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Constraining the thermal and compositional state of the mantle is crucial for deci-
phering the formation and evolution of Mars. Mineral physics predicts that Mars’
deep mantle is demarcated by a seismic discontinuity arising from the pressure-
induced phase transformation of the mineral olivine to its higher-pressure poly-
morphs, making the depth of this boundary sensitive to both mantle temperature and
composition. Here, we report on the seismic detection of a midmantle discontinuity
using the data collected by NASA’s InSight Mission to Mars that matches the
expected depth and sharpness of the postolivine transition. In five teleseismic events,
we observed triplicated P and S waves and constrained the depth of this discontinuity
to be 1,006 + 40 km by modeling the triplicated waveforms. From this depth range,
we infer a mantle potential temperature of 1,605 + 100 K, a result consistent with a
crust that is 10 to 15 times more enriched in heat-producing elements than the
underlying mantle. Our waveform fits to the data indicate a broad gradient across the
boundary, implying that the Martian mantle is more enriched in iron compared to
Earth. Through modeling of thermochemical evolution of Mars, we observe that only
two out of the five proposed composition models are compatible with the observed
boundary depth. Our geodynamic simulations suggest that the Martian mantle was
relatively cold 4.5 Gyr ago (1,720 to 1,860 K) and are consistent with a present-day
surface heat flow of 21 to 24 mW/m®.

interior of Mars | mantle transition zone | thermal evolution of Mars

Mars, like other terrestrial planets, formed through the accretion of planetesimals into
a rocky planet and further differentiated into crust, mantle, and core (1). However,
due to the absence of plate tectonics, Mars retains signatures of early processes within
its basic inner structural parameters, such as the size, state, and composition of the
core, and the composition and layering of the mantle. Thus, understanding the interior
structure of Mars sheds light on the formation and evolution of the terrestrial planets.

Planetary seismology provides an in situ method to directly constrain the Martian
interior structure from seismic waves (2). In November 2018, NASA’s Interior Exploration
using Seismic Investigations, Geodesy and Heat Transport (InSight) mission landed in
Elysium Planitia on Mars, deploying the Seismic Experiment for Interior Structure
(SEIS) seismometers to the surface (3, 4). One of the primary scientific objectives of
the InSight mission is to determine the structure, composition, and thermal state of
the Martian interior (5-8). After nearly two Martian years of operation, SEIS has
detected over 1,000 seismic events (9), establishing that Mars is seismically active (10).
These seismic data have revealed the crustal thickness and layering beneath the InSight
lander (4, 11) and provided constraints on upper mantle structure (12) and core radius
of Mars (13), as well as the seismicity rate on Mars (10).

Previous composition models of Mars were largely constructed using geochemical
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data from Martian meteorites and chondrites (14—20), in combination with orbital

geophysical data such as mass, moment of inertia (Mol), and tidal Love number (21).
Starting from these composition models, theoretical seismic profiles of the Martian
interior can be modeled with internally consistent thermodynamic approaches and
assumed temperature profiles from geodynamic simulations (22). Such an approach has
been recently shown to provide seismic velocities within a few percent of actual meas-
urements on Martian mineralogical assemblages at pressure and temperature conditions
directly pertinent to Mars” shallow mantle and midmantle (23). In these models, a seis-
mic discontinuity associated with the pressure-induced phase change from olivine to
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its polymorphs (24-26), including wadsleyite and ringwoodite,
is predicted to exist at 950 to 1,150 km depth. This interface
corresponds to the 410-km discontinuity on Earth that delin-
eates the top of the mantle transition zone (MTZ) (27). Due to
the expected higher iron content of the Martian mantle and the
complexity of the phase diagram, at low-temperature condi-
tions, olivine would first transform into ringwoodite and then
to wadsleyite as pressure increases, whereas at high-temperature
conditions, olivine would transform into wadsleyite directly,
before the stabilization of ringwoodite at further high pressures
(24). Given this entangled behavior, we simply refer to these
phase transitions as the postolivine transitions hereafter and
investigate the possibility of both structures. Notably, Mars is
not expected to have an Earth-like lower mantle composed of
bridgmanite and ferropericlase, owing to a much lower pressure
(18 to 19 GPa) and temperature (1,900 to 2,000 K) at its core
mantle boundary (13). Therefore, the counterpart of the 660-km
discontinuity on Earth, arising from the dissociation of ringwoo-
dite to bridgmanite and ferropericlase, is not present within the
Martian mantle.

The Clapeyron slopes of these postolivine transitions within
Mars are predicted to be positive (25, 28), requiring a shallower
(or deeper) transition in a colder (or hotter) mantle. Thus, the
depth of the associated seismic discontinuity is a key source of
information on the thermal state of the planet. Compositional
enrichment of iron (29) or increased water content (30, 31) in
the mantle would shift the discontinuity toward shallower
depths, mimicking the effects of lower temperature. In addi-
tion, the presence of water is found to broaden the postolivine
transition (32-34), reducing the sharpness of the seismic discon-
tinuity. Thus, seismic observations of the depth and sharpness of
the midmantle discontinuity arising from the postolivine transi-
tion provide an invaluable insight into the temperature and com-
position of the Martian mantle.
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Results

