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Abstract To quantitatively convert upper mantle seismic wave speeds measured into temperature, density,
composition, and corresponding and uncertainty, we introduce the Whole-rock Interpretative Seismic Toolbox
For Ultramafic Lithologies (WISTFUL). WISTFUL is underpinned by a database of 4,485 ultramafic
whole-rock compositions, their calculated mineral modes, elastic moduli, and seismic wave speeds over a
range of pressure (P) and temperature (T) (P = 0.5-6 GPa, T = 200-1,600°C) using the Gibbs free energy
minimization routine Perple_X. These data are interpreted with a toolbox of MATLAB® functions, scripts,
and three general user interfaces: WISTFUL_relations, which plots relationships between calculated parameters
and/or composition; WISTFUL_geotherms, which calculates seismic wave speeds along geotherms; and
WISTFUL_inversion, which inverts seismic wave speeds for best-fit temperature, composition, and density.

To evaluate our methodology and quantify the forward calculation error, we estimate two dominant sources

of uncertainty: (a) the predicted mineral modes and compositions, and (b) the elastic properties and mixing
equations. To constrain the first source of uncertainty, we compiled 122 well-studied ultramafic xenoliths with
known whole-rock compositions, mineral modes, and estimated P-T conditions. We compared the observed
mineral modes with modes predicted using five different thermodynamic solid solution models. The Holland
et al. (2018, https://doi.org/10.1093/petrology/egy048) solution models best reproduce phase assemblages
(~12 vol. % phase root-mean-square error [RMSE]) and estimated wave speeds. To assess the second source
of uncertainty, we compared wave speed measurements of 40 ultramafic rocks with calculated wave speeds,
finding excellent agreement (V, RMSE = 0.11 km/s). WISTFUL easily analyzes seismic datasets, integrates
into modeling, and acts as an educational tool.

1. Introduction

The upper mantle displays significant variations in seismic wave speeds (e.g., Auer et al., 2014; Golos et al., 2020;
Priestley & McKenzie, 2013; Ritsema et al., 2011; Shen & Ritzwoller, 2016). Studies have used seismic wave
speed as a proxy to constrain mantle temperature, density, and composition (e.g., Goes & van der Lee, 2002;
Jordan, 1979; Lee, 2003; Schutt & Lesher, 2006) as to first order, seismic wave speeds are controlled by the
mineral assemblage, pressure (P), temperature (7), as well as the presence of fluids and/or melt (e.g., Birch, 1960;
Christensen, 1966; Hammond & Humphreys, 2000; Stixrude & Lithgow-Bertelloni, 2005). However, quan-
titative constraints on how wave speeds relate to mantle temperature, composition, and density variations in
Earth's mantle are complex as the equilibrium mineral assemblage will depend not only on P and 7, but also
whole-rock composition and oxygen fugacity (e.g., Green & Ringwood, 1970; Holland et al., 2018; Stixrude
& Lithgow-Bertelloni, 2011). Furthermore, anelastic reduction in shear modulus becomes significant at high
temperatures (>800°C), further complicating the relationship between wave speeds and composition. Anelastic-
ity is in turn controlled by P, T, grain size, wave frequency, and oxidation state (e.g., Cline et al., 2018; Faul &
Jackson, 2015b; Karato, 1993). Because mantle wave speeds are affected by these parameters, there is a need to
develop methodologies to quantitatively convert upper mantle seismic velocities into temperature, composition,
and densities along with an estimate of uncertainty.

Here we present WISTFUL (Whole-rock Interpretative Seismic Toolbox for Ultramafic Lithologies), a toolbox
to quantitatively determine the best-fit temperature, composition, and density from mantle seismic wave speeds
along with the associated uncertainties (Figure 1). WISTFUL utilizes a set of MATLAB® functions to compare
mantle wave speeds, provided by the user, with a database of calculated wave speeds to find the best-fit tempera-
ture, composition, and density for a given pressure and anelasticity correction. Anharmonic seismic wave speeds
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WISTFUL Workflow:
Perple_X (Connolly, 2009)

Ultramafic
Whole Rock
Compositions

Literature + implicit are calculated for a database of 4,485 ultramafic whole-rock compositions
elastic moduli at variable P-T conditions (200-1,600°C, 0.5-6 GPa). We use Perple_X
incorporating anelasticity (Connolly, 2009), the Holland and Powell (2011) thermodynamic database,

Assemblages

Seismic and the thermodynamic solution models of Holland et al. (2018), which we
H find to best reproduce xenolith mineral assemblage (Section 3.2), to calculate

Wave Speeds

Figure 1. Schematic diagram illustrating the workflow implemented in

WISTFUL.

the thermodynamically stable anhydrous mineral assemblages. We updated
~ ’ the database of elastic moduli in Perple_X to determine the seismic wave
speed for each composition. Users can choose between two implementations

Comparison and Inversion of anelasticity corrections (Behn et al., 2009 or Jackson & Faul, 2010).

WISTFUL contains three MATLAB® general user interfaces (GUIs) and
companion functions. The first GUI (WISTFUL_relations) plots relation-
ships between parameters like the calculated elastic moduli, composition, and
density. The second GUI (WISTFUL_geotherm) plots seismic wave speeds
along various geotherms. The third GUI (WISTFUL _inversion) inverts for the best-fit temperature, composition,
and density and visualizes the results.

The first part of this technical report describes previous work on the interpretation of seismic wave speed with
respect to composition and temperature. The second part constrains uncertainties inherent to the forward calcula-
tion of seismic wave speeds from whole-rock compositions in order to evaluate the robustness of our methodol-
ogy. The final part describes the data set behind WISTFUL and the MATLAB® functions and GUIs. The toolbox
is provided via a supplement and is available online (github.com/wshinevar/WISTFUL, https://doi.org/10.5281/
zenodo.5815695).

2. Previous Work

Classically, seismic wave speeds variations have been interpreted in terms of temperature and/or composition by
comparison to laboratory measurements or calculated seismic wave speeds. Early work focused on understanding
which rock-types produced wave speeds similar to observations (Birch, 1960; Christensen, 1966). More recent
studies focused on compiling rock types and/or regional samples to link wave speeds directly to composition
(Kelemen & Holbrook, 1995; Kern et al., 1996; Miller & Christensen, 1994). Other studies have analyzed mantle
wave speeds using elastic parameters estimated from experiments to determine mantle temperatures (Cammarano
etal., 2003; Goes & van der Lee, 2002; Goes et al., 2000). These approaches are limited by the existing laboratory
measurements of seismic wave speed, which cover only a subset of known rock compositions. In addition, labo-
ratory measurements of seismic wave speed for rock samples can be influenced by secondary low temperature
alteration, which may not be present at high temperature in the lower crust and mantle (Gao et al., 2000; Rudnick
& Fountain, 1995).

An alternative approach is to calculate seismic wave speeds by averaging the elastic moduli of individual minerals
that constitute a rock in their appropriate proportions. Jordan (1979) calculated the modal assemblages and elastic
properties of ultramafic rocks using major-element compositions of garnet lherzolites utilizing mineral norms,
mineral partition coefficients, and mineral elastic properties to investigate the relationship between density, elas-
tic properties, and mantle compositions. Duffy and Anderson (1989) compared mantle seismic profiles with
mineral elastic parameters to constrain mantle mineral assemblage. Fountain and Christensen (1989) compiled
seismic wave speed measurements of minerals and rocks together with xenolith observations to further constrain
crustal and mantle compositions beneath the continental United States. More recent studies compiled laboratory
measurements of mineral elastic moduli to calculate seismic wave speeds from a given mineral assemblage
(Abers & Hacker, 2016; Hacker & Abers, 2004; Hacker, Abers, & Peacock, 2003). Other studies have calculated
the physical properties of xenoliths and/or ultramafic rocks to better understand compositional effects on elastic
properties (Afonso et al., 2010; Lee, 2003; Schutt & Lesher, 2006; Schutt & Lesher, 2010) and mantle anisotropy
(Baptiste et al., 2012; Tommasi et al., 2004, 2008). A limitation to mineral averaging is that the input or observed
mineral assemblages are not necessarily in thermodynamic equilibrium at all P-T conditions, potentially leading
to misinterpretation of seismic wave speeds.

