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Abstract The InSight mission to Mars is currently monitoring the seismic activity of the planet.
Interpretation of seismological observations in terms of composition and mineralogy requires the
knowledge of density and thermo-elastic properties of constituent materials at pertinent conditions. We
thus performed phase equilibria experiments and carried out sound velocity and density measurements
on aggregates representative of the Martian mantle over pressures and temperatures directly relevant
for Mars’ upper and mid mantle. Our results indicate the stability of magnetite, although in a small
amount, in phase assemblages at upper mantle conditions, especially in an oxidized environment. The
measured pressure and temperature derivatives of compressional and shear velocities show that the
temperature-induced reduction of seismic wave speeds dominates over pressure-induced effects at Mars'
shallow mantle conditions for the predicted areotherms and, independently from mineralogy, support the
presence of a low-shear-wave-velocity layer between 150 and 350 km depth, in agreement with seismic
observations.

Plain Language Summary The InSight mission operating on Mars is currently monitoring
the planet's seismic activity. The recorded marsquakes can be used to obtain information on Mars' internal
composition. However, the interpretation of these observations requires knowledge of the physical
properties of the minerals expected to compose the Martian mantle at the relevant conditions. In this
study we report: (1) experiments investigating the nature and abundance of the mineral phases stable at
Martian mantle conditions; (2) sound velocity and density measurements on these rocks over a pressure
and temperature range directly relevant for Mars' mantle, providing information that can be directly
compared to the seismological findings from the InSight mission. Our results reveal the stability of small
amounts of magnetite, an Fe3*-rich mineral not reported in previous studies but a likely candidate in
Mars' oxidized mantle environment. Moreover, measured wave velocities indicate the existence of a
region between 150 and 350 km depth where, due to large temperature-induced reduction, shear wave
velocities decrease with depth as opposed to an expected increase. This finding is consistent with recent
observations from the InSight mission on Mars.

1. Introduction

The NASA's Discovery program mission InSight is the first mission, almost 40 years after the end of Viking
2 lander operations (Anderson et al., 1977), aiming at investigating the seismology of a rocky planetary body
other than the Earth and the Moon. The spacecraft successfully landed on Mars in November 2018 (Banerdt
et al., 2020), and since early winter 2019, its seismometer SEIS is continuously recording global seismic ac-
tivity (Giardini et al., 2020). In the first year of operations, three quakes were strong enough to perform sin-
gle station seismic analyses of Mars' subsurface and upper crust (Lognonné et al., 2020; Knapmeyer-Endrun
et al., 2021). Observations of direct and reflected body-wave phases from these and few other marsquakes
have been used to provide first constraints on seismic structure to a depth of 800 km (Khan et al., 2021) and
the size of the core (Stihler et al., 2021). However, in order to invert seismic models for information on the
composition and mineralogy of Mars' interior, knowledge of the sound velocities and density of relevant
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minerals and mineralogical assemblages at pertinent thermodynamic conditions are critically needed. Fur-
thermore, most of the Martian seismic data available so far do not allow for independent source localization
(Giardini et al., 2020), and a-priori knowledge of sound velocity variations as a function of pressure and
temperature would play an essential role in interpreting the nature and depths of the observed seismic
events. Self-consistent thermodynamic mineralogy and seismic wave velocity models of the Martian mantle
have been computed for a series of pressure-temperature profiles and for a selection of bulk chemical com-
positions (Smrekar et al., 2019 and references therein) along self-consistent adiabats by Gibbs free-energy
minimization (Connolly, 2009) using the thermodynamic formulation of Stixrude and Lithgow-Bertelloni
(2005, 2011). While internally consistent, these calculations rely on available thermodynamic databases
(e.g., Holland et al., 2013; Stixrude & Lithgow-Bertelloni, 2011), which have been largely constructed on
the basis of minerals with compositions relevant to Earth's mantle. Experiments and calculations have not
yet sufficiently constrained the thermoelastic properties of Fe-rich end members, especially Fe**-rich, min-
erals across the full range of pressure and temperature of Mars' mantle. Since Mars' mantle is believed to
be especially enriched in Fe (Fe# = [Fe/(Fe + Mg)] X 100 = 25, e.g., Dreibus & Winke, 1985) compared
to Earth's mantle (Fe# = 10, e.g., Takahashi, 1986), potentially with oxidized regions in its uppermost part
(Tuff et al., 2013), current estimations do not encompass the full range of possibilities, and proposed veloc-
ity models are based on, and possibly biased by, an incomplete dataset.