Observations of Mantle Triplications on Mars. Earth’s MTZ
was first discovered by analyzing the behavior of P-wave travel
time curves (35). Early studies on MTZ discontinuities utilized
refracted waves bottoming above and below the 410- and
660-km depths, forming travel time triplications, and inverted
the data from these triplications for one-dimensional (1D) veloc-
ity structures of Earth’s mantle (36, 37). Here we follow a similar
method to identify the P and S triplications that resulted from
the interactions with a midmantle discontinuity within Mars
using the InSight data (Fig. 1 4 and B). As an example, the pre-
dicted travel time curves from a prelanding model (38) exhibit
two intersecting triplications (Fig. 1 C and D): the AB and BC
branches are associated with a weak seismic discontinuity from
the phase change from orthopyroxene (opx) to high-pressure cli-
nopyroxene (HP-cpx) at ~800 km depth (39), while the CD, DE,
and EF branches are related to the seismic discontinuity from the
postolivine transition at ~1,000 km depth. Here we simply refer
to these two discontinuities as 800 and 1,000. On Earth, the opx
to HP-cpx transition provides one possible mechanism to explain
the X discontinuity at ~300 km depth, but the lower proportion
of opx in Earth’s upper mantle at these depths (<10 vol %)
compared to the expected Martian mantle (~20 vol %) hinders
this phase transition from producing a global discontinuity (39).
Our study focuses on the analyses of CD, DE, and EF branches
of the predicted triplications to constrain the depth and sharp-
ness of the 1,000 discontinuity which is likely to be associated
with the postolivine transitions and subsequently infer the ther-
mal and compositional state of the Martian mantle.

The InSight Marsquake Service (MQS) classifies seismic
events into low- and high-frequency families based on their
dominant frequency content (9, 10). The low-frequency family,
including both low-frequency (LF) and broadband (BB) events,
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Fig. 1. Ray path geometry and predicted travel times of mantle triplications in Mars. Teleseismic ray paths of (A) P waves and (B) S waves interacting with
the discontinuities in the midmantle, colored according to their bottoming depths. Triplications formed between 60° and 85° from the InSight lander (blue
triangle). Pink stars indicate the locations of five LF and BB events which are calculated from ts — t, measurements using the EH45coldCrust1 model (38) and
assuming a 30-km source depth. Reduced travel time curves (time-distance/velocity) of (C) P and (D) S triplications predicted from the EH45TcoldCrust1
model. Reduction velocities are 12 and 6.5 km/s for P and S waves, respectively. Branches A to C correspond to triplications from ~800 km depth (associated
with the opx to HP-cpx transition), and branches C to F correspond to triplications from ~1,000 km depth (associated with the postolivine transition). The

gray dashed lines highlight the epicentral distances of five LF and BB events.
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is interpreted as a set of marsquakes that originate in the deep
crust or mantle and radiate seismic waves deep into the mantle.
In contrast, the high-frequency family is attributed to shallow
events with most of their energy trapped in the crust (40).
Here we focus on the LF and BB events to search for deep
mantle triplications. From the MQS catalog, we down-selected
five LF and BB events that have #5 — #p values (differential
travel times between P and S waves) consistent with the 60° to
85° distance range expected for mantle triplications: S0185a,
S0234c, S0345a, S1094b, and S1102a (87 Appendix, Table S1-1)
(41, 42). Among these events, S1094b (~Mw 4) and S1102a
(~Mw 3) are the largest events and have energy reaching above
5 Hz, while the other three events are dominated by energy
between 0.1 and 1 Hz. Due to crustal scattering, it is not straight-
forward to pick P and S arrivals directly from the unfiltered
seismograms, especially for S0234c and S0345a that have lower
signal-to-noise ratios (SNRs). Therefore, we used a polarization
filter (43), in addition to a Butterworth bandpass filter (0.3 to 0.9
or 0.5 t0 0.9 Hz), to improve the SNR of the P- and S-wave sig-
nals, while suppressing signals that are not rectilinearly polarized,
such as noise and scattered waves. We also carried out frequency-
dependent polarization analysis (FDPA) to validate the vertical
polarizations for P waves and horizontal polarizations for S waves
(44). All of our P- and S-arrival picks must show consistent verti-
cal or horizontal polarizations from the polarization filter and
FDPA methods. Finally, to ensure our picks are not contaminated
by wind or pressure changes, we performed a comodulation analy-
sis between the wind/pressure data and seismic data (45). Our
analyses only kept P- and S-arrival picks that had excess seismic
energy above the environmental noise. The resulting dataset of
P- and S-arrival picks was then used to determine the epicentral
distances and to search for later-arriving triplicated phases.

To facilitate body wave identifications, we aligned the wave-
forms on their first P and S arrivals and ordered them by
ts — tp (Fig. 2). This alignment reveals secondary arrivals follow-
ing the P and S waves whose travel times are consistent with the
predicted move-outs of mantle triplications and, furthermore,
have amplitudes and polarities similar to the direct P and S arriv-
als. One possibility is that these arrivals are depth phases (e.g.,
pP and sS for a range of event depths), but we rule out this
interpretation based on the following lines of evidence: 1) The
two event depths obtained from interpreting these arrivals as pP
and sS phases from a single event are inconsistent with each
other for the examined events. 2) The lack of surface waves and
short codas of most events imply these LF and BB events
occurred in the deep crust or uppermost mantle (10). If source
depths are greater than 30 km, the pP and sS phases are then
predicted to arrive later than 12 and 22 s after the first P and S
arrivals, respectively (11-13); thus, they are unlikely to interfere
with the mantle triplications. 3) Depth phases travel twice
through the crust at the source side, thereby losing more energy
due to crustal scattering and attenuation (4, 40), and would have
overall lower amplitudes than the direct phase regardless of the
radiation pattern for the event. Furthermore, for surface events
(e.g., a meteoroid impact), we would not expect to observe depth
phases at all. We also exclude the possibility that these phases
arise from crustal conversions or reflections because these phases
would only have amplitudes ~20% of the first P and S waves
(47) and would be further suppressed by the polarization filter
due to noise contamination (S/ Appendix, Fig. S4-11). We only
observe crustal S reflections from the two large events, S1094b
and S1102a, arriving ~10 s after the S wave. These phases do
not interfere with the candidate S triplications (S Appendix,
Figs. S1-1 and S1-3). With these considerations, we interpret

PNAS 2022 Vol. 119 No.42 2204474119

these secondary arrivals as candidate P and S triplications caused
by the interactions with the 1,000 discontinuity and investigate
their characters further with seismic waveform modeling. We
also demonstrate with synthetic modeling that the magnitude
thresholds for detecting the P and S triplications are Mw 2.5
(8T Appendix, Fig. S4-9) and 3.5 (SI Appendix, Fig. S4-10),
respectively, compatible with the reported magnitude range
(Mw 2.6 to 4.0) for LF and BB events (9, 48), indicating that
mantle triplications are detectable by InSight.

