
mooth temperature field. Difficulties with the original mineralogy
nly arise at the 660, where the inverse mineralogical mapping is
on-unique. 
(ii) In the realistic case of limited tomographic resolution, the

bility of the original mineralogy to recover the reference tempera-
ure field declines the stronger the damping of seismic amplitudes
i.e. with decreasing resolution; the larger the minimum structural
ength scales resolved in the tomography). 
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(iii) 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 ‘tr ue’ str ucture. 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’ appro ximate miner - 
alo gies partl y mitigate this ef fect and produce smoother (and thus 
seemingly more realistic) temperature variations. 

4.2 Absolute versus r elati ve velocities/temperatur es 

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 alternati vel y converting directl y between 
relati ve v ariations (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 (Dziewo ́nski & Anderson 1981 ) or AK135 (Kennett 
et al. 1995 ).Ho wever , it has been noted that radial seismic models 
cannot reflect the mantle’s average physical structure, due to biases 
when av eraging ov er 3-D topo graphic v ariations of phase transi- 
tions (Styles et al. 2011 ) and potential 3-D chemical heterogeneity 
(Cobden et al. 2008 ). Additionally, seismic profiles derived from 

body-wa ve tra veltimes are likely shifted towards faster velocities 
overall, because the majority of earthquakes occur in and around 
subduction zones (e.g. Nolet et 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-wav eform inv ersion, as the y iterativ ely update absolute 
seismic velocities directly (e.g. Fichtner et al. 2013 ; Bozda ̆g 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 ef fecti vel y 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 relati ve v ariations directl y. 
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 preserv es av erage 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, relativ e v elocity variations 
cannot directly be interpreted. Ho wever , both relative conversion 
methods we employ in this study are derived from the anelastically 
corrected T –v s 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 comparati vel y large RMS-deviations 
with the original mineralogy are strongl y af fected b y the associated 
shift of the mean values away from zero. When compared in terms 
of relative variations, ho wever , 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 moti v ation 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, ho wever , this is the 
‘final’ or ‘terminal’ state in accordance with the physical direction 
of time). Here, w e ha v e quantified sev eral 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 pre viousl y assessed b y Colli et 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 
ef fects of une v en data cov erage). In the absence of short-wav elength 
features, they found in particular that small-scale artefacts in the 
ther mal boundar y layers of the reconstr ucted initial state emerge 
to counteract the model-dri ven de velopment of short-w avelength 
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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. 
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A more physically complete treatment of compressibility has
ecently been introduced in the form of the ‘Projected Density Ap-
roximation’ (PDA; Gassm öller et al. 2020 , who present a detailed
vervie w on dif ferent formulations of compressibility in geody-
amic simulations). The PDA is based on tabulated material prop-
r ties from ther modynamic mineralogical models, which capture
hysical non-linearities in a self-consistent fashion, as discussed in
etail before. With pressure and temperature as input, the associ-
ted space- and time-dependent density structure can be extracted
onsistently from the lookup-tables at each time step. This way,
uoyancy effects in particular of phase transitions should be cap-
ured correctly in the mantle flow simulation. 

In order to use tomographic models as a constraint on buoyancy
n geodynamic inverse models that employ the PDA, present-day
ensities need to be determined from the observed seismic ve-
ocities via the inferred absolute temperatures. Knowledge of the
emperature distribution is necessary, because just like with TALA,
he underlying equations are solved for temperature (or entropy;
annberg et al. 2022 ), and not density. Errors in the estimated

emperature field thus directly propagate into the driving buoyancy
orces, but can be modulated by the choice of mineralogical inverse
apping (see Section 4.1 ). A logical choice would be to derive the