The only experimental study so far investigating the phase assemblages of Mars' mantle has been performed
by Bertka and Fei (1997). The synthetized aggregates at Mars' upper mantle conditions were predominantly
made of olivine and pyroxene down to ~200 km depth corresponding to ~2 GPa. From this depth, pyroxene
dissolves into garnet through the entire upper mantle, until olivine transforms into wadsleyite at ~1,100 km
depth (13.5 GPa), marking the beginning of the Martian counterpart of the transition zone as defined for
the Earth's mantle (Bertka & Fei, 1997). The compositions of the olivine and pyroxene phases measured by
Bertka and Fei (1997) were found to be characterized by 25 mol.% of the respective Fe end-member. Despite
the reducing conditions in the experiments (both of the starting material and synthesis setup), the garnets
present in the assemblages representative of the upper mantle contain not only 21 mol.% of almandine
(Fe**,ALSi,0,,) component but also 5 mol.% of the skiagite (Fe* ,Fe**_Si,0,,) component, the latter being
a Fe**-rich end-member of garnet whose thermoelastic properties have not been studied in much detail, es-
pecially lacking high-temperature data (Ismailova et al., 2017; Vasiukov et al., 2018; Woodland et al., 1999).
Since Mars is believed to have oxidized regions at least in the uppermost mantle (Tuff et al., 2013), studying
more oxidizing conditions during phase equilibria experiments in order to obtain mineralogical assemblag-
es, which are potentially more representative of the Martian mantle, is essential.

Here, we measured the bulk compressional (v,) and shear (v,) wave velocities as well as densities of repre-
sentative Martian upper mantle mineral aggregates synthesized at various redox conditions by means of in
situ ultrasonic experiments combined with synchrotron radiation at pressures and temperatures relevant to
the Martian upper mantle. Our results provide direct guidance to the interpretation of seismic observations
and extend on available datasets for thermodynamic models.

2. Materials and Methods

Homogeneous spherical glass samples (diameter ~2.5-3 mm) were produced in an aerodynamic levitation
laser furnace, by fusing a powder mixture with bulk composition close to the one proposed by Taylor (2013)
(oxides expected to be present at a level below 1 wt.% were not included in the starting material), employ-
ing different gas mixtures (Ar, CO,, H,), and quenching the melt. The glass spheres were then polished to
cylinder shapes and re-equilibrated in a multi-anvil or a piston-cylinder press, to crystallize phase assem-
blages analogous of the Martian mantle at high pressure and temperature (UM1 at 3 GPa and 1373 K; UM2
at 3 GPa and 1473 X; MM1 at 8 GPa and 1473 K, see Table S1). All recovered samples were well sintered.
Assemblages were further analyzed using a scanning electron microscope (SEM) and electron microprobe
(EMP)/transmission electron microscope (TEM) to determine grain size, mineral phases, and compositions
(Tables 1 and S1). For more detailed information, please refer to the Supporting Information S1.