Synthetic Waveform Modeling. We used a waveform modeling
approach based on a suite of mineral physics-derived radial
models for Mars to fit the triplication data and determine the
exact depth at which the 1,000 discontinuity occurs (S Appendix;
Fig. $2-2). These 1D models are derived from six different mantle
compositions [DW85 (14), EH45 (17), KC08 (46), LF97 (15),
TAY13 (19), and YM20 (20)] with mantle potential tempera-
tures (7p) ranging from 1,305 to 1,705 K. We selected a repre-
sentative subset of 60 models out of a total of ~2,000 models
constructed to cover the entire temperature and composition
model space. We used the spectral-element code AxiSEM (49)
to compute high-frequency synthetic waveforms (7, = 2s) that
match the frequency content of the data (0.1 to 1.0 Hz). Since
the focal mechanisms and depths of these events are unknown,
we assumed a normal faulting source at 30 km depth in the
waveform modeling, which is similar to seismic events located at
Cerberus Fossae (50). The source depth assumption is supported
by a recent body wave study (51) which suggests most high-
quality LF and BB events are located at ~30 km depth. Our syn-
thetic tests performed for different focal mechanisms demonstrate
that our waveform modeling results are not significantly affected
by the assumption of a normal faulting source (S/ Appendix, Fig.
S4-2). Given the similar take-off angles at the source, triplicated
waveforms do not have a high sensitivity to focal mechanisms,
allowing us to model waveforms using a single source by adjusting
polarities accordingly. We aligned the events with the synthetics
that have similar #g — #p values within the uncertainty range (S/
Appendix, Table S1-1) using cross-correlations. Correlation coeffi-
cients (CCs) between data and synthetics were subsequently calcu-
lated to quantify misfits (misfir = 1 — CC).

Depth and Sharpness of the 1,000-km Discontinuity. We
explored a wide range of candidate mantle compositions and
potential temperatures to identify models that matched the
observed waveforms (SI Appendix, Fig. S1-15). We find two
models that show a high correlation match for P (Fig. 24,
mean CC =0.73) and § triplications (Fig. 2B, mean CC = 0.77),
respectively. This high consistency between waveform matches
supports the identification of these seismic phases as mantle tripli-
cations. The waveform modeling was carried out independently
for P and S triplications, and each phase showed slightly differ-
ent sensitivities to the 1,000 depth which were measured at the
center depth of the phase transition. The two best-fitting models
show consistent 7p values (1,605 K) but different mantle com-
positions and 1,000 depths: KC08 and 1,013 km for P triplica-
tion (Fig. 24) and YM20 and 1,027 km for S triplication (Fig.
2B). Triplicated waveforms are less sensitive to mantde composi-
tion; this topic is discussed in the next section. The ranges of
1,000 depths consistent with the observed P and S triplications
are 994 + 62 km (Fig. 3 Aand C) and 1,008 + 49 km (Fig. 3 B
and D), respectively. These P- and S-derived 1,000 depths agree
within two SDs; however, as both estimates rely on the same
interior structure models, we must address covariance between
the two estimates. We therefore computed the total misfic to
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Fig. 2. InSight seismic observations of P and S triplications and synthetic waveform fits. Polarization filtered (A) P waveforms on the vertical component

(BHZ) and (B) S waveforms on the transverse (BHT) or radial (BHR) components are shown in black curves. We selected either the BHT or BHR component
based upon the SNR of the S waves. The bandpass filters for each waveform are listed to the right. Red curves denote the synthetic waveforms from the
best-fitting models, with the CCs listed to the right. The parameters of the best-fitting models are shown on the top, and KC08 (46) and YM20 (20) represent
the assumed composition models. Background colors denote the amplitudes of P-wave synthetics on the BHZ component and S-wave synthetics on the
BHT component, assuming a 30-km source depth. We only consider the fits between data and synthetics in specific time windows (-5 to 8 s for P waves
and -5 to 20 s for S waves) to avoid contamination from other seismic phases and noise. Note that the time windows for the S waves in S0185a and

S1094b events are extended to account for possible later arrivals of triplications.

search for best-fitting models in the overlapping depth range
that can explain both triplications. We find a subset of 26 mod-
els that provide superior fits to the waveforms with misfits lower
than 0.33 (Fig. 3E). By averaging these lower misfit models, the
1,000 depth range of the best fitting models is constrained to be
1,006 + 40 km, and corresponds to 7p = 1605 + 100 K and
temperatures between 1,670 and 1,892 K at the 1,000 depth.
A recent study based on autocorrelation analysis of ambient
noise suggested a mantle discontinuity in the 1,110 to 1,170 km
depth range and interpreted this as the olivine—wadsleyite transi-
tion (52), which is considerably deeper than our estimate here.
However, a detailed study of transient signals (glitches and
spikes) arising from deformation internal to the InSight lander
and SEIS instrument package showed that the seismic phase
interpreted as a mantle discontinuity in that study is likely a sig-
nal processing artifact (53).