resent-day temperatures by conversion with the original mineralog-
cal tables, physically consistent with the determination of material
roperties from temperature and pressure at model runtime. This
pproach can be additionally motivated by the PDA’s requirement
f absolute temperatures, which again favours the original method
discussed in Section 4.2 ). The associated errors in density for this
ase are shown in Fig. 11 . Compared with the results in tempera-
ure (Fig. 7 a), the density misfit is even more pronounced at phase
ransitions, particularly at the 660 and the pPv-transition. This is
ecause deviations in temperature cause a portion of the model to
e associated with the wrong mineral phase, which then strongly
ffects the density estimate. At the 660, the average density error
eaches values close to 1 per cent, which is on the order of the
xpected density anomaly of thermal mantle plumes itself (given
ypical estimates of plume excess temperature; e.g. Albers & Chris-
ensen 1996 ; Bunge 2005 ; Leng & Zhong 2008 ). For comparison,
he RMS density variations of the reference MCM are 0.97 per cent
t the 660 and 0.81 per cent at 2600 km. It must, ho wever , be
oted that the RMS-metric is sensitive to the smallest scales, while
antle convection is driven by large-scale buoyancies (Colli et al.

020 ). 
Alternati vel y, one could attempt to mitigate large density errors

 y initiall y deri ving the temperature distribution with the interpo-
ated or quasilinear mineralogy and subsequent translation of the
emperature variations to density anomalies together with an (un-
ertain) reference temperature profile. As discussed in Section 4.1 ,
esults in this case depend on an adequate fit between approximate
ineralo gy and tomo graphic resolution, as it would otherwise lead

o systematically mismatched temperatures, and consequently den-
ities. 

Dynamically, if the PDA is employed in geodynamic inverse mod-
ls, important implications could arise from the ambiguous influ-
nce of the 660 phase transition on vertical mass exchange between
pper and lower mantle. The ringwoodite transition mainly associ-
ted with the 660 discontinuity is endothermic, generally tending to
mpede vertical flow. Complications are caused by two additional
hase transitions, which have been identified at a similar depth, po-
entially becoming dominant at colder (akimotoite + ferropericlase
 stishovite) or hotter (garnet = bridgmanite) temperatures (see
irose 2002 ; Jenkins et al. 2016 ; Papanagnou et al. 2022 ). Both of

hose phase transformations are exothermic, therefore supporting
ertical mantle flow, rather than hindering it. In case of wrong tem-
eratures in the terminal state (i.e. at the start of the geodynamic
nversion), it is therefore likely that different phase transitions, im-
licitl y defined b y the mineralo gical model, are ‘acti v ated’ during
he model’s e volution, erroneousl y switching from an endothermic
o an exothermic regime (or vice versa) and consequently alter-
ng or even flipping large-scale buoyancy forces in the geodynamic
ystem. Fig. 12 displays potential differences of the distribution
f dominant phase transitions in the present-day state, determined
 y the deri ved temperatures. It can be seen that in conjunction
ith dif ferent tomo graphic filters, the relati ve distribution between

xothermic and endothermic transformations can considerably be
odified, compared to the ‘true’ reference model. For instance, in

he unfiltered case together with the interpolated mineralogy, the
rea of the exothermic garnet transition is greatly increased, poten-
iall y (artificiall y) emphasizing the ascent of hot plumes through
he 660. On the other hand, using the original tables together with
he LLNL-filter lessens the significance of the garnet transition,
ut at the same time locally increases the extent of the exothermic
tishovite transition in slab regions around Asia. With the increased
mplitude reduction from S40RTS, both extreme-temperature tran-
itions largely disappear in favour of the endothermic ringwoodite
ransition, therefore reducing the o verall buo yancy in the system
even more so for filters S20RTS and SP12RTS; not shown). Un-
ertainties in the anelastic correction and the corresponding shift in
bsolute temperatures using the original tables could exert a simi-
arly strong control on the dominant phase transformations. 