Sound wave velocity and density measurements were carried out at the beamline BL04B1, SPring-8, Ja-
pan, in three in situ experiments using combined ultrasonic interferometry, X-ray radiography and X-ray
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Table 1 diffraction under high-pressure and high-temperature. Measurements
Phase Proportions of Measured Samples and Compositions of Constituent have been conducted up to 6.8(1) GPa and 900 K for the upper mantle
Phases assemblages, and up to 10.6(1) GPa and 1200 K for the mid-mantle as-
Run NO. ol Opx* Gt Mag  Bulk(l) Bulk(2) Semblage (see Supporting Information S1 and Figure S1). The two-way
G B e L i travel time (t) was measured by the pulse echo method, analyzing the
( ) a5 ’ time delay between the buffer and sample echoes (Figure S2). At each
Si0, 39.0 532 L4 45.7 e pressure and temperature, the sample length (L) was measured by X-ray
AlO, = 37 10.0 3.2 2.2 radiography, imaging two gold foils placed at both ends of the sample
FeO¢ 21.1 11.8 24.1 19.3 17.1 (Figure S3), and the compressional and shear wave velocities were cal-
Fe,0,° - 1.9 59.1 - 4.1 culated using the relation = % The pressure and temperature depend-
t
MgO 39.8 27.4 5.3 29.7 324 ences of each mineralogical assemblage were derived by global fitting the
Ca0 0.1 2.0 0.1 2.0 1.0 respective P-T-v,-v, datasets to a linear function following:
UM2 (EMP) 3 GPa, 1,473K, 24 h Vps =Vops +6(VP,S)/6P P +6(qu5)/6T * (T _ 300]()
Sio, 39.4 50.9 1.6 46.4 42.4
AlLO, 0.5 4.3 14.3 3.3 3.0 (see also Figure S4).
FeO 20.6 7.7 21.2 18.1 14.9
¢ Energy-dispersive diffraction patterns were collected for both the sam-
1250 - B2 S - el ples (Figure S5) and pressure marker using a solid-state Ge-detector at a
MgO 39.0 28.3 7.5 29.5 32.5 fixed 26 angle of ~6°. The unit-cell volumes of the Au pressure marker
CaO 0.5 1.9 0.1 2.8 1.1 were used to determine the pressure at each temperature point accord-
MM1¢ (EMP) 8 GPa, 1,473K, 23 h ing to the P-V-T equation of state of gold (Tsuchiya, 2003). The unit-cell
5i0, . === e 4538 e parameters of olivine, OFthopyrf)xene, garne't and m'agne'tlte, if detec‘ted
ALO 0 (Table S2), were determined using full profile LeBail refinements with-
278 0-2 0-3 10. 33 29 in the GSAS software package in the EXPGUI interface (Larson & Von
FeO 21.1 11.3 8.8 18.6 15.3 Dreele, 2004’ TOby, 2001)
Fe,O, - 13 171 - 44
MgO 39.2 30.0 15.9 29.8 31.0
Ca0 0.4 1.2 6.9 25 20 3. Results and Discussion
Phase proportion The three aggregates show distinct mineralogies, mainly differing in pro-
UM1 44 50 6 portions of olivine, pyroxene, garnet, and, when present, magnetite (Fig-
UM2 43 54 3 ure S6). The phase assemblages equilibrated at Martian upper mantle P-T
MM1 o 30 23 conditions (UM1 and UM2) are comparable in terms of phase propor-

Note. The bulk composition of each sample is estimated in two
different ways: (1) by SEM analysis performed over large window scans
(200 x 200 um) and averaged over multiple areas of the sample; and
(2) from the phase proportions determined from the SEM/TEM images
and compositions of each phase. In case (1) all Fe is counted as FeO.
The starting chemical composition of oxide mixture is in wt.% SiO,:
44.6; Al,O,: 3.1; FeO: 18.5; MgO: 31.2; CaO: 2.5. Phases are olivine (Ol),
orthopyroxene (Opx), garnet (Gt), and magnetite (Mag).