One solution to this limitation is to use thermodynamic modeling to predict the equilibrium mineral assemblage
for a given bulk rock composition over a range of P-T conditions. The seismic wave speed for each mineral
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assemblage is then calculated over the P-T range, accounting for wave speed changes due to variations in mineral
composition and phase transitions (Helffrich et al., 1989; Sobolev & Babeyko, 1989, 1994). Sobolev et al. (1996,
1997) built upon this methodology by incorporating the effects of anelasticity and partial melt to interpret the
mantle seismic wave speeds beneath the Massif Central, France. The combination of thermodynamic modeling in
conjunction with laboratory-constrained mineral elastic moduli and densities has been used to interpret continen-
tal lower crust (e.g., Behn & Kelemen, 2003; Diaferia & Cammarano, 2017; Sammon et al., 2020), arc lower crust
(e.g., Behn & Kelemen, 2006; Jagoutz & Behn, 2013), the mantle wedge at subduction zones (Hacker, Abers, &
Peacock, 2003; Hacker, Peacock, et al., 2003), lunar mantle (Kuskov, Kronrod, Prokofyev, & Pavlenkova, 2014;
Kuskov, Oleg, Kronrod, & Kronrod, 2014), cratonic lithospheric mantle (Kuskov et al., 2006; Kuskov, Kronrod,
Prokofyev, & Pavlenkova, 2014; Kuskov, Oleg, Kronrod, & Kronrod, 2014), and continental geotherms and
Moho temperatures (e.g., Diaferia et al., 2019; Schutt et al., 2018). To address the potential influence of sampling
bias in compositional-wave speed relations, Behn and Kelemen (2003) applied thermodynamic modeling and
compiled elastic moduli for a synthetic database intended to span the full compositional space of anhydrous igne-
ous and meta-igneous rocks. The uncertainties in many thermodynamic models are difficult to constrain, with
few studies comparing observed with predicted mineral assemblages or investigating how these uncertainties
propagate into geophysical parameters such as wave speed and density (e.g., Afonso, Fullea, Griffin, et al., 2013;
Behn & Kelemen, 2003; Connolly & Khan, 2016; Stixrude & Lithgow-Bertelloni, 2005).

With increasing computational resources, recent work has incorporated other geophysical measurements, includ-
ing topography and gravity, to better constrain the composition and/or density of the mantle during seismic
inversions (Kaban et al., 2014; Perry et al., 2003; Simmons et al., 2009, 2010). Other authors have utilized
thermodynamic calculations of mantle compositions in the seismic tomographic inversion to estimate mantle
composition and temperature (Khan et al., 2011; Zunino et al., 2016). Similarly, many authors (e.g., Afonso,
Fullea, Griffin, et al., 2013; Afonso, Fullea, Yang, et al., 2013; Afonso et al., 2016; Fullea et al., 2021; Jones
et al., 2017; Shan et al., 2021; Tunini et al., 2014, 2016) have utilized probabilistic joint inversions built on the
forward-modeling of LitMOD (Afonso et al., 2008; Fullea et al., 2009; Kumar et al., 2020) to integrate seismic
delay times, gravity data, geoid height, topography, and/or heat flow to decipher the compositional and thermal
state of the crust and mantle. Further work has added long wavelength resistivity measurements to inversions in
order to estimate the mantle water content (Khan, 2016; Khan et al., 2015).

To improve on previous studies concerning the interpretation of seismic wave speed, WISTFUL aims to investi-
gate the uncertainty in the forward calculation of ultramafic seismic wave speeds and to create a methodology for
quantitatively converting mantle seismic wave speeds into best-fit temperature, composition, and density.

3. Uncertainty in Seismic Wave Speed Forward Calculations

In this section, we first discuss how seismic wave speed is calculated from whole-rock composition (Section 3.1)
in order to illustrate the uncertainties inherent to calculating seismic wave speeds from whole-rock compositions
using thermodynamic models. Specifically, we investigate two sources of uncertainty: (a) uncertainty due to the
misprediction of mineral assemblage and composition (Section 3.2), and (b) uncertainty due to uncertainties
in the elastic property measurements and mixing equations (Section 3.3). We estimate the first uncertainty by
comparing thermodynamic calculations of mineral assemblages and wave speeds to a compilation of xenoliths
with wave speeds calculated directly from the reported mineral assemblages and compositions. In this compar-
ison, the wave speed difference is due to the misprediction of mineral composition and modes. To constrain the
second uncertainty, we compare ultrasonic seismic wave speed measurements of ultramafic rocks to calculated
wave speeds for the same mineral modes and compositions using endmember moduli and mixing theory. In this
comparison the P-T and mineral assemblage are constrained, and thus any discrepancies in wave speeds are due
to uncertainty in the elastic moduli and mixing theory.

All thermodynamic calculations in WISTFUL were conducted using the Gibbs-free-energy minimization program
Perple_X version 6.9.1 (Connolly, 2009), downloaded on 15 April 2021. Perple_X calculates stable mineral
assemblages and compositions based on a chosen set of thermodynamic solution models and whole-rock compo-
sition for each rock sample. From the mineral assemblages, Perple_X calculates aggregate elastic moduli, density,
and seismic wave speed as described below. One benefit of Perple_X is that a variety of thermodynamic data-
bases and mineral solution models from different groups can be used. Other free energy minimization programs
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»°140 | ojd usp | To calculate the elastic moduli of a mineral solid-solution, Perple_X uses
ofa a Reuss average (Reuss, 1928) weighted by molar volume of the respective
mineral endmembers:
ofo
120 1 acm Jhed 1 _
o odi € Gmineral _ 1 2 XendmemberVendmember ! (1)
en cats - J/ mineral (Gendmember ’
100 1
ofs where Jendmember gpd yendmember are the molar volume and molar fraction of
. . . . . ! 1 mineral j 1
100 120 140 160 180 200 the. endme.mber, respectlvely. V is the molar volume for. the mu’feral
K, [GPal solid solution, and G is the shear modulus. Aggregate rock elastic moduli are
hermo then calculated using a Voigt-Reuss-Hill average (Hill, 1952):
Figure 2. Experimental bulk moduli (K ;) plotted against
thermodynamically-derived bulk moduli (K,,,,,) for mantle mineral phase GOk — 1 Z [rmineral gmineral 1 o)
endmembers with experimental data at 500°C and 1 GPa using the Holland 2 Z Fmineral / Gmineral |7

and Powell (2011) database. Abbreviations: acm, acmite; alm, almandine;

andr, andradite; cats, Ca-tschermak; di, diopside; en, enstatite; fa, fayalite; fo,
forsterite; gr, grossular; hed, hedenbergite; herc, hercynite; jd, jadeite; mgcr,
magnesiochromite; mt, magnetite; py, pyrope; ski, skiagite; sp, spinel; usp,

ulvospinel; uv, uvarovite.

where F™ineral jg the volume fraction of each mineral. An equivalent expres-
sion can be written for the adiabatic bulk modulus (K) by replacing the
mineral and endmember shear moduli with bulk moduli. The seismic wave
speeds for the aggregate are then calculated as:

Grock
Vi= V W, 3

and

rock

K rock + %G
prock

“

where V is the shear wave speed, V;, is the primary wave speed, p™* is the bulk rock density, and K™% is the
adiabatic bulk moduli for the aggregate rock.

Perple_X allows two options for calculating mineral elastic moduli. The first calculates the bulk modulus of each
mineral endmember from the Gibbs energy equation. In this approach, the shear modulus is calculated from the
bulk moduli using a given Poisson's ratio. In the second approach, Perple_X calculates the elastic moduli based
on elastic moduli derived from experimental observations using different formulations for different solution
models (as described in the next paragraph). Overall, there is good agreement between the experimental and
calculated bulk moduli (Figure 2) with a root-mean-square error (RMSE) on bulk moduli of 8.5 GPa (~6%
assuming an average bulk modulus of 150 GPa.). In general, we find that most thermodynamically derived bulk
moduli are slightly higher than the experimental observations, suggesting that thermodynamically calculated
seismic wave speeds are likely overpredictions. Further, the calculated bulk moduli of a few specific minerals are
greatly underpredicted (e.g., jadeite by 15 GPa, 10% of experimental value) or overpredicted (e.g., ulvospinel by
42 GPa, 29% of experimental value). This illustrates that when available, it is preferential to use experimental
moduli to minimize error in calculating seismic wave speeds.