In light of these results, it is likely that errors in the final-state
emperature distribution could critically alter the geometry of the
onv ectiv e system, potentially determining to what extent the 660
oses a hindrance to mantle convection in geodynamic inverse mod-
ls 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 ( T < 1200 K), red areas indicate the presence of the garnet transition (gt = br) for high temperatures ( T > 2150 K). The 
grey colour indicates occurrence of the ‘common’ ringwoodite transition (ri = br + fp) with temperatures in between 1200 and 2150 K. Dynamical rele v ance 
originates from the opposing Clapeyron slopes (Cp) of the three phase transformations: both the stishovite and garnet transition have positive Clapeyron slopes, 
suppor ting ver tical mantle flo w across the 660, whereas the Clapeyron slope of the ringw oodite transition is ne gativ e, 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 = 

f erroperic lase, gt = garnet, ri = ringwoodite, st = stishovite.) . 
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buoyancy structure can be partially controlled by careful selec- 
tion of the method to derive temperature/density variations from 

tomo graphy. Dynamic ef fects 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 presumabl y onl y 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 
comparab le flow ev olutions and e v aluate 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 conv ectiv e flow v elocities and the generation of anisotropy 
based on the present-day density structure derived from seismic 
tomog raphy. Contrar y 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 er rors occur ring in single depth layers of rele v ant 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 Additional sources of uncertainty 

n this study, we have quantified uncertainties relating to limited
omographic resolution, the mineralogical approximation, anelastic
orrection and bulk composition. In Section 4.2 , we additionally
utlined possible issues arising from uncertain seismic reference
rofiles, when converting absolute seismic velocities with the orig-
nal mineralogical tables. Assessing further uncertainties that in-
uence our understanding of the thermal structure of the mantle
ould in general be possible with our synthetic setup, but goes be-
ond the scope of this study. Further limitations we do not analyse
ere include: 

(i) Chemical variations 
hemical heterogeneity is likely to exist to some extent in the man-

le, owing to the constant subduction of chemically differentiated
asaltic crust and harzburgitic lithosphere. Accounting for the pos-
ibility of chemical variations introduces a further non-uniqueness
o the interpretation of seismic velocities, or alternati vel y requires
ndependent data that allows to distinguish between thermal and
hemical origins of velocity variations. On the other hand, a homo-
eneous pyrolite composition has been shown to adequately repro-
uce global traveltime statistics (Schuberth et al. 2012 ), as well as
eismic characteristics and rheology of the mantle in the TZ (e.g.
kaogi 2007 ; Frost 2008 ; Ishii et al. 2018 ) and lowermost mantle

e.g. Schuberth et al. 2009a , b ; Davies et al. 2012 ; Koelemeijer
t al. 2018 ). Additionally, at least in the upper mantle, seismic wave
elocities are much more sensitive to temperature than composi-
ion (e.g. Sobolev et al. 1996 ; Deschamps et al. 2002 ; Cammarano
t al. 2003 ; Lebedev et al. 2024 ), while composition becomes rele-
 ant onl y with increasing pressure (Trampert et al. 2001 ). Overall,
he addition of chemical uncertainties likely plays no overarching
ole within the resolution lengths of seismic tomography. The as-
umption of an isochemical composition is therefore reasonable
nd allows to interpret the seismic structure uniquely in terms of
emperature. Nevertheless, the quantified errors of this study likely
onstitute a lower bound of the overall uncertainties when interpret-
ng tomographic models, and would only be further ele v ated with
he addition of potential chemical heterogeneity. 

(ii) Elastic and anelastic parameters 
he uncertainties accompanying the elastic and anelastic parame-

ers making up the mineralogical models are well explored and pub-
ished, for example in the recent update to the database of Stixrude &
ithgow-Bertelloni ( 2024 ). Earlier studies hav e inv estigated these
ncertainties and their influence on the ability to determine man-
le properties from seismic models before (e.g. Connolly & Khan
016 ). Cammarano et al. ( 2003 ) estimated that they introduce an
250 K uncertainty on inferred temperatures in the shallow lower
antle. A large portion of this effect is expected to be caused by the

nelastic uncertainty, which we cover in Section 3.3 (see also Schu-
erth & Bigalke 2021 , for more details on the anelastic contribution
o the temperature-deri v ati v es of seismic v elocities). We find av er-
ge deviations between 100 and 150 K in the shallow lower mantle
ue to uncertain anelasticity, in general agreement with the estimate
f Cammarano et al. ( 2003 ). Ho wever , since our assessment of the
nelastic correction relies on two end-member scenarios, and min-
ralogical models have undoubtedly impro ved o ver the last 20 yr,
he value of 250 K now very likely constitutes an upper limit to the
nfluence of the combined elastic and anelastic uncertainty. 