20nly orthopyroxene was counted here due to the non-detection of
clinopyroxene in SEM and EMP measurement. (see also Table S3). *The
TEM or EMP in the parathesis indicate the composition was obtained by
TEM or EMP analysis, respectively. Pressure, temperature, and duration
of the synthesis run are also indicated. °The valence states iron in Opx,
Gt, and Mag was calculated according to the charge balance method
(Quinn et al., 2016). See S2 in Supporting Information S1 for more details.
dComposition was measured after synthesis, before sound wave velocity
measurement.

tions and compositions (Table 1), with 50-54 vol.% olivine, 43-44 vol.%
orthopyroxene and 3-6 vol.% magnetite, as determined from analysis of
SEM and TEM images (see Supporting Information S1). Differently from
the results of Bertka and Fei (1997), garnet is absent in these samples due
to the stabilization of magnetite (Table S3). Clinopyroxene shows a small
grain size, i.e., <500 nm, making it only observed in TEM composition
mapping but not detectable by SEM and EPMA measurements (Tables 1
and S3). The Fe# of olivine in both assemblages is identical (Fe# = 23),
whereas in orthopyroxene, the Fe# of UM1 is 20 compared to a Fe# = 22
in UM2, which can be attributed to the fact that 3 vol.% more Al-Mg-rich
magnetite is present in UM1 than in UM2 incorporating some amount
of Fe into its structure. Magnetite is observed in these upper mantle as-
semblages irrespective of the gas flux used in the glass synthesis and the
capsule material used for the high P-T equilibrations (Table S1), and this
is another major difference with respect to the previous study by Bertka
and Fei (1997) (Table S3). One possible explanation is the use of Re and
Pt foils and the Fe3*-rich oxide mixtures as starting material in this study,
in contrast to the more reducing conditions imposed by the capsule ma-

terials (graphite-lined Pt capsules) containing the previously reduced starting material used by Bertka and

Fei (1997). Noteworthy, a recent study reported the stability of magnetite next to majoritic garnet and py-

roxene when starting from a bulk composition similar to the one investigated here (Tao et al., 2018). More
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| importantly, the presence of Fe3* bearing phases, and possibly magnetite,

82| ™ thincrust in the Martian mantle assemblage is reasonable under the assumption of

thick crust

an Fe-rich and oxidized uppermost mantle (Tuff et al., 2013). Still, ferrian
minerals have not been taken into account in any of the mineralogy and
velocity models considered so far (e.g., Smrekar et al., 2019 and referenc-
Ve es therein).

77 - The phase assemblage of the run under mid-mantle P-T condition (MM1)
e UM2 contains 23 vol.% of garnet, 30 vol.% of orthopyroxene and 47 vol.% of
—— olivine (Table 1). The Fe# in olivine and orthopyroxene are 23 and 18, re-
N spectively, with the garnet being rich in Fe3*, containing 23 mol.% skiagite
| (Fe**,Fe** Si,0,,) and 18 mol.% andradite (Ca,Fe**,Si,0,,) components.
Such an enrichment in Fe3* is significant, especially if compared to the

e — previous phase equilibrium study (Bertka & Fei, 1997).
The compressional and shear wave velocities for all three runs increase
N monotonically with pressure and decrease with increasing temperatures
' : ' 1 1 ' ' (e.g., UM2 in Figure S4). Both v, and v for the upper mantle experiments

L L UM1 and UM2 are very similar, within mutual uncertainties (Table S4).
depth (km) This observation can be readily explained in view of the similar phase as-

wave velocities (km/s)

4.4

4.3

42—

X . . o semblages and mineralogy of the two samples. The wave velocities v, and
Figure 1. Experiment-based compressional v, and shear wave velocities

v, of three different mineralogical assemblages versus depth along two . . .
different areotherms. The black and orange lines represent the two for the upper mantle experiments (Table S4) and with a larger increase
areotherms assuming a thin crust (Case 12, 45 km) or thick crust (Case with increasing pressure, presumably related to the presence of garnet in
56, 87.1 km), respectively. Extended low-velocity zones are visible for vg in this phase assemblage (Table S1).