For the calculations in WISTFUL, we utilize experimentally constrained elastic moduli when available (updated
from Abers and Hacker (2016) database; see Table 1 for further additions to the database). Perple_X uses linear
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Table 1
Newly Input Elastic Moduli and Derivatives Used in the Seismic Wave Speed Calculations

Ambient Bulk Bulk Ambient Shear Shear
adiabatic bulk  pressure temperature shear pressure  temperature
Mineral Chemical moduli, K derivative, derivative, moduli, derivative,  derivative,
endmember formula (GPa) K K; (GPa/K) G (GPa) G’ G, (GPa/K)

Monticellite CaMgSiO, 106° 3.9¢ —-0.014! 55.2° 2.033 —-0.0733
Spessartine Mn,ALSi,O,  191.56 4.1 ~0.020 9637 2.13 ~0.010°
Andradite CafFeSi0,  154.5° 478 ~0016°  89.7% 1.25% ~0.009°
Skiagite Fe,Si,0,, 157.41° 6.710 —0.0278! 76.41 3.273 -0.0135°
Uvarovite Ca,Cr,8i,0,, 16312 441 ~00172 899" 1.81 ~0.010?
Knorringite Mg,Cr,Si;0,, 1632 4.42 -0.0172 89.92 1.82 —-0.010%
K-jadeite KAISi,04 147.4! 4.9! —-0.017! 852 1.92 —0.00592
Acmite NaFeSi,O 11920 4.1% —-0.013! 852 1.92 —0.00592
Kosmochlor NaCrSi,04 1241 3.6" -0.010! 8572 1.92 —0.00592
Periclase MgO 162.814 3.9414 —0.025'4 130.3' 2,17 —.0214
Ulvospinel TiOFe,O54 1515 3.8 —-0.0215! 26'° 0.6543 —0.0043
Magnesiochromite MgCr,0, 185" 57" —0.0243! 1308 4.0 -0.01713
Corundum AlLO, 254.82! 4.06%! —0.02022! 168! 1.442! —0.0227?!
Qandilite Mg,TiO, 15222 3.91! —-0.0129! T2 1.983 —0.0065°

Note. Notes and references: (1) Derived from thermodynamic properties, (2) Taken from nearest endmember, (3) Fit to
maintain ambient P-T Poisson’s ratio, (4) Sharp et al. (1987), (5) Peercy and Bass (1990), (6) Zhang et al. (1999) (7)
Bass (1989), (8) Jiang et al. (2004), (9) Pavese et al. (2001), (10) Woodland et al. (1999), (11) Vasiukov et al. (2018), (12)
Gréaux and Yamada (2019), (13) Wang and Ji (2001), (14) Fan et al. (2019), (15) Xiong et al. (2015) (16) Syono et al. (1971)
(17) Nestola et al. (2014) (18) estimated in Matsukage et al. (2010), (19) Posner et al. (2014), (20) Xu et al. (2017), (21) Wang
and Wu (2018), (22) Liebermann et al. (1977). All isothermal bulk moduli and derivative measurements were converted to
adiabatic moduli and derivatives as described in Section 3.1.

temperature and pressure derivatives when extrapolating experimental moduli for solution model sets using the
Holland and Powell (2011) databases. Perple_X calculates elastic moduli using Mie-Griineisen formulations from
Stixrude and Lithgow-Bertelloni (2005) assuming the Stixrude and Lithgow-Bertelloni (2011) solution models.
The Abers and Hacker (2016) methodology calculates the temperature dependence of the elastic moduli using
Griineisen parameters and the pressure dependence from finite-strain theory based on Bina and Helffrich (1992).
To convert the compiled parameters from Abers and Hacker (2016) to linear temperature and pressure derivatives
used in the Holland and Powell (2011) databases, we fit linear derivatives from the calculated mineral endmem-
ber moduli over 100-800°C and 0.1-2.0 GPa.

When no experimental data exist for a specific mineral endmember, the adiabatic bulk modulus and its pressure
and temperature derivatives were derived from the Gibbs free energy (cf. Bina & Helffrich, 1992) over a range
of 200-1,400°C and 0.1-6 GPa using the Perple_X routine frendly. These results were fit to an explicit linear
form using MATLAB cftool. The only exception to this method was the garnet endmember knorringite (Mg,Cr,[-
Si0,],), for which we assumed the same observed bulk and shear modulus as garnet endmember uvarovite
(Ca,Cr,[SiO,],) (Table 1) under the assumption that chromium garnets have similar elastic moduli. For mineral
endmembers with an experimentally constrained bulk modulus at ambient conditions exist, but no temperature
and/or pressure derivatives, we utilize the observed bulk modulus along with derivatives fit as described above.
If the literature reported isothermal rather than adiabatic bulk moduli or derivatives, the data was converted into
adiabatic bulk moduli following the assumptions made in Abers and Hacker (2016).

Unlike bulk moduli, shear moduli cannot be thermodynamically derived. If no shear moduli data are provided,
Perple_X calculates the shear moduli assuming a constant Poisson's ratio (default 0.35) for all minerals. However,
Poisson's ratios for mantle mineral endmembers vary from 0.20 to 0.35 at room temperature and pressure and
can change up to ~8% between ambient conditions and 800°C, 1 GPa based on our updated moduli database.
Thus, the assumption of a constant Poisson's ratio increases the uncertainty on these calculations. To minimize
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this error, we utilize all available experimental shear modulus and derivatives. If experimental shear modulus
data at ambient conditions exist, but no constraint is available for pressure and/or temperature derivatives, we
estimate these derivatives from the bulk modulus derivatives while maintaining the Poisson's ratio calculated at
ambient conditions. If no shear modulus data exist for an endmember composition, we utilize the shear modulus
data of the closest ionic endmember (Table 1). This approach gives our best estimate of that endmember mineral's
Poisson's ratio.

3.2. Thermodynamic Model Uncertainty

To assess the uncertainty in seismic wave speed due to errors in the thermodynamic modeling, Afonso, Fullea,
Griffin, et al. (2013) compared calculated to point-counted mineral modes of 10 garnet peridotite xenoliths (six
lherzolites, four harzburgites) at the P-T conditions constrained from mineral thermobarometers. The thermody-
namically calculated mineral modes agree well with point counting estimates and the remaining modal variations
did not greatly affect the predicted wave speeds. However, a limitation of comparing thermodynamic models with
xenoliths is the small data set of samples that have detailed laboratory measurements (e.g., modal assemblage and
P-T estimates). Further, there is no reliable spinel-peridotite mineral barometer, so previous comparisons were
limited to garnet-bearing xenoliths and contained no spinel-bearing peridotites or pyroxenites.

Fortunately, with advances in electron-backscatter diffraction (EBSD), more peridotite and pyroxenite xenoliths
have been studied in detail with modal assemblage estimates. Utilizing these data along with mineral assemblages
constrained by least-squares-regression of mineral and bulk compositions, we (a) expanded the xenolith database
of Afonso, Fullea, Yang, et al. (2013) to include samples with a larger compositional and P-T range, including
spinel-garnet peridotites, spinel peridotites with geotherm-based barometry, and pyroxenites; and (b) explored
multiple solution models (and oxygen states for solution models that utilize Fe,0,) to determine the most reliable
solution model(s). The benefit of comparing thermodynamically predicted mineral assemblages with xenoliths,
rather than with mineral assemblages of petrologic experiments, is that thermodynamic models are calibrated
with those petrologic experiments. Therefore, thermodynamic model validations obtained through comparison to
petrologic experiments are circular if the same experiments were used to calibrate the model.