(iii) Reference temperature 
bsolute temperatures in the mantle are poorly constrained. We have

hown that the conversion of relative seismic variations to temper-
ture can bear some advantages, because it reduces the sensitivity
o uncertainties in e.g. bulk composition or 1-D seismic velocity. In
his case, ho wever , interpretation of the results in terms of absolute
emperatures is difficult and relies on an accurate 1-D temperature
rofile. This limits the usability of either of the two approximate
ineralogies if absolute temperatures are required. 
nother factor to consider is the mean temperature profile of the

eference MCM in our closed-loop, and its interaction with po-
ential non-bijective (i.e. non-unique) T –v s relations in the original

ineralogical data (see Section 2.2 ). Based on the simplest in-
ersion procedure (parameters at each grid point are converted in
solation, independent of the observations at close radial or lateral
eighbours), any seismic velocities falling into the non-bijective
ange (i.e. that could be explained by multiple temperatures) are
ranslated to the suitable temperature closest to the mean model
emperature at that depth. Temperature values further away from
he mean within the non-unique range can never be reached with
his scheme. This results in unrecoverable thermal perturbations
etween roughly −200 and −600 K at the 660, as seen in the
ssociated deviations in Figs 4 (a) and 5 (a). The ‘width’ of this non-
ecoverable temperature band of ∼400 K is fixed and corresponds
o the non-bijective portion of the original mineralogy (along the
hick red line in Fig. 3 , between ca. 1500 and 1900 K). Ho wever , the
raction of model grid points affected depends crucially on the as-
umed mean temperature during parameter conversion. In our case,
nly about 2 per cent of the reference model temperatures fall into
he non-bijective range between −200 and −600 K. This number
otentially increases to about 6 per cent, if one considers an average
emperature that is lower by 100 K, and to about 40 per cent with a
00 K decrease. 
t the 660, absolute temperatures are comparati vel y well explored,
ue to the usability of the seismically visible discontinuity as a
eothermometer (e.g. Ito & Takahashi 1989 ; Ritsema et al. 2009 ;
aszek et al. 2021 ; Katsura 2022 ). With 2035 K, our average MCM

emperature at 660 km depth is about 50–150 K larger than the val-
es found in the literature, indicating that the non-unique section of
he original conversion might produce more significant deviations
han shown in this study. 

(iv) Tomog raphic uncer tainty 
omographic filtering accounts for limitations in resolution, but
oes not consider uncertainties in the tomographic model parame-
ers themselves, related to the influence of seismic data errors from
mperfect traveltime determination, source localization, crustal cor-
ection, modelling errors, etc. Assessing uncertainties in large-
cale tomographic models is computationally very expensive in the
ramework of traditional damped least-squares inversions, and thus
s often disregarded (Zaroli 2016 ). So far, only a small number of
tudies have determined model covariances in an attempt to estimate
ncertainties beyond resolution (e.g. Nolet et al. 1999 ; Zaroli et al.
017 ; Simmons et al. 2019 ; Cui et al. 2024 ). Recently, Freissler et al.
 2024 ) developed a scheme that allows to explicitly quantify both
esolution lengths and tomographic model uncertainty based on the
OLA-Backus–Gilbert inversion scheme (Zaroli 2016 ), which ex-
licitly provides specific control over the trade-off between these
arameters at ever y g rid-point. Such methodologies, applicable at
lobal scale, will further help to improve our understanding of the
tate of the mantle. 

 C O N C LU S I O N  

sing a closed-loop synthetic experiment, with geodynamic, min-
ralogical 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 
primaril y hampered b y 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: 

(i) The ‘better resolved’ the tomographic model (i.e. the more 
realistic the amplitudes of seismic heterogeneity and the finer the 
str uctures), the more impor tant 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. 