The 1,000 depth reported above is based upon the assump-
tion of a 30-km-deep source. However, the source depths of
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these five events are poorly constrained, and there is a direct
trade-off between the source depth and 1,000 depth. By assum-
ing a linear areotherm, surface temperature (220 K), and heat
flow (20 mW/m?), the maximum seismogenic depth for Mars
is calculated to be ~130 km based on a temperature threshold
of 1,073 K (54). We would underestimate the 1,000 depth and
Tp by up to 33 km and 100 K, respectively, especially if the
source depths of our events fall toward the deeper end of the
30 to 130 km depth estimate. Conversely, we would overesti-
mate the 1,000 depth by up to 10 km if the seismic sources are
all located near the surface (e.g., a meteoroid impact). Furthermore,
if the events are located between 0 and 30 km depth, the depth
phases (e.g., sS and pP) could therefore potentially interfere with
the mantle triplications. However, we would expect this interfer-
ence to have limited effects on the constraints of the 1,000 depth
because the amplitudes of the depth phases are likely smaller due
to crustal scattering, and their rectilinear particle motions could
be obscured by mode conversions and scattering in the crust as
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Fig. 3. Depth of the 1,000 discontinuity in Mars from mineral physics and synthetic waveform fits. (A) V» and (B) Vs profiles from mineral physics models
colored by the misfits of P and S triplications, respectively. Abbreviations for mantle minerals are as follows: olivine (ol), wadsleyite (wad), ringwoodite (rw),
garnet (gt), clinopyroxene (cpx), orthopyroxene (opx), and high-pressure clinopyroxene (HP-cpx). The red dashed lines in A and B highlight the best-fitting
models for P and S triplications, respectively. The velocity jump at ~1,000 km depth is associated with the postolivine transition. A shallower minor disconti-
nuity at ~800 km corresponds to the opx to HP-cpx transition. (/nsets) Crustal and upper mantle structures of the best-fitting model. Misfits of (C) P triplica-
tion, (D) S triplication, and () total misfits (weighted sum of the misfits of P and S triplications) are shown as a function of the 1,000 discontinuity depth. The
colors represent the mantle potential temperature (Tp), and the symbols correspond to six composition models: DW85 (14), EH45 (17), KC08 (46), LF97 (15),
TAY13 (19), and YM20 (20). Sizes of the symbols denote the mantle adiabatic gradients: 0.125 K/km (small), 0.15 K/km (medium), and 0.175 K/km (large).

well as noise contamination. Therefore, the interference of depth
phases could be effectively suppressed by polarization filtering
(81 Appendix, Fig. S4-16). Future studies that incorporate detailed
inversions of the source depths and focal mechanisms of these
five events or more future events could aid in improving the con-
straints on the 1,000 depth.

Mantle triplications are also sensitive to the sharpness of the
1,000 discontinuity which can be used to constrain the thick-
ness of the postolivine transition. To investigate this, we per-
formed a synthetic waveform sensitivity test by varying the
discontinuity thickness between 0 and 200 km in the best-
fitting model with lowest total misfit (Fig. 3B, where the 1,000
depth was fixed to 1,027 km). We find that the total misfit is
minimized when the discontinuity thickness is between 20 and
100 km (SI Appendix, Fig. S4-5), corresponding to a pressure
interval of 0.76 + 0.51 GPa. This indicates that the postolivine
transition occurs on Mars over a broader depth range compared
to the sharp 410-km discontinuity observed on Earth (thickness
<10 km or 0.4 GPa) (55). We also investigate the existence of
opx to HP-cpx transition by removing the 800 discontinuity in
the best-fitting model (Fig. 3B) and then repeating our waveform
modeling. We find that the total misfit increased slightly from
0.25 to 0.26 after removing the relatively subtle discontinuity
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produced by the opx to HP-cpx transition (S/ Appendix, Fig.
S4-6), indicating the boundary plays a negligible role in the
waveform fits. More seismic events from Mars will be required
to reach any conclusion on the nature of opx to HP-cpx phase
transition.

Discussion

The ranges of the 1,000 discontinuity depth and thickness are
consistent with predictions for the postolivine transition from
mineral physics (Fig. 4). Therefore, we prefer to ascribe the
1,000 discontinuity to the postolivine transition for further
interpretations of the mantle temperature and composition of
Mars, even though we cannot completely rule out the possibil-
ity of a compositional change or other boundaries at this depth.
Our estimates of the mantle potential temperature shed light
on the thermal state of the interior and provide important con-
straints for the thermal evolution of Mars. The mineral physics
models that fit the range of the 1,000 depth (1,006 + 40 km)
indicate a relatively cold Martian mantle compared to pre-
InSight mission constraints (Fig. 44), although the temperature
estimate is consistent with 7p values (1,600 to 1,700 K) inferred
from the inversions for upper mantle structure of Mars that used
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olivine and wadsleyite/ringwoodite for various Mg # [molar Mg/(Mg + Fe) x 100%]. These phase boundaries were derived using the temperature and pres-
sure at the center depth of the phase transition. The gray shaded region represents the observed range of 1,000 depth and corresponding pressures. The
colored shaded regions denote the mantle temperature profiles inferred from premission estimates (pink) (56), upper mantle structures (orange) (12), and
this study (blue). The dashed lines highlight the upper and lower bounds of these temperature profiles. (B) Thicknesses of postolivine transitions for various
Mg # models, which are measured along the isentrope, are shown as a function of temperature. The phase transition thicknesses are converted to the cor-
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wadsleyite transitions as temperature increases. The gray shaded region indicates the constrained range of discontinuity thickness (60 + 40 km or
0.76 + 0.51 GPa) from mantle triplications. The blue shaded region shows the constrained temperature range (1,670 to 1,892 K) at the 1,000 depth.

InSight data (12). Our 7p estimate also agrees well with the
temperatures suggested by the geochemical analysis of surface
volcanic rocks of Amazonian age (1,643 + 40 K) (57). The 7p
estimate presented here is colder than the values derived from
shergottites, which are relatively young Martian rocks with ages
of 180 and 472 Ma (1,753 + 10 K and 1,823 + 10 K, respec-
tively) (58). This suggests that the Tp estimates obtained from
the analysis of shergottites may not be representative of the aver-
age mantle but rather are associated with thermal anomalies,
potentially indicating the presence of localized mantle upwellings
or plumes within the interior of Mars in recent geological history.
The latter may be responsible for volcanic activity in provinces
such as Tharsis and Elysium up to the recent past that has been
suggested by young lava flows observed in these regions (59, 60).