We investigate the uncertainty in five published sets of solution models for the dominant mantle minerals: olivine,
orthopyroxene, clinopyroxene, plagioclase, spinel and garnet (Table 2). The majority of these solution models
are anhydrous, and ignore the thermodynamic influence of H,O, which we do not consider here. The solution
models range in complexity with newer solution models integrating more major elements. For example, Jennings
and Holland (2015) incorporates Cr,O; into clinopyroxene, orthopyroxene, spinel, and garnet solution models.
Other newer solution models have been calibrated on broader compositional ranges (e.g., Holland et al., 2018
is calibrated to model both granitic and ultramafic melting). Our aim in choosing these model sets is to test all
major solution models that have been calibrated for ultramafic compositions. Melt solution models were excluded
from the calculations. No minimum equilibration temperature cutoff (i.e., the temperature at which equilibration
ceases) was used for the comparison calculations. Assuming an 800°C temperature cutoff (i.e., using the phases
calculated at 800°C at all temperatures <800°C, but calculating the physical properties at the queried tempera-
ture), does not change the results.

We compiled 122 xenoliths with the following attributes: (a) available P-T estimates, (b) less than 2 vol. % hydrous
phase (e.g., phlogopite or amphibole), (c) reported chemical compositions for all minerals, (d) reported
major-element bulk rock composition that are either measured or calculated from mineral compositions and
modes, and (e) a mineral modal assemblage that is either measured via electron-backscatter diffraction (EBSD)
or calculated by least-squares regression from bulk rock and mineral compositions (data available in Table S1 in
Supporting Information S1). Xenolith samples were compiled from Lee and Rudnick (1999), Falus et al. (2008),
Tonov et al. (2010), Baptiste et al. (2012), Tommasi and Ishikawa (2014), and Demouchy et al. (2015). If a
whole-rock composition was calculated from the mineral modes and compositions, we used the following densi-
ties to convert vol. % to wt. % for the major minerals based on Abers and Hacker (2016): olivine 3,340 kg

3, clinopyroxene 3,310 kg m~3, spinel 3,850 kg m~3, and garnet 3,800 kg m~3.

m~3, orthopyroxene 3,280 kg m~
Ninety-two (75%) of the xenoliths are peridotites (>40 vol. % olivine normalized to olivine-orthopyroxene-clino-
pyroxene); the remaining 30 (25%) are pyroxenites (<40 vol. % olivine). None of these peridotites contain plagi-
oclase; therefore, our data set provides no constraint on the shallowest part of the mantle (~20 km depth, Borghini

et al., 2010). Most of the xenoliths come from continental regimes with the exception of oceanic and plume
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Table 2

List of Solution Models Sets Used for Xenolith Comparisons

Stixrude and

Jennings and

Solution model set Holland and Powell (1998)  Cr Holland and Powell Lithgow-Bertelloni (2011) Holland (2015) Holland et al. (2018)
Elemental System: Na,0-CaO-FeO-MgO- Na,0-CaO-FeO- Na,0-CaO-FeO-MgO- Na,0-CaO-FeO-MgO- K,0-Na,0-CaO-FeO-
Al,0,-Si0,-Fe,0, MgO-Al0;- Al 0,-Si0, (NCFMAS) Al,0,-Si0,-Fe,0,- Mg0-Al,0;-Si0,-H,0-
(NCFMASO) Si0,-Fe,0,-Cr,0, Cr,0, (NCFMASOCr) TiO,-Fe,0,-Cr,0,
(NCFMASOCr) (KNCFMASTOCT)
Olivine O(HP) O(HP) (Holland & (0] O(JH) O(HGP)
Powell, 1998)
Orthopyroxene Opx(HP) (Powell & CrOpx(HP) (Powell & Opx Opx(JH) Opx(HGP)
Holland, 1999) Holland, 1999)
Clinopyroxene Cpx(HP) (Holland & Cpx(HP) (Holland & Cpx Cpx(JH) Cpx(HGP)
Powell, 1996) Powell, 1996)
Garnet Gt(HP) CrGt (Malaspina Gt_maj Grt(JH) Gt(HGP)
et al., 2009; Ziberna
etal., 2013)
Spinel CrSp (Klemme Sp Sp(JH) Sp(HGP)
et al., 2009)
Plagioclase PI(I1,HP) (Holland & PI(I1,HP) (Holland & Pl PIJH) PI(I1,HP) (Holland &

Powell, 2003)

Powell, 2003) Powell, 2003)

Note. References are given for the solution models not taken from the set reference. The Holland and Powell (2011) thermodynamic database was used for all the
calculations with the exception of the Stixrude and Lithgow-Bertelloni (2011). We used 0 wt. % TiO,, K,0O, and H,O for our calculations using Holland et al. (2018) as
using K,O and TiO, when available increased phase and wave speed errors.

influenced mantle xenoliths from the Ontong Java plateau (Tommasi & Ishikawa, 2014). P-T estimates for these
xenoliths cover pressures from 1.2 to 6.8 GPa and temperatures of 656—1,414°C.

For each xenolith sample, there exists errors in the mineral modes estimates, whole-rock compositions, mineral
compositions, and oxidation states. Most thermobarometric estimates report 2¢ errors of 4—-6 kbar and 100°C
(Brey & Kohler, 1990; Nickel & Green, 1985). Furthermore, the xenolith assemblages may not record the same
equilibration conditions as the mineral thermobarometry. While point counting errors should be minimal, the
mineral assemblages in a thin section may not represent the entire equilibrium system due to the small scale
of the thin section. Similarly, measured whole-rock compositions may not reflect the equilibrium whole-rock
composition for a sample. Conversely, if the whole-rock composition and/or modal assemblage is calculated from
the mineral compositions, variability in the mineral compositions will produce errors. This is especially true for
lower concentration elements, as phase equilibria is often sensitive to variations of lower concentration elements,
for example, Fe,O, and Cr,0,, which can drastically increase the spinel stability field (Klemme, 2004). Further
analysis is needed to constrain the effects of these errors on our validation.

Oxidation state can also impact the stable mineral assemblage for ultramafic compositions, as more oxidized
compositions will contain more ferric iron bearing phases like pyroxene, spinel, and garnet. Direct measurements
on primitive peridotites suggests mantle Fe3*/Y Fe of 3.5 mol. %, but can vary between 1 and 6 mol. % (Canil
et al., 1994, gray box Figure 3) and varies with the relative depletion of the peridotite. This estimate (>3 mol. %)
is supported by measurements of Fe3*/Y Fe contents in primary MORB (Cottrell & Kelley, 2011). Mineral assem-
blages and elastic seismic wave speeds were calculated for each xenolith at the estimated P-T conditions using
each set of solution models over a range of oxidation states (0~10 mol. % Fe3*/ Fe, colored lines, Figure 3). In
addition, a set of calculations was performed where the mol. % Fe>*/ Fe was constrained for each sample by the
observationally-derived equation (Canil et al., 1994):

F63+

Y Fe

where MgO is the bulk rock MgO content in wt. % (triangles, Figure 3). The Stixrude and Lithgow-Bertelloni (2011)
(SLB, green square, Figure 3) solution models do not incorporate ferric iron.

= 14.7 - 0.3MgO, Q)]
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Figure 3. Root-mean-square error (RMSE) for the mineral phase and seismic wave speed calculated for all five solution
models relative to the xenolith database as a function of Fe**/Y Fe. Gray box shows the range of observed Fe3*/) Fe in
ultramafic rocks (Canil et al., 1994). RMSE for the Stixrude and Lithgow-Bertelloni (2011) model is constant because it does
not include Fe, 0 in its solution model.