both cases. V, shows a low-velocity zone only for the thin crust areotherm

(Case 12). The shaded areas represent the experimental uncertainties. Using the derivatives of Vp and v 5 with respect to T and P from the exper-
Results are for constant mineralogy, corresponding to equilibrium imental dataset of this study (Table S5), v, and v, of each phase assem-
mineralogy at depth ~250 km (UM1 and UM2) and ~650-680 km (MM1),
indicated as stars in the figure.

v, for the mid-mantle experiment MM1 are higher than those measured

blage are calculated as a function of depth along two different Martian
mantle temperature profiles (areotherms) (Figure 1). These areotherms
are chosen as representative cases out of a larger series established by
recent 3-D thermal evolution models (Plesa et al., 2018). Both areotherms
have been calculated assuming a crustal heat production rate compatible with the surface abundance of
heat producing elements measured by the gamma ray spectrometer instrument onboard Mars Odyssey
(Hahn et al., 2011; Taylor et al., 2006). Case 12 is representative for a relatively thin crust (45 km) that con-
tains about 44% of the total bulk amount of heat producing elements and is characterized by a steep tem-
perature increase down to depths of ~350 km, from where the temperature profile flattens out toward the
lower mantle (Figure S7). Case 56 considers a thick crust (87.1 km) that contains most of the heat producing
elements, i.e., 94%, leading to an overall less pronounced temperature increase at shallow depths. In this
latter case, the areotherm starts flattening out at a depth of 800 km reaching a temperature approximately
420 K lower compared to Case 12 (Figure S7). From our experimental data, we predict a low-velocity layer,
i.e., a decrease in wave velocities with increasing depth, at shallow mantle depths (~150-350 km depths
range) for both v, and v, for the thin-crust areotherm (Case 12). For the thick-crust areotherm (Case 56),
a low-velocity layer is present for v, whereas variation of v, with depth (initial small reduction followed
by a slight increase) are too small to derive firm conclusions. Results along more areotherms for thin and
thick crust and different thermal evolution models (Plesa et al., 2018) are shown in the Supporting Infor-
mation S1 (Figure S8). Different temperature profiles affect absolute values of velocities, but not the overall
behavior with depth for the two classes of areotherms (i.e., thin and thick crust). The occurrence of extend-
ed low-shear-velocity zones is predicted for all phase assemblages considered here and can be explained by
the temperature-induced velocity decrease prevailing over the pressure-induced velocity increase at depths
shallower than 400 km.

The obtained experimental results along the Case 12 areotherm are compared to wave velocities modeled
along the same areotherm for aggregates having the same bulk composition of the experiments but as-
suming all Fe to be present as Fe?* due to the absence of Fe3* in end-member phases in the Stixrude and
Lithgow-Bertelloni (2011) database (Figure 2). Specifically, equilibrium phase assemblages are determined
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by Gibbs free energy minimization using Perple_X (Connolly, 2009) (Ta-
81 ble S3), and the elastic properties of the aggregates are computed with the
8.0 thermodynamic formulation and thermodynamic database of Stixrude

wave velocities (km/s)

42 .

| | | | | | |
100 200 300 400 500 600 700 800

depth (km)

Figure 2. Experiment-based compressional v, and shear wave velocities
v, of three different mineralogical assemblages versus depth along a thin
crust areotherm (Case 12, 45 km average crustal thickness, black) in
comparison to velocities according to thermodynamic calculations (red
lines). The modeled velocities were calculated using the thermodynamic
formulation of Stixrude and Lithgow-Bertelloni (2005) and parameters

of Stixrude and Lithgow-Bertelloni (2011) for composition Bulk (2) (see
Table 1), but assuming all Fe to be present as Fe** due to the absence of
Fe** in end-member phases in the Stixrude and Lithgow-Bertelloni (2011)
database. Calculations for composition Bulk (1) differ at most by 0.05 km/s
for v, and 0.03 km/s for v,. The shaded areas represent the experimental
uncertainties. Noteworthy, while experimental results are for constant
mineralogy, corresponding to equilibrium mineralogy at depth ~250 km
(UM1 and UM2) and ~650-680 km (MM1), indicated as stars in the figure,
thermodynamic models have mineralogy resulting from Gibbs free-energy
minimization and thus evolving with depth.