Although the postolivine transition is primarily sensitive to
temperature, it is also affected by the bulk mantle composition
and presence of volatiles. The 1,000 depth increases with Mg #
[molar Mg/(Mg + Fe) X 100%; Fig. 44], whereas Mg/Si ratio
and refractory elements have little to no effect on the 1,000
depth (87 Appendix, Fig. S5-1). The 26 models that showed the
lowest overall total misfic (Fig. 3F) are based on six different
bulk compositions proposed in the literature (i.e., DW8S5,
EH45, KC08, LF97, TAY13, and YM20), for which Mg #
varies between 73 and 79. We tested the effects of composition
in more detail by using DW85 model as a basis and creating
compositional models by mixing chondritic compositions (61)
to expand the Mg # range to 72 to 82. Given the trade-off
between temperature and composition, as well as large uncertain-
ties on temperature (+100 K), it is not possible to fully constrain
Mg # from the range of the 1,000 depth alone (Fig. 44). Mulu-
ple mantle compositions are thus permissible by the limited P
and S triplications we observed here (Fig. 3E). Compared to
temperature, the lower sensitivities of the 1,000 depth and seis-
mic velocities to mantle composition as well as its trade-off with
temperature hinder the possibility of distinguishing among com-
position models from seismic observations alone (62).

As the phase transition thickness decreases with increasing Mg
# and temperature (Fig. 4B), our observation of a broad 1,000
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discontinuity (~0.76 GPa) supports the notion that the Martian
mantle is more iron-rich than Earth’s mantle. We note that the
seismic discontinuity thickness can underestimate the phase tran-
sition thickness when most of the phase transitions only occur
within a small width of the phase loop (63, 64). Here all com-
position models satisfy the range of phase transition thickness
given the constrained range of temperatures at the 1,000 depth.
Further constraints on mantle composition could be obtained
by detailed inversions of both depth and sharpness of the 1,000
discontinuity from the triplicated waveforms.

Mantle hydration could also potentially affect the depth and
sharpness of the postolivine transition. Due to the large water
solubility in wadsleyite and ringwoodite (up to ~3.1 wt %) (65)
relative to olivine (up to ~0.9 wt %) (66), the addition of water
expands the stability field of wadsleyite to lower pressure, broad-
ening and shallowing the postolivine transition. However, ther-
modynamic modeling (87 Appendix, Fig. S5-4) suggests that
although the onset pressure of the postolivine transition may
decrease by >1 GPa at high bulk water contents (>3,000 ppm),
the majority of the phase transition would take place at only
slightly lower pressures (~0.2 GPa). Coupled with the 70 to
300 ppm concentrations of water in Martian mantle estimated
from shergottite, nakhlite and chassignite (SNC) meteorites (67,
68), we suggest that water is unlikely to have a major effect on the
seismically observed 1,000 depth. Therefore, considering the trade-
offs with mantle temperature and bulk composition as well as the
large uncertainty of the 1,000 depth, our observations cannot add
further constraints on the water content of Martian mantle.

By combining our seismic observations with geodynamic
modeling, we can further constrain the mantle composition
and the initial thermal state as well as the mantle rheology that
is compatible with the observed 1,000 depth range and recon-
struct the thermochemical history of Mars. Following this
approach (69), we find that among the five main composition
models proposed for Mars (TAY13, LF97, YM20, KCO08, and
EH45), only the EH45 and KC08 compositions appear to be
compatible with the 1,000 depth range of 1,006 + 40 km (87
Appendix, Fig. $3-2). Although the YM20 composition yields
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the best-fit for P and S triplications (Fig. 3£), the geodynamic
models derived from this composition, which satisfy the Mol
and present-day crustal constraints, are mostly deeper than the
upper bound of the 1,000 depth (S/ Appendix, Fig. S3-2). Since
different crustal density structures could allow for a modest
shift in the 1,000 depth toward shallower values in the accepted
range, the YM20 composition would remain marginally com-
patible with the observed 1,000 depths. Our modeling results
imply a relatively sluggish mantle (reference viscosity 102** to
10*"7 Pa s) that had a moderately cold uppermost convective
mantle temperature 4.5 Gy ago (<1,850 K). The models also
indicate that the resulting crust is 10 to 15 times more enriched
in heat-producing elements relative to the primitive mantle, in
agreement with gamma ray spectrometer data (70). In addition,
the geodynamic models predict present-day surface heat flow to
be 21 to 24 mW/m?>. These ranges agree with inversions for
the upper mantle structure of Mars from InSight (12) and
premission estimates (7, 69).

The InSight measurement of the 1,000 depth reported here
is notably a regional measurement, although averaged over mul-
tiple events, and may not necessarily represent the global Mar-
tian average mantle. However, the observed mantle is not
expected to deviate significantly from the rest of the planet (7).
The traces of relatively recent volcanism at the surface of Mars
(59, 60) suggest that thermal heterogeneity may be present
within the mantle and could potentially create topography and
lateral variations on the 1,000 discontinuity, similar to those
observed on Earth. Ultimately, the measurement of the 1,000
depth is an important constraint for updating and formulating
geochemical and planetary evolution models. The detection of
additional marsquakes during the extended InSight mission
and other future seismological investigations would expand
our understanding of the details of the Mars’ deep mantle,
including an improved constraint on the 1,000 discontinuity
thickness, presence of other seismic discontinuities in close
proximity to the postolivine transition (71), regional lateral var-
iations in discontinuity depth that are diagnostic fingerprints of
thermal and chemical heterogeneities (72), and the presence of
water and other mantle volatiles (58).