To identify the set of solution models that best match the observed mineral assemblage, the RMSE was calculated
for each mineral mode (olivine, orthopyroxene, clinopyroxene, garnet, and spinel) and summed for each xenolith.
The summed phase RMSE was averaged over all xenoliths to estimate the total phase error (Figure 3a, dispersion
shown in Figure S1a in Supporting Information S1). Overall, we find that the SLB solution models provides the
lowest phase RMSE (11.5 vol. %) (green square, Figure 3a), followed by the Jennings and Holland (2015) solu-
tion models at variable Fe**/ Fe and 67 mol. % Fe**/Y Fe (11.9 vol. %) (JH, orange line and triangle, Figure 3)
and the Holland et al. (2018) solution models at 4 mol. % Fe**/Y Fe (11.9 vol. %) (HGP, red line). Although the
SLB database produces slightly lower phase RMSE, the SLB solution models simplify certain phase transitions
like the garnet-spinel transition due to the lack of Fe,O, and Cr,0,, which allow for higher-pressure spinel stabil-
ity as well as spinel-garnet co-stability (Klemme, 2004). This simplification may cause misinterpretation at shal-
low mantle conditions. Furthermore, a larger spinel stability field reduces the strength of relationship between
V,/V, and Mg # at shallow depths (Afonso et al., 2010). Thus, accurately modeling the spinel stability field is
important for inferring composition from seismic wave speed. Since the phase RMSE considers a 1 vol. % error in
a minor phase equal to a 1 vol. % in a major phase, we also calculated a phase RMSE, ., where each individual
phase RMSE is normalized by the amount of that phase averaged over all samples (Figure 3b, dispersion shown in
Figure S1b in Supporting Information S1). The HGP solutions models at 4 mol. % Fe**/> Fe result in the lowest
RMSE__ (1.43) due to the HGP models predicting spinel stability considerably better than all other models

norm

(Figure S6 in Supporting Information S1).

Figure 4 compares the predicted and observed mineral modes for the HGP solution models assuming
4 mol. % Fe**/y Fe. The HGP solution models predict olivine modes well (RMSE = 1.9 vol. %, RMSE____=0.03,
mean error (ME, predicted-observed) = —0.78 vol. %) and orthopyroxene (RMSE = 3.5 vol. %, RMSE___=0.17,
ME = —0.04 vol. %). A comparison of the predicted and observed mineral modes for all minerals and solu-
tion model sets is shown in Figures S2-S6 in Supporting Information S1. The HGP solution models tend to
overpredict garnet (RMSE = 3.3 vol. %, RMSE, . = 0.33, ME = 3.0 vol. %) and underpredict clinopyroxene
(RMSE = 2.7 vol. %, RMSE__ = 0.18, ME = —2.0 vol. %), especially in the pyroxenite xenoliths.

norm

norm
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100 80 While the HGP solution models do better than other models at predicting
A4 spinel, the HGP models often underpredict the spinel mode for spinel bearing
Q >< 60 o peridotites, predicting no spinel for 20 of 45 spinel-bearing samples. 13 of
2 8— 9 P these 20 samples also have no observed garnet, and thus have pressures esti-
2 =8 e R o mated from geotherms and geothermometers. This implies the modal error
% T 0} o 3 B could be due to over-estimation of equilibration pressure. The HGP solu-
Q00 tion models also predict spinel to be stable in nine xenoliths where no spinel
0 o8 was observed. Three of these samples have no garnet present, so part of this
0 50 100 0 20 40 60 80 mismatch could also be due to error in the pressure estimates. Other discrep-
Obs. Olivine Obs. Opx ancies in the modal error could be due to xenoliths recording non-equilibrium
conditions or uncertainties in low concentration elements like Fe,O, and
80 A 80 0o Cr,0, are especially important for spinel-stability (Klemme, 2004). Due to
&5 © & o e the small volume amount of spinel stable in peridotites, error in the spinel
«< 3 § og modes does not strongly contribute to the phase RMSE, but contributes
§ 0 L 5 40 o almost half of the RMSE,, (RMSE = 0.44 vol. %, RMSE, . = 0.67,
G] o ®° o ME = -0.33 vol. %).
T 20 0 £ 20 o ~ ’ iti
o o To quantify how the modal assemblage and mineral composition uncer-
0 0 tainty translates to anharmonic seismic wave speed uncertainty, we compare
0O 20 40 60 80 0O 20 40 60 80 anharmonic seismic wave speeds calculated by Perple_X for each solution
Obs. Cpx Obs. Garnet model with anharmonic seismic wave speeds calculated using known mineral
mode assemblages and compositions for each xenolith at the equilibrium
8 P-T conditions. Minerals were decomposed into endmember compositions
following Wood and Banno (1973) and Holland et al. (2018). All Ni and
< 6 Mn endmembers were considered to have the same elastic moduli as the Mg
g_ endmembers for these calculations when Ni and Mn were measured in the
2 & %o xenoliths with the exception of spessartine. Elastic parameters and densities
% 2 o were taken at the specified P-T conditions for each endmember mineral and
g . then averaged as they would be in Perple_X (see Section 3.1).
OO > 4 6 8 From the predicted seismic wave speeds for each xenolith, we calculate an
Obs. Spinel RMSE for wave speeds to estimate the deviation caused by the combina-

Figure 4. Mineral proportions for all xenoliths at their equilibrium conditions
calculated using the Holland et al. (2018) solution models and 4 mol. %Fe,0,/
FeOT plotted against the observed mineral proportions. All values are given in

vol. %.

tion of the phase error and the mineral composition error (Figures 3¢ and 3d,
dispersion shown in Figures Slc and S1d in Supporting Information S1).
Oxidation state, while strongly controlling phase RMSE, does not strongly
impact wave speed error. The Cr Holland and Powell (1998) (CrHP) and
Holland and Powell (1998) (HP) models produces the lowest wave speed
errors with 0.02 km/s in V (Figures 3c, S7, and S8 in Supporting Infor-
mation S1) and 0.03 km/s for v, (Figure 3d), equivalent to 0.5% and 0.4%
assuming a mantle V, and V; of 8.0 km/s and 4.5 km/s, respectively. The JH and HGP models produce slightly
higher V,, RMSE (0.04 km/s, 0.5%) and V, RMSE (0.02 km/s, 0.5%) (Figure 5 and S9 in Supporting Informa-
tion S1). There is little systemic bias in the HGP errors with Vp ME (0.02 km/s) and V, ME (0.01 km/s) (Figure
510 in Supporting Information S1). The SLB models produce a 0.05 km/s error in both V, and V, (0.6% and 1.1%,
respectively). This uncertainty of ~0.5% in the forward calculation of seismic wave speed is similar to the calcu-
lated bootstrap uncertainty (0.1-0.5%) at shallow depths (<200 km) in recent seismic models (Golos et al., 2020;
Shen & Ritzwoller, 2016).

Overall, we prefer the HGP solution models at 4 mol. % Fe3*/Y Fe to minimize phase RMSE and normalized
phase RMSE, while predicting seismic wave speed only slightly more poorly than the CrHP and HP models
(~0.01 km/s in V, and V). We note that the largest errors for wave speed in the HGP model are in pyroxenites
(Figure 5), likely due to HGP's overprediction of garnet in pyroxenite compositions (Figure 4). Further, the
assumed 4 mol. % Fe3+/) Fe agrees with available constraints on mantle oxidation state.
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Figure 5. Seismic wave speeds for all xenoliths at their equilibrium conditions calculated using the Holland et al. (2018)
solution models with 4 mol. % Fe3*/) Fe plotted against the seismic wave speeds calculated from the observed mineral modes
and mineral compositions.
3.3. Mixing Theory and Moduli Uncertainty
To validate the mixing calculations and moduli for ultramafic minerals discussed in Section 3.1, we compiled
multi-directional seismic wave speed measurements for 40 ultramafic rocks for which modal assemblages
are reported (compiled in Table S2 in Supporting Information S1, Babuska, 1972; Birch, 1960, 1961;
Christensen, 1966, 1974, 1978, 1979; Christensen & Ramananantoandro, 1971; Kono et al., 2004, 2009;
Kroenke et al., 1976; Mao et al., 1970; O’Reilly et al., 1990; Peselnick & Nicolas, 1978; Prelicz, 2005; Ramana
& Rao, 1974). We decompose the minerals into the mineral endmembers following Wood and Banno (1973) and
Holland et al. (2018) and calculate the seismic wave speed following the same approach as Perple_X. In some
studies (Birch, 1960, 1961; Christensen, 1966, 1974, 1978; Christensen & Ramananantoandro, 1971; Kroenke
et al., 1976; Peselnick & Nicolas, 1978; Prelicz, 2005), orthopyroxene and/or clinopyroxene were present in the
samples, yet both mineral compositions were not provided. When orthopy-
95 i i roxene is reported, but its chemical composition is not provided and no liter-
ature data exist, we calculate a theoretical orthopyroxene composition in
° equilibrium with the reported olivine composition. Here we assume orthopy-
roxene is purely enstatite-ferrosillite and use an olivine-orthopyroxene
or i partition coefficient K ™ = Opx Y/ YO' Opx = 1.15 based on exper-
_ imental studies (von Seckendorff and O'Ne111 1993). Yme and Yg. are the
% molar fraction of Mg or Fe in the respective superscript. Similarly, we
X, 85} o 1 calculate a theoretical clinopyroxene composition in equilibrium with either
2 olivine or orthopyroxene compositions assuming clinopyroxene is purely
E A o diopside-hedenbergite and use an orthopyroxene-clinopyroxene partition
o coefficient K CPX=0px _ y OPry P /y CPYy OPX — 1 in line with experiments and
S 8t - Mg “Fe Mg " Fe
% field observanons at equilibration temperatures 1,000-1,200°C (Kretz, 1982;
o Mori & Green, 1978). Triaxial seismic wave speed measurements were aver-
aged to obtain the isotropic wave speeds (18/40 samples). We compare our
751 1 theoretical calculated wave speeds with the highest-pressure measurements
Measurement Error _|_ (1 GPa for 32 of the 40 samples) to minimize the effects of cracks or porosity
that are often present in natural samples.
77 8I 5 9 95 There is an excellent agreement between the laboratory-derived wave speed