and Lithgow-Bertelloni (2005, 2011). The overall agreement between
experiment-based velocity profiles and models is good, in particular for
the mid-mantle assembly, where the two are within uncertainties. For
upper-mantle assemblies modeled, v, is below (UM1) or above (UM2) ex-
periment-based velocity profiles by ~1%, while v, is below by ~2% in the
case of UM1 or close for UM2. Accordingly, neglecting the presence of
Fe3* bearing minerals leads to less than 2% difference between the results
obtained in our experiments and self-consistent thermodynamic models.

The experimental results along the areotherm Case 12 are also compared
to mantle velocity models (Smrekar et al., 2019) computed along the
same areotherm using the thermodynamic approach detailed above (Fig-
ure 3a). Several bulk chemistry compositions proposed for the mantle of
Mars are considered here—MA: Morgan & Anders, 1979; LF: Lodders &
Fegley, 1997, EH45 and EH70: Sanloup et al., 1999; MM: Mohapatra &
Murty, 2003; TA: Taylor, 2013; and YO: Yoshizaki & McDonough, 2020;
together with the bulk chemistry of our starting material (Table 1). It
is important to note that the experiment-based results are computed for
constant mineralogy, corresponding to equilibrium mineralogy at depth
~250 km (UM1 and UM2) and ~650-680 km (MM1). Thermodynamic
models use Gibbs free-energy minimization and thus have a mineralo-
gy that evolves with depth. Both v, and v obtained from the ultrasonic
experiments and modeled for our starting composition plot on the lower
end of the velocities calculated with thermodynamic models, close to es-
timations for the composition EH70 suggested by Sanloup et al. (1999),
despite the significant difference in major element concentration (+7.3
wt.% Si0,; —0.53 wt.% ALO,, —6.7 wt.% FeO, —3.2 wt.% MgO and —0.43
wt.% CaO of EH70 with respect to our composition). Assuming the are-
otherm Case 56, both the experimental and calculated wave velocities
increase slightly, without changes to the relative difference. Overall, we
observe generally faster wave velocities from the previously published
models compared to our experiments and model. The TA model, which
has a bulk chemistry very close to that of our experiments, shows a v, /v,

ratio very close to that modeled for our starting composition (Figure 3b) but absolute velocities systemati-
cally above our measurements (difference up to ~0.23 km/s and up to ~0.1 km/s for v, and v,, respectively).
This offset can be explained by the larger amounts of clinopyroxene in the TA model (up to 19.1%) and less
orthopyroxene (13.3%) compared to the phase proportion modeled for the starting material composition of
this study, resulting in the stability of only 5.6% of clinopyroxene and a larger amount of orthopyroxene (up
to 28.2%) (Table S3). Indeed, at pressure and temperature conditions of the Case 12 areotherm clinopyrox-
ene is faster compared to orthopyroxene (Flesch et al., 1998; Kung et al., 2005, 2011; Li & Neuville, 2010).
In comparison to a typical mineralogy of the Earth's mantle (Ringwood, 1969), calculated along the same
areotherms (Figure 3a), the wave velocities through Mars’ upper and mid-mantle are significantly slower
than those of the Earth, ~0.5 km/s for v, and ~0.3 km/s for v,. This can be attributed not only to the higher
garnet and olivine over pyroxene content in the Earth but also to the lower Fe# of ~10 assumed for the
Earth versus a Fe# of ~25 expected for Mars, which has a significant effect on the bulk wave velocities
(Stixrude & Lithgow-Bertelloni, 2011).