(ii) 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) Conv erting relativ e 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 strongl y af fected b y 
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’; Gassm öller et al. 2020 ), need to be treated 
with particular care in light of our findings. With these formulations, 
incorrect temperature inferences could ‘acti v ate’ the wrong phase 
transitions and potentially lead to a flip in sign of the associated 
Clape yron slope. Large-scale buoyanc y 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 tomo graphicall y 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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Bunge, H.-P., 2017. MMA-EoS: a computational framework for min-
eralogical thermodynamics, J. Geophys. Res. Solid Earth, 122 (12),
9881–9920. 

obden , L. , Goes, S., Cammarano, F. & Connolly, J .A.D ., 2008. Thermo-
chemical interpretation of one-dimensional seismic reference models for
the upper mantle: evidence for bias due to heterogeneity, Geophys. J. Int.,
175 (2), 627–648. 

obden , L. , Goes, S., Ravenna, M., Styles, E., Cammarano, F., Gallagher,
K. & Connolly, J .A.D ., 2009. Thermochemical interpretation of 1-D seis-
mic data for the lower mantle: the significance of nonadiabatic thermal
gradients and compositional heterogeneity, J. Geophys. Res. Solid Earth,
114 (B11) , doi:10.1029/2008jb006262. 

obden , L. , Thomas, C. & Trampert, J., 2015. Seismic detection of post-
perovskite inside the Earth, in The Earth’s Heterogeneous Mantle, pp.
391–440, eds, Khan, A. & Deschamps, F., Springer International Publish-
ing. 

obden , L. , Trampert, J. & Fichtner, A., 2018. Insights on upper mantle
melting, rheology, and anelastic behaviour from seismic shear wave to-
mography, Geochem. Geophys. Geosyst., 19 (10), 3892–3916. 

obden , L. , Zhuang, J., Lei, W., Wentzcovitch, R., Trampert, J. & Tromp, J.,
2024. Full-w aveform tomo graphy re v eals iron spin crossov er in Earth’s
lower mantle, Nat. Commun., 15 (1) , doi:1038/s41467-024-46040-1. 

olli , L. , Bunge, H.-P. & Schuberth, B.S.A., 2015. On retrodictions of
global mantle flow with assimilated surface velocities, Geophys. Res.
Lett., 42 (20), 8341–8348. 

olli , L. , Ghelichkhan, S., Bunge, H.-P. & Oeser, J., 2018. Retrodictions of
mid Paleogene mantle flow and dynamic topography in the Atlantic region
from compressible high resolution adjoint mantle convection models: sen-
sitivity to deep mantle viscosity and tomographic input model, Gondwana
Res., 53, 252–272. 

olli , L. , Bunge, H.-P. & Oeser, J., 2020. Impact of model inconsistencies
on reconstructions of past mantle flow obtained using the adjoint method,
Geophys. J. Int., 221 (1), 617–639. 

onnolly , J .A.D . , 2005. Computation of phase equilibria b y linear pro gram-
ming: a tool for geodynamic modelling and its application to subduction
zone decarbonation, Earth planet. Sci. Lett., 236 (1–2), 524–541. 

onnolly , J .A.D . & Khan, A., 2016. Uncertainty of mantle geophysical
properties computed from phase equilibrium models, Geophys. Res. Lett.,
43 (10), 5026–5034. 

ui , C. et al. , 2024. GLAD-M35: a joint P and S global tomographic model
with uncertainty quantification, Geophys. J. Int., 239 (1), 478–502. 
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 Baumgardner 1995 ; Bunge et al. 1998 ), which solves the con-
ervation equations for momentum, mass and energy at infinite
randtl number (i.e. no inertial forces) in a 3-D spherical shell. The
odel is discretized in an icosahedral mesh and incorporates ∼80
illion degrees of freedom in 129 equidistant radial layers, with

ateral grid spacing of ∼25 km at the surface, reducing to ∼15 km
t the core-mantle boundary (CMB). This parametrization is suffi-
ient to simulate global mantle flow at Earth-like conv ectiv e vigour
thermal Rayleigh number ∼ 2 × 10 8 ). Isochemical convection is
imulated, assuming a constant pyrolitic composition throughout the
patio-temporal model e volution. Ef fects of compressibility are in-
luded in form of the truncated anelastic liquid approximation (e.g.
arvis & McKenzie 1980 ). The model combines internal ( ∼24 TW)
nd bottom heating ( ∼ 12 TW), with prescribed thermal bound-
ry conditions of 300 K at the surface and 4200 K at the CMB.
n particular the CMB temperature is not well known for Earth,
ut a high associated CMB heat flux is supported b y man y stud-
es (e.g. Boehler 1996 ; Buffett 2002 ; Bunge 2005 ; Mittelstaedt &
ackley 2006 ; Gli šovi ́c et al. 2012 ; Christensen 2018 ; Lobanov
t al. 2021 ) and consistent with the assumption that seismic mantle
etero geneity is primaril y controlled b y v ariations in temperature
Schuberth et al. 2009a , b ; Davies et al. 2012 ). Tectonic plate recon-
tructions of the last 230 Ma (M üller et al. 2016 ) are incorporated
s surface velocity boundary condition through sequential data-
ssimilation (Bunge et al. 2002 ). The characteristic length scales
nd magnitudes of temperature variations in the model are therefore
argely independent of the (unknown) initial condition (Colli et al.
015 ). The resulting present-day state of the model serves as the
tarting point in our closed-loop, with presumed Earth-like ther-
al structure in both amplitude and wavelengths due to the dense

rid spacing together with the simulated high vigour of convec-
ion. 

P P E N D I X  B :  A N E L A S T I C  

O R R E C T I O N  

ollowing Karato ( 1993 ), seismic velocities are corrected for the
ontribution of anelasticity based on the seismic quality factor Q s ,
etermined from a radial Q -profile and 3-D temperature deviations
rom a 1-D reference according to: 

Q s ( T ) = Q ref · ω 

α · exp 

(
αE 

R 

·
(

1 

T 
− 1 

T ref 

))
(B1) 

with frequency ω, gas constant R, acti v ation energy E and the
requency-dependence of anelasticity expressed by α. Both α and E
re highly uncertain in the mantle. For this study, we take fixed val-
es of α = 0 . 26 and E = 424 KJ mol −1 , based on experiments on
rain size dependence of Q s in olivine polycrystals (Jackson et al.
002 ) and in line with the study of Stixrude & Lithgow-Bertelloni
 2007 ). Q ref is taken from PREM. In accordance with PREM, we
enerally assume a seismic period of 1s and omit the term ω 

α

rom the calculation. Using Q s ( T ) determined from eq. ( B1 ), we
an correct the elastic seismic velocities v El from the thermody-
amic models to obtain v Q 

, the seismic velocity rele v ant in the
eismic frequency band that includes the effects of anelasticity,
s: 

 Q 

= v El ·
(

1 − 1 

2 
cot 

(πα

2 

)
· 1 

Q s ( T ) 

)
. (B2) 

P P E N D I X  C :  B U L K  C O M P O S I T I O N  

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

NCFMAS BOC DM 

omponent (mol%) (mol%) (mol%) 

gO 49.85 15.11 56.17 
eO 6.17 6.59 5.71 
aO 2.94 14.39 0.99 
l 2 O 3 2.22 10.39 0.59 
a 2 O 0.11 1.76 0.00 
iO 2 38.71 51.76 36.54 
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A P P E N D I X  D :  O R D E R  O F  

R E PA R A M E T R I Z AT I O N  A N D  

M I N E R A L O G I C A L  F O RWA R D  

C O N V E R S I O N  
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 v s -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 
tomog raphic filtering, ver y 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 . 

Figure D2. Same as Fig. D1 , but with the tomographic filter for model 
LLNL. 
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