Figure 6. V, calculated for ultramafic rocks from modal assemblage, modal
composition, and predicted mineral moduli versus laboratory measured V,,. See
Section 2 for details. Estimated measurement error in both directions shown in
bottom right. Measurement error depicts 1% error in both direction.

Measured Vp [km/s]

data and wave speeds calculated using reported mineral assemblage and
mineral endmember moduli (RMSE = 0.11 km/s) with a slight tendency for
overprediction (ME = 0.05 km/s) (Figure 6). This misfit could be due to
miscounting of mineral modes, experimental uncertainty in seismic wave
speed measurements (often ~1% or ~0.08 km/s), uncertainty in the elastic
moduli for each endmember, sample anisotropy, lower pressure (0.4-0.5 GPa)
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Table 3

WISTFUL Databases, Functions, General User Interfaces (GUIs), and Scripts

Filename

Purpose

README.txt

Databases
WISTFUL_compositions_clean.mat
WISTFUL_densities_clean.mat
WISTFUL_parsed_modes_clean.mat
WISTFUL_rockType.mat
WISTFUL_speeds_moduli_clean.mat

A readme file with units and descriptions of all files in WISTFUL

Compositional database with latitude and longitude of samples
Database with densities
Database with mineral modes
Database file with rock type information

Database with moduli and wave speeds

Functions
behn2009Shear.m Function to calculate Behn et al. (2009) anelasticity
creeplO.m, J1anel.m, JIp.m, J2anel.m, J2p.m Functions to calculate Jackson and Faul (2010) anelasticity written by Uli Faul
findClosestX.m Function to find the closest X samples to a input seismic wave speed at a pressure and temperature range
fitPropertyClosestX.m Function to find best fit property with output from findClosestX.m

fitPropertyNumWithin.m

numWithinError.m

calculateWaveSpeedFiles.mlx
GUIs

WISTFUL _inversion.mlapp

WISTFUL_geotherm.mlapp

WISTFUL_relations.mlapp

Example Scripts

Function to find best fit property with output from numWithinError.m
Function to find the number of samples within error from seismic data at a given pressure and temperature range

Live function to apply anelastic corrections to the database

Inversion GUI
Geotherm Profile GUI
Relations GUI

exampleNumWithin.m, exampleClosestX.m Example scripts

experiments not fully closing pore space in line with larger discrepancies, and/or uncertainty on the exact compo-
sitions of each mineral for measurements that only report olivine composition. Altogether, we interpret this low
error (~1.4% assuming V, = 8.0 km/s) as justification for our choice of the elastic moduli mixing approach
described above and moduli data for ultramafic assemblages.

4. WISTFUL

With the methods, errors, and assumptions associated with calculating seismic wave speed using thermodynamic
calculations and elastic moduli in mind, we now describe WISTFUL. We first discuss the composition database
used for the seismic wave speed calculations, and second describe how to use the associated functions and GUISs.
All database files, functions, and MATLAB® GUIs are listed in Table 3 and are available on github.com/wshi-
nevar/WISTFUL or https://doi.org/10.5281/zenodo.5815695. To use the functions and GUISs, place the directory
containing all .m code files and .mat database files in your MATLAB® search path or in your current directory.
The code described here was tested using MATLAB® 2021a.

4.1. Compositional Database

Major element compositions for the ultramafic rocks used by WISTFUL were compiled by downloading all
rocks labeled as peridotite, dunite, lherzolite, harzburgite, xenolith peridotite, pyroxenite, and wehrlite from the
EarthChem (http://portal.earthchem.org/) and GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/) databases
on 24 January 2019. Duplicate compositions were removed. To this data set we added whole-rock compositions
from Beni Bousera Massif (Gysi et al., 2011). The downloaded compositions were filtered to include only those
samples for which A1,0,+CaO + K,0 + MgO + MnO + Na,O + SiO,+TiO,+FeOT summed to 98.5-101.5 wt.
%. If a composition lacked an oxide measurement, that value was assumed to be zero. Figure 7 shows single-oxide
histograms for the entire database. Before performing the thermodynamic calculations, the compositional data
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< were renormalized to 100 wt. % in the NCFMASOCTr system for the HGP
:J; 18 solution models. We found that utilizing TiO, or K,O data when available in
20 “h 5 thermodynamic calculations for the HGP model greatly increased the phase
=]
g o (e RMSE (~3 vol. %) and wave speed RMSE (~0.05 km/s) in comparison
= 30 40 50 60 0 10 20 . . . .
L . calculations. We present all thermodynamic calculations with two endmem-
= SO, [wt. %] ALO, [wt. %] . )
2 ber equilibration temperatures (0°C and 800°C) for the choice of the reader,
> 18 20 though the calculated seismic wave speeds are similar at low temperatures for
§ 5 m 10 ’4 both databases. Seismic wave speeds for each composition were calculated
8 00 o A o0 0 0 10 o from 200 to 1,600°C and 0.5-7 GPa using a 157 x 157 grid. At P-T grid cells
': MgO [wt. %] FeO [wt. %] where calculations failed, values are linearly interpolated from surrounding
X 20 40 cells.
3
S 10 20 h
=}
g0 0 4.2. Database Files
T O 10 20 0 2 4
= CaO [wt. %] Na,O [wt. %] 1. WISTFUL_compositions_clean.mat
& 50 20 This file contains the oxide composition (wt. %) for each rock in the database
C
o along with calculated Mg # and sample location data when available.
g0 0
E 0 2 4 0 2 4 2. WISTFUL_densities_clean.mat
Cr,0, [wt. %] TiO,, [wt. %]
This file contains the calculated densities (kg m~3) for all samples over the
Figure 7. Compositional histograms for all 4,485 samples in the WISTFUL investigated range of pressure and temperature.

ultramafic database. Each histogram has 50 bins.

3. WISTFUL_parsed_modes_clean.mat

This file contains the calculated modal assemblage (olivine, orthopyroxene,
clinopyroxene, garnet, spinel, other) (vol. %) for all samples over the investi-
gated range of pressure and temperature.

4. WISTFUL_rockType.mat

This contains the rock-type defined by the renormalized olivine-orthopyroxene-clinopyroxene ternary using the
calculated modes at 800°C and 2 GPa (Figure 8), resulting in 4,169 peridotite compositions and 457 pyroxenite
compositions. Each rock type is stored as an integer corresponding to a rock type. The translation between integer
and rock type is included in the readme.md file.

5. WISTFUL_speeds_moduli_clean.mat

This contains the anharmonic shear and bulk modulus (Pa), as well as Vp and V, (km/s) for each rock in the data-
base over the pressure (Pa) and temperature (K) range.