Irrespective of absolute velocity values, a low-S-wave-velocity layer at shallow depths is expected according
to both experiments and for all self-consistent thermodynamic models, further supporting the independ-
ence of this finding from mineralogy. Available Martian seismic records suggest a possible S-wave shad-
ow zone at an epicentral distance range of ~40-60° from the InSight landing site (Giardini et al., 2020;
Khan et al., 2021), which might result from the presence of a low-velocity layer in the upper mantle.
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Figure 3. Experiment-based compressional v, and shear wave velocities v¢ (a) and v, /v, (b) of three different mineralogical assemblages studied here versus
depth along the thin crust areotherm Case 12 (45 km average crustal thickness). The gray shaded areas represent the experimental uncertainties. Self-
consistent thermodynamic models (colored lines) calculated for different bulk starting compositions proposed in literature show wave velocities faster than the
experimental ones. We note, however, that experimental results are for constant mineralogy, corresponding to equilibrium mineralogy at depth ~250 km (UM1
and UM2) and ~650-680 km (MM1), indicated as stars in the figure, while self-consistent thermodynamic models have been computed for mineralogy evolving

with depth.

Our experimental results and the above-presented considerations provide a direct explanation for this
observation and support the existence of a low-S-wave-velocity zone in the upper mantle of Mars (Khan
et al., 2021) as a direct consequence of the dominant temperature-induced effects on seismic velocities
along all areotherms considered in this study (Plesa et al., 2018). Whether or not a low-P-wave-velocity layer
will be observed on Mars would provide constraints on the thermal structure of the upper mantle, with a
low-P-wave-velocity zone being a strong indication of hot temperatures in the shallow mantle, such as the
temperature profile Case 12 of Plesa et al. (2018).

The v, /v ratio between 100 and 800 km depth, which directly affects the difference in the arrivals between
P-waves and S-waves, is shown in Figure 3b. This ratio shows a smooth monotonic increase for all three
Martian compositions investigated in this study. Within experimental uncertainties, shown as shaded are-
as, v, /v is the same for the two upper mantle assemblages. Furthermore, the experimental data clearly fall
into the same range as calculated for different Martian compositions using thermodynamic end-member
data by Stixrude and Lithgow-Bertelloni (2011). Compared to a typical v, /v, for Earth’s mantle composi-
tion (Ringwood, 1969) along a Martian temperature profile, the bulk v, /v, for Mars is larger, especially for
depths >400 km. Another interesting observation is that the dependence of v, /v, on pressure in our assem-
blages does not significantly vary along isotherms, for temperatures in the range of 300-2500 K tested by
extrapolation of results in this study. Thus, the measured v, /v, ratio provides important constraints for the
estimation of the epicentral distance of marsquakes recorded by InSight.

4. Conclusions

In this study, we report the stability of magnetite, although to a small fraction, in Martian mantle phase
assemblages at conditions directly pertinent to its upper mantle, especially in an oxidized environment.
Additionally, the presence of Fe3*-bearing garnets was inferred in the mid-mantle phase assemblage. We
thus argue for a Martian mantle mineralogy more complex compared to what has been considered so far
(e.g., Bertka & Fei, 1997; Smrekar et al., 2019 and references therein). Sound velocity measurements have
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been carried out at high pressure and high temperature and suggest seismic wave velocities possibly slower
compared to the majority of the velocity models that have been previously proposed for Mars. Whether the
difference between experiments and thermodynamic models is the result of the presence of iron as Fe3*
or of the different phase proportions in our assemblages compare to those predicted by existing thermody-
namic equilibrium calculations remains to be assessed. Nevertheless, the presence of a low-S-wave-velocity
layer extending between 150 and 350 km depth, and possibly up to ~500 km depth, is independent of the
considered mineralogy and thermal structure and is therefore a robust conclusion that is compatible with
the findings from recent InSight seismic observations (Giardini et al., 2020; Khan et al., 2021). The v, /v, ra-
tio depends only weakly on mantle composition and mineralogy and is largely independent of temperature.
Hence, the v, /v, ratio that has been measured in this study provides direct constraints for the estimation
of the epicentral distance of quakes and guidance for the interpretation of seismic data collected on Mars.
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