Methods

Polarization Filter. Seismic events on Mars are often characterized by strong
scattered waves as well as wind noise (4), thereby complicating the identifica-
tions of body waves. Here we used a polarization filtering technique to enhance
rectilinearly polarized waves such as P and S waves, while suppressing other
nonrectilinearly polarized waves including background noise or scattered waves.
This technique is particularly useful to remove the noise with the same frequency
content as the body waves. A polarization filter was previously applied to the
detections of core-reflected phases in the Apollo seismic data (73) as well as
surface-reflected waves (12, 74) and core phases (13) on Mars. We followed the
method by Montalbetti and Kanasewich (43) to design a time-domain polariza-
tion filter for improving the SNR of teleseismic P and S waves. First, we com-
puted the covariance matrix of the three-component data (R, T, Z) in a given
time window (5 s) around to and the eigenvectors and eigenvalues of this matrix.
The rectilinearity at time t is defined as the following equation:

RL(ty) = {1 — (%)H]J (1

where A1 and 1, are the largest and second largest eigenvalues, respectively,
and n and J are the empirical exponents. The eigenvector of the principal axis is
E = (eq, &y, €3) with respect to the R, T, Z coordinate system. The direction func-
tion on each component at time tq is given by

Di(ty) = €, [2]
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where i =1, 2, 3 (R, T, Z) and K is the empirical exponent. We chose these
empirical values for the exponents: n = 0.5, J =1, and K = 2 (43). The polariza-
tion filter for each component is defined as the product of rectilinearity and the
corresponding direction function. The filtered three-component seismograms at
any time t are given by

Re(t) = R() - RL(t) - Dr(t), 31
Te(t) = T(t) - RL(t) - Dr(t), 4]
Zi(t) = Z2(t) - RL(t) - Dz (1). [5]

FDPA. We applied FDPA on waveforms of our five LF/BB events used in the anal-
ysis. This method has been previously implemented to detect and identify the
core-reflected ScS phases on Mars (13). To summarize, we computed the S trans-
form of three component waveforms recorded by InSight SEIS Very Broadband
(VBB) and obtained a 3 x 3 cross-spectral covariance matrix in 90% overlapping
time windows whose duration varies inversely with frequency. The relative sizes
of the eigenvalues of this covariance matrix are related to the degree of polariza-
tion of the particle motion, while the complex-valued components of the eigen-
vectors describe the particle motion ellipsoid in each time-frequency window
(44). We focused on when the particle motion of our seismic signal was rectilin-
ear so we could effectively describe the orientation of the particle motion with
the inclination and azimuth. To pick the direct P and S arrivals in our seismic
records, we used a pair of metrics that can emphasize horizontally (HRM) and
vertically rectilinear motion (VRM) and searched for those arrivals whose average
HRM or VRM across different frequencies were high (see more details in the sup-
plement of ref. 13).

Comodulation Analysis. In this section we adopt the comodulation analysis
described in ref. 45 to evaluate the contributions of environmental signals into
the seismic records and thus aid discrimination between weather-induced
noise and seismic energy for each of the candidate mantle triplication events.
Comodulation evaluates the correlation in signal power between the measured
environmental variables (wind and pressure) and ground motion. It has been
demonstrated particularly successful in identifying seismic energy that is in
excess of the expected noise injected from the local weather (9, 45, 75).

The comodulation approach uses the method of moments to match the
mean and variance of the seismic and environmental signals prior to the start
time of the putative marsquake. We first estimate these first two moments for all
signals for a total of 15 min prior to the marsquake event and remove the effect
of any identified glitches in the record which contaminate the statistical
moments. The method of moments is then used to match the mean and vari-
ance of the seismic acceleration and pressure rms envelopes to the measured
wind speed signal. The seismic rms envelope is estimated as the total power of
all three combined Z, N, and E components. Both seismic and pressure rms
envelopes are extracted in discrete half-octave frequency bands with center fre-
quencies from 1/26.5 up to 6.8 Hz, with the last frequency bin extending up to
the anti-alias filter (8 Hz) of the continuous 20 samples per second VBB data.

In this approach, comodulation shows that the envelopes of the seismic
power continuously track the pressure envelopes and wind speed, and therefore,
any divergence from the expected noise match can then be interpreted as being
from a seismic source. Each of the candidate events in the manuscript for mantle
triplications located at epicentral distances between 60° and 85° is henceforth
evaluated with respect to the comodulation analysis. For events that do not have
weather data due to lander power constraints after sol 700, highly sensitive
lander resonances excited by the wind and atmospheric phenomena are used as
proxies for atmospheric noise injection (45, 76).

Data Processing Steps and Phase Identification. Marsquakes are broadly
classified as two families: 1) low-frequency (LF) and 2) high-frequency (HF)
events based on their frequency content (9, 10). The dominant energy of LF
events is below 1 Hz, while some events have more broadband energy extended
above 1 Hz, which are classified as a subgroup: broadband (BB) events. The HF
events have energy mostly above 1 Hz and can extend up to 6 to 12 Hz (40).
MQS ranks these events from quality A to D (A being the highest quality) based
on the clarity and polarization of the phases (9). In this study, we focused on the
LF and BB events that travel deep into the mantle to search for triplications from
the MTZ. We have identified five LF and BB events with t; — tp values that cause
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them to fall in the target distance range for triplications: S1094b (SI Appendix,
Fig. S1-1), S1102a (SI Appendix, Fig. S1-3), S0185a (SI Appendix, Fig. S1-5),
S0234c (SI Appendix, Fig. $1-7), and S0345a (S/ Appendix, Fig. $1-9).

We first removed the instrument response from the data to transfer seismo-
grams to velocity, and the three SEIS VBB components were rotated from UVW
configuration to the ZNE coordinate frame (8). Then, we band pass filtered the
seismogram between 0.3 and 0.9 or 0.5 and 0.9 Hz to remove long-period noise
and high-frequency resonances and eliminate the 1-Hz tick noise resulting from
cross-talk between the temperature sensors and SEIS VBB seismometers (77).
The choices of band pass filters are informed by the comodulation analysis and
filter banks: we used the 0.5 to 0.9 Hz filter for the events (e.g., $1102a) that do
not have clear excess seismic energy below 0.5 Hz; otherwise, we used the
0.3 to 0.9 Hz filter. We first applied polarization filtering in the ZNE coordinate
to pick the P arrival of each event on the vertical component (BHZ) based upon
the MQS reported start time of seismic energy (9). We then compared our picks
to the FDPA results to examine the vertical polarizations for P waves (e.g., S/
Appendix, Fig. S1-14). We only picked the arrivals when these two methods
show consistent peak energy, then assigned the uncertainties to include both
peaks. To obtain event back-azimuth, we computed the average principal axis of
P-wave particle motions, which is expressed as P = (Pg, Py, Pz), using a 5-
time window centered around the P wave. The back-azimuth of the event is then
calculated using the following equation (e.g., ref. 78):

BAZ = arctan (&) + 7. [6]
Py
We used the P-wave-derived back-azimuth to rotate the horizontal components
(BHN and BHE) to radial (BHR) and transverse (BHT) components. The event back-
azimuths are summarized in S/ Appendix, Table S1-1. However, due to the low
amplitudes of P waves, the back-azimuths are often not well constrained, so we
examined both the BHR and BHT components for our S-wave triplication study.

After rotation, we applied the polarization filter, now in the ZTR coordinate sys-
tem, to pick the S arivals with the guidance of MQS reported picks. Ideally, we
would prefer to pick S arrival on the transverse component to avoid P to S con-
verted phases. However, since the back-azimuths are poorly constrained, we
picked S arrivals on both radial and transverse components and only kept the
pick with the larger SNR. For example, the S wave of S1094b event is two times
larger on the radial component than the transverse component (S/ Appendix, Fig.
S$1-1B). Therefore, we picked this S arrival on the radial component. Similarly to
P wave, we compared our S-arrival picks to the horizontal polarizations from FDPA
to ensure these two methods show consistent peak energy within the uncertainty
range (e.g., SI Appendix, Fig. S1-1B). All the P- and S-arrival picks were made at
the maximum amplitudes of the polarization filtered envelopes. Finally, we exam-
ined our P- and S-arrival picks using the comodulation analysis: both picks must
show excess energy above the environmental noise (e.g., S/ Appendix, Fig S1-2);
otherwise, they were discarded from our analysis. For example, we identified two
other events (S0167a and S0167b) that are located in the distance range appro-
priate for mantle triplications, but their P waves do not show any excess energy
(81 Appendix, Figs. S1-11 and S1-12). Therefore, we excluded these two events
from our analysis due to the wind contamination. We repeated the same picking
processes for the other four candidate events (S/ Appendix, Figs. $1-3-51-10). We
calculated the SNR of P and S waves as the ratio between the maximum envelope
and the average envelope amplitude in a noise time window (—150 to —50 s
before P arrival). P waves typically have smaller SNRs between 2 and 7, whereas
S waves show larger SNR between 3 and 51 (S/ Appendix, Table S1-1).

SEIS is deployed on the surface of Mars where a harsh environment inevita-
bly causes artifacts in the data. Although SEIS is protected under the wind and
thermal shield, the daily internal temperature variations can still reach up to
15 K. The thermal variations lead to one type of instrument self-noise manifested
as large amplitude deviations over a short time period, hereafter referred to as a
"glitch”. A typical SEIS glitch appears as a large one-sided pulse accompanied by
high-frequency spikes near the onset (79). We highlight some large glitches in
SI Appendix, Figs. S1-1-51-10, and they often appear as very broadband energy
on the spectrogram. We avoided these known glitches identified by MQS during
our phase picking by excluding any picks that fell within +20s of a glitch signal
(e.g., SI Appendix, Fig. S1-5). As informed by comodulation analysis, we also
excluded the time windows that were contaminated by wind noise or pressure
change (e.g., S/ Appendix, Fig. S1-1).
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Synthetic Waveform Modeling. We derived a suite of seismic structure mod-
els based on six composition models [DW85 (14), EH45 (17), KCO8 (46), LF97
(15), TAY13 (19), and YM20 (20)] with mantle potential temperature Tp ranging
from 1,300 to 1,700 K (see Structure Models of Mars for more details). We prop-
agated synthetic seismic waves through these seismic structure models to simu-
late the waveforms of triplications for comparison with the data. We used the
spectral element code AxiSEM (49) to generate synthetics with a dominant
period of 2 s. The focal mechanisms and depths of these five triplication events
are unknown, but the three Cerberus Fossae events (S0173a, S0235b, and
S0183a) were constrained to have normal faulting sources between 33 and
40 km depth (50). Therefore, we assumed a similar tectonic setting for these five
LF and BB events and selected a normal faulting source at 30 km for the wave-
form modeling. Note that a trade-off exists between the source depth and 1,000
depth (e.g., increasing the source depth by X km would cause the 1,000 depth
to be ~X/3 km deeper). We chose a moment tensor to allow for seismic energy
in the receiver direction from all three types of waves: P wave, SH wave, and SV
wave (S/ Appendix, Fig. $1-13). The receivers were placed on the equator from
55° to 85° with a 0.1° spacing (5.9 km). We artificially increased the crustal
attenuation (Q, = Q. = 10) to suppress the crustal conversions and reverbera-
tions after P and S arrivals, while the mantle attenuation was muted
(Q, = 0, =10°) to keep the high-requency content of the triplicated wave-
forms. We suppressed the crustal phases as they likely vary between our
observed events and are unconstrained in the models. In addition, we demon-
strated that the polarization filtering can suppress the crustal phases in the data
due to their low amplitudes, especially for events with lower SNR like S0234c
and S0345a (S/ Appendix, sections 4.5 and 4.6). We used these tests to ensure
that the waveform modeling fits are not biased by crustal phases in both the
data and the synthetics.

To show the characteristics of triplicated waveforms, we present six example
models from our model space that span the range of possible 1,000 depths
(938 to 1,066 km). We aligned the synthetics on the first P and S arrivals and
ordered them by ts — tp in the same way as we did with the observed seismic
data (SI Appendix, Fig. S1-14). Triplicated waveforms display a K shape of travel
time move-out after the alignment on P or S arrivals. The t; — tp values at the
center of the triplications generally increase with the 1,000 depth (or Tp). We
observe crustal reverberations after the P wave on the vertical component (S/
Appendix, Fig. S1-144) and after the S wave on the radial component (S/
Appendix, Fig. S1-14C), whereas the transverse component mostly contains tripli-
cations (S/ Appendix, Fig. S1-14B). S to P conversions arrive ~5 s before the first
S arrival on the radial component (S Appendix, Fig. $1-14C). These crustal
phases also exhibit triplications but have much smaller amplitudes than the first
P and S arivals, thereby only contributing minimal misfits to the waveform
modeling. Depth phases pP and sS are expected to arrive ~12 and 22 s after
the P and S waves, respectively, but they are eliminated in the synthetics as a
result of the strong attenuation in the crustal model.

After computing the synthetics, we used them to interpret the triplicated
waveforms. Since the epicentral distances of these events are unknown, we
matched the synthetics and data based on ts — tp values. For each event, we
searched through the synthetics within the + 5 s uncertainty range of ts — tp
measurement (S/ Appendix, Table S$1-1) to find the bestitting synthetic wave-
form. As the uncertainties of ts — tp vary from the events, we also tested +7.5
and 10 s uncertainties for the waveform modeling. We obtained similar results
despite using different uncertainties, thereby retaining the +5 s uncertainty
range for the waveform modeling. We only investigated the vertical component
for P triplication. Due to the less well-constrained back-azimuth, there is uncer-
tainty in the horizontal rotation of the events. Therefore, we used both transverse
and radial components for S triplication but only kept the one with a lower mis-
fit. As the focal mechanisms of these events are unconstrained, we tested both
positive and negative polarities for each synthetic waveform and again kept the
one with a lower misfit. During the waveform modeling, we applied the following
data processing steps for each synthetic waveform. 1) We normalized the ampli-
tudes of the data and synthetics to unity. 2) We cut a time window around the
first P and S arrivals: —5 to 8 s for P wave (SI Appendix, Fig. $1-154) and —5 to
20 s for S wave (SI Appendix, Fig S1-15B). S0185a and S1094b events required
extended time windows to account for possible later arrivals of S triplications. We
used —5 to 30 s for the S waves of S0185a and S1094b events (SI Appendi, Fig.
S$1-15B). 3) We aligned the cut synthetics with the data using a cross-correlation
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method. 4) Finally, we computed the normalized CCs between the data d(x, t)
and synthetic waveforms u(x, t) using the following equation (80):

= J a0y - u(x et
\//'d(Xt)‘zdt/ |U(X,t)‘2dtv

We only kept the synthetics with the largest CC for each event in a given model.
We then computed the mean value of CC in each model as follows:

(71

N .
= ij\} « [8]

where N represents the number of events (N = 5). We define the misfit function
for each model using the following equation:

y=1-CC. (91
We computed the weighted sum of the misfits of P and S triplications as the
total misfits:

Xl = (p + 225) /3, [10]

where yp and ys are the misfits of P and S triplications, respectively. We
assigned a weighting factor of two to S triplications because the time window
length for S triplication is about two times longer than P triplications, and the
SNR of S waves are generally larger.

Here we show six example waveform modeling results from our model space
(81 Appendiix, Fig. S1-15). The synthetic waveforms are plotted on top of the data
for direct comparisons. Misfits of S triplications (S Appendix, Fig. S1-15A) show
larger variations as a function of the 1,000 depth compared to P triplication (S/
Appendix, Fig. $1-15B). Both misfits are minimized in the intermediate 1,000
depth range (1,000 to 1,030 km). In our model space, we found 26 models that
can simultaneously fit both P and S triplications, including our bestitting model
(Tp = 1,605 K, YM20).

Structure Models of Mars

We have built a suite of elastic models of Mars for the wave-
form modeling of triplications. The models were calculated
along the arcotherms (mantle temperature profiles) created
using an error function profile with an added linear gradient,

z dar
T(z) =Ty + Terf| — — , 11
(Z) 0% et (\/H> " z< dz > adiabatic [ ]

where 7j is the surface temperature, which was set to 205 K; ¢
is the age, which was set to 4.25 X 10° y; K is the thermal diffu-
sivity, which was set to 10°° mz/s; T,, took values of 1,100,
1,200, 1,300, 1,400, and 1,500 K; and (4f) . s the ther-
mal gradient of mantle adiabatic and took values of 0.125,
0.150, and 0.175 K/km. The error function term is used to
approximate the temperature structure in the lithosphere, while the
linear term accounts for the adiabatic increase in temperature with
depth in the convecting mantle, plus a component of subadiabatic-
ity/superadiabaticity. Mantle potential temperature was calculated
as Tp= Ty + T,,. This produced 15 different areotherms. All
parameters were held constant through the crust, mantle, and core.
All of these areotherms have heat flows less than 15 mW/m?.
A summary figure of the areotherms used in the construction of the
structure models is given in S/ Appendix, Fig. S2-1.

We used the three-layer crust model beneath the InSight
lander constrained from receiver functions and ambient noise
(11). The Vp and Vs values in the three-layer crust are shown
in 81 Appendix, Table S2-1. The densities for the crust were cal-
culated from Birch’s law (81):

p=(Vp + 1.87)/0.00305, [12]

where Vp is given in km/s. For layer 1, 30% porosity is
assumed, and for layers 2 and 3, 0% porosity is assumed.

PNAS 2022 Vol. 119 No.42 2204474119

The mantle was divided into 100 equally spaced divisions as
a function of radius. Six different mantle compositions were
explored [DW85 (14), EH45 (17), KC08 (46), LF97 (15),
TAY13 (19), and YM20 (20)]. Stable phases were calculated
for bulk chemistries given