4.3. Anelastic Corrections

Olivine behaves anelastically at high temperature (>800°C) (Faul & Jackson, 2005a, 2015b; Jackson &
Faul, 2010). Here, we assume that anelasticity only affects the shear modulus and that anelasticity calibrated
on olivine samples can be applied to all ultramafic rocks based on recent experiments (Qu et al., 2021). For our
databases, we allow users to choose between the extended-Burgers model fit of Jackson and Faul (2010), which
combines a Maxwell element and a background element, and is dependent on pressure, temperature, period, and
grain size; and the power-law fit of Behn et al. (2009), which is dependent on pressure, temperature, period, grain
size, and water content. The Burgers model fit has been found to best fit laboratory data and attenuation estimates
from geodetic and seismic measurements (Lau & Faul, 2019).

The Jackson and Faul (2010) anelasticity model excludes the effects of water, supported by recent experiments
(Cline et al., 2018), but in contrast to previous experiments (Aizawa et al., 2008). Comparisons of measured
and predicted quality factors prefer the inclusion of a water dependence to predict the G discontinuity (Behn
et al., 2009; Karato & Park, 2018; Ma et al., 2020; Mark et al., 2021). Thus, we also enable the user to choose the
power-law formulation of Behn et al. (2009), which includes a water dependence. We note the power-law anelas-
ticity fails to fit experimental observations at low quality factors (Q~! > 0.1) (Jackson & Faul, 2010). Further
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Figure 8. The WISTFUL ultramafic database plotted in the renormalized in the olivine-orthopyroxene-clinopyroxene
ternary. Modes calculated with Perple_X at 800°C and 2 GPa using the Holland et al. (2018) solution models.

experiments are necessary to fully quantify the effects of water on anelasticity. Observed variations in anelastic-
ity (Cline et al., 2018) with oxidation are also not considered here due to the minor variation in oxidation state
present in the variable oxygen fugacity database. Anharmonic seismic wave speeds for all database compositions
are available along with the following MATLAB® functions and live script to calculate anelastic corrections:

1. behn2009shear.m, creepl0.m, J1anel.m, J1p.m, J2anel.m, J2p.m

These functions calculate the anelastic effects on the shear moduli described above. The latter five functions are
shared courtesy of Ulrich Faul (pers. comm., 2021).

2. calculateWaveSpeedFiles.mlx

This live script loads in the uncorrected moduli in order to apply the user's choice of anelastic correction. To open
and edit the live script, type and enter “edit calculateWaveSpeedFiles.mlx” in the MATLAB® command prompt
while in the WISTFUL folder. The user chooses the anelasticity type using the drop-down menu. In addition, the
user chooses the frequency, grain size, and water content for anelastic corrections by using the sliders or editing
the numerical value left of the sliders by double clicking. The user can type the desired filename for the script to
save the new data file. Saving the live script after editing will save these input changes. To create a corrected wave
speed file, hit the “Run” button below the input section, after which the live script saves the corrected database
as a new .mat file (Figure 9).

4.4. MATLAB® Function Files
1. findClosestX.m

This function inverts for temperature from input seismic wave speeds by finding the temperature at which the
seismic misfit of the closest X samples is minimized, where the number X can be specified by the user. The misfit,
Y, between the chosen seismic wave speed (one or two of Vs, V;, and (Vp Vs )) and the wave speed(s) predicted for
each composition in the WISTFUL database (Viyysrrurs Vowsstros (Vo/ Vs ) wisrr) 18 determined over all tempera-
tures at a user specified input pressure. For example, if V5 and (I/;J /Vs ) are given, then
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Calculate Seismic Wave Speeds Using Your Choice of -
Anelasticity For WISTFUL Scripts
The calculations provided in WISTFUL_speeds_moduli_clean.mat are all calculated using the
elastic moduli and do not yet incorporate anelastic effects due to grain size, pressure,
temperature, frequency, and/or olivine water content.
Many formulations of anelasticity exist as well. To aid users, we here provide a live script that
will allow you to calculate a .mat file for use in the provided GUI's.
The options we provide are the Jackson & Faul (2010) extended Burgers Model and the Behn
et al. (2009) power-law formulation. One can vary the period, grain size, and water content
using the edit fields below. After running, this will save a file to the same folder using the Output
Filename. If not input by user, the filename will default to the choice of anelasticity along with
the input parameters.
NOTE: the files WISTFUL_speeds_moduli_clean.mat and WISTFUL_densities_clean.mat
downloaded with this toolbox must be in the same folder for a new file to be generated.
Anelasticity Calculation Type [Jackson & Faul 2010 ~ ]
Period (s) %
Grain Size [mm] O
Olivine C_OH [H/1e6 Si] (only affects Behn et al. 2009 anelasticity) O
Output Filename | JacksonFaul_70s_10mm
CRm )
Loading in data files, please wait...
Loaded!
Calculating anelastic corrections...
Estimated time remaining = 37.7 seconds.
Estimated time remaining = 33.7 seconds.
Estimated time remaining = 28.3 seconds.
Estimated time remaining = 24.4 seconds. R
Figure 9. Snapshot of calculateWaveSpeedFiles.mlx. To reproduce this figure, open the live script by typing and entering
“edit calculateWaveSpeedFiles.mlx” in MATLAB® command prompt while in the folder containing WISTFUL. To make the
live script look the same, choose the “hide code option” button on the upper right of the MATLAB® editor, the bottom of the
three button options. Then choose the dropdowns and enter the input parameters as written above, finally hitting the “Run”
button to calculate and save the corrected wave speed file.
) 2
Y = <K - VsWISTFUL) " (VP/VS) B (VP/VS)WISTFUL (6)
£ (Vo/V2)
At each temperature, an average misfit (Yy) is calculated as the mean of the X smallest misfits. The best-fit
temperature (Tg) is defined as the temperature with the minimum Yx. We define the uncertainty of Ty to be half
of the range of all temperatures that fit the criteria
—T —Tj
Yx <Yy +O'YTB, @)
X
where the superscript T denotes the temperature for Y y, and o, 75 18 the standard deviation of the X smallest
X
misfits at Tp.
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2. fitPropertyClosestX.m

This function returns the best-fit of a given compositional or physical property at the best-fit or other input
temperature using the closest samples found from findClosestX.m. For instance, the best-fit density, pg, Mg #
(Mg#g), or other compositional parameter, is calculated as the average of the that parameter from the X closest
samples weighted by the reciprocal of the misfitof those samples at the best-fit temperature. For instance, Mg#g
would be calculated as:

) ®

where subscript i denotes one of the closest X samples. We estimate the uncertainty for Mg#g as the average of
the standard deviation of the Mg # weighted by Y;. These uncertainty estimates account for the distribution of
wave speed misfit between the seismic and WISTFUL models, as well as the coarseness of the temperature values
of the grid search.

3. numWithinError.m

This function inverts for temperature from input seismic wave speeds by determining how many samples within
an input pressure and temperature range are within a specified wave speed misfit. Here we define misfit as the
absolute percentage difference between the input wave speed and calculated sample wave speeds. This func-
tion calculates the number of WISTFUL samples within the specified misfit of seismic wave speed at each
temperature within specified bounds. numWithinError.m then calculates the best-fit temperature as the mean of
a Gaussian fit to the number of samples within the misfit. The function calculates the uncertainty as the standard
deviation of the same Gaussian distribution.

4. fitPropertyNumWithin.m

This function returns a weighted average and standard deviation of an input property (e.g., Mg #) for all samples
within a specified percentage misfit as described in numWithinError.m of a searched seismic wave speed at a
given P and T. The mean and standard deviation is weighted by the inverse of the misfit as described above in
fitPropertyClosestX.m.

4.5. MATLAB® Example Scripts

In addition to these functions, we provide two MATLAB® scripts to as examples of how to use the above func-
tions from command line. The correct results are given as comments within the scripts to ensure the database
files are loaded properly.

1. exampleClosestX.m
This script shows an example using fitClosestX.m and fitPropertyClosestX.m.
2. exampleNumWithin.m

This script shows an example use of the numWithinError.m and fitPropertyNumWithin.m.

5. General User Interfaces

WISTFUL contains three GUIs to investigate the compositional database designed with the MATLAB® App
Designer.

1. WISTFUL _relations.mlapp

This GUI allows the user to investigate the distribution or relationship of two parameters at a given pressure and
temperature (Figure 10). By default, the GUI loads the elastic seismic moduli from WISTFUL_speeds_moduli_
clean.mat. If a user wishes to apply an anelastic correction, they must create a corrected wave speed file (see
calculateWaveSpeedFiles.mlx) and load it into the GUI using the “Load Speed File” button in the top left corner.
Once loaded, the text under the “Load Speed File” button will display the name of the loaded file.

SHINEVAR ET AL.

15 of 22

85UBD17 SUOWILWOD dAIERID 3ot [dde au3 Aq pauseAob 818 Sajo1e YO ‘88N JO SaINI 10} AReiq1 UIUQ AB|IM UO (SUOIPUOD-PUR-SWLBI/L0D" A8 | IM-AReIq 1jBU 1 {UO//SdRY) SUORIPUOD pUe SLWd L 8U} 885 *[£202/20/22] U0 AfeidiTauljuo AB|1M ‘AriqiT I0YM 101N Ad 6260T009Z202/620T 0T/10p/wod A3 |1m"Arelq putjuosgndnBe/sdny woy papeojumod ‘8 ‘2202 ‘L20252ST



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010329

4 MATLAB App — O X
S 2 A
\\ Load Speed File | 3500 T 2, A0 QR

Default file is loaded.

3450 |

Plot Type
3400 °

() Histogram You are plotting 1337
N rocks.
(®) 2D Scatter

3350

o

Temperature [°C] | 1000

Pressure [GPa] 2

Data 1 (X-Axis) Data 2 (Y-Axis) 3250

3300 e

Density [kg/m®]

AI203 v ‘ [Density v |

Rock Types to Plot 3200

~ [m] Peridotites
[ Lherzolites

[v| Harzburgites - ’W\

‘ Min Max
( o » \7\/\%& ) [v] set Axes X E n
["]Add a Compositional Constraint

\Y4 3200 3500

AlLO; [wt. %]

Figure 10. Snapshot of WISTFUL_relations.mlapp general user interfaces plotting a scatter plot of density against Al,O,
at 1,000°C and 2 GPa for the harzburgites in the database. To reproduce this figure, load WISTFUL_relations.mlapp.
Choose the axes data, temperature, and pressure as shown. Limit the rock types plotted to only harzburgites. Click the “Add
a compositional constraint” button and then select the drop-down menu, minimum, and maximum below as shown. Hit the
“Plot!” button. Afterward, check the “Set Axes” checkbox and input the axes limits as shown.

Two different plots can be made using this GUI: (a) a histogram to show the distribution of a given parameter at
a chosen temperature and pressure, and (b) relationships between two parameters for a subset of samples in the
data. The plotted parameters are chosen in the drop-down menus on the left side. Plotted samples can be restricted
by rock type or by a single compositional constraint using the rock type and additional constraints check boxes.
The figure updates when you hit the “Plot!” button, at which point the text to the left of the figure will state how
many samples are plotted. One can change the axes limits using the change axes interface in the bottom right. The
“Export Data to Workspace” button allows for further investigation of the plotted datasets outside of the GUI. The
steps required to reproduce the image seen in Figure 10 are detailed in caption.

2. WISTFUL_geotherm.mlapp

GUI that allows the user to investigate the seismic property of any given subset of rocks along a range of
geotherms (Figure 11). By default, this GUI loads the elastic seismic moduli. To apply an anelastic correc-
tion, the user must create a corrected wavespeed file using calculateWaveSpeedFiles.mlx as described above
and use the “Load Speed File” button in the top left corner. Standard geotherms such as a half-space cooling
geotherm, a plate model geotherm, a continental geotherm with a constant heat production value are pre-coded
into the GUI with the flexibility for users to specify parameters including ocean age, surface heat flux, or
crustal heat productivity. Further input is allowed through the loading of a user-generated geotherm. For this
functionality, the user must load a .mat file with vector files for depth (km), pressure (Pa), and temperature
(°C) named as z, p, and ¢ (case-sensitive). The loaded geotherm will be saved in the GUI until closed or another
geotherm is loaded. The user can choose what rock types to plot, what property to plot, and what uncertainty to
plot (mean only, range, mean with one or two standard deviations) using the drop-down menus on the left. The
user can further select which rocks to plot by adding a single compositional constraint if desired. The “Plot!”
button plots the input request. The axes can be changed by the max depth plotted, as well as the “Set Axes”
functionality in the bottom right. The “Export Data to Workspace” button allows for further investigation of
the plotted data outside of the GUI. The steps required to reproduce the image seen in Figure 11 are detailed
in the caption.
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Figure 11. Snapshot of WISTFUL_geotherm.mlapp general user interfaces. To reproduce this figure, first create a wave
speed file using calculateWaveSpeedFiles.mlx corrected for 10 mm grainsize, 100 ppm C;, and 45 s period using the Behn
et al. (2009) anelasticity. Afterward open WISTFUL_geotherm.mlapp. Using the “Load Speed File” button, load in the
corrected speed file described above. Then, set the text boxes and drop-down menus as shown. Finally, hit the “Plot!” button.

3. WISTFUL_inversion.mlapp

This GUI allows the user to invert for best-fit temperature

and property using either of the fitting functions

described above (Figure 12). Similar to the other GUISs, the user can load their choice of anelastic corrections and
choose the rock type or compositional constraints for this inversion. For the inversion, the user can choose to fit to

4 MATLAB App

— m} X

[%2]
Load Speed File Fit Type Q
(O Closest X = 1500
@ E
Default file is loaded. (®) All Within X (0]
Temperature Range n 1000
Pressure [GPa] [°C] G
Mini 300 g 500
inimum o) 200 1
O Maximum | 1400 g | [T
TR Eedgd] = 400 600 800 100012001400 ¢ 150
Vp and Vs v ‘ Vp [kmis] 81 o ® L)
e x|, TIC] s
Show Best Fit For: 100
@ Vs fkanis] 400 Average Value| (8
< 6 —— % &
You are plotting 4046 < 2 H 1‘ ;
rocks. Fit! | E 4 n q”\ /' |7 Il
Rock Types to Fit = -1”’ W ) ; 0 0 2 4
» [] Peridotit 2 T\
[v] Peridoti .es % 4\! . \\ /"Iv\hl A|2O3 [Wt %]
» || Pyroxenites Export Data to < 1
Workspace

400 600 800 1000 1200 1400
T[°C]
Best Fit Temperature = 730+£70°C
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["]Add a Compositional Constraint

Temperature for Hist... 730

Plot Chosen Data
Histogram

Figure 12. Snapshot of inversion general user interfaces. To reproduce this figure, first open WISTFUL_inversion.mlapp. Set the text and check boxes to be as seen to
the left of the figures, with all types of peridotites checked. Then, set the text boxes and drop-downs as shown. Afterward, hit the Plot! button to plot the middle figures.
Once plotted the Temperature for Histogram box will be automatically updated to the best-fit temperature. Finally, press the “Plot Chosen Data Histogram” button to

plot the right-most figure.
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V,, Vi, V[V, or some combination. The user can also choose the temperature range as well as the extra property to
fit. Once the options are chosen, the “Fit!” button plots the average RMSE using the closest X number of samples
within error in the top middle figure. The lower figure depicts the best fit composition for each temperature. A
text box on the left-hand side states how many samples are being used in the inversion due to the constraints
given. The best-fit temperature and property value along with uncertainty are displayed beneath the middle
figures. Further, the user can plot the histogram of the data at any single temperature using the “Plot Histogram!”
button under the rightmost figure for any chosen temperature. After hitting the “Fit!” button, the “Temperature for
Histogram” edit box will default to the best-fit temperature from the inversion. The “Export Data to Workspace”
button allows for further investigation of the plotted data outside of the GUI The steps required to reproduce the
image seen in Figure 12 are detailed in caption.

Data Availability Statement

The toolbox is provided via a supplement and is available online (github.com/wshinevar/WISTFUL, https://doi.
org/10.5281/zenodo.5815695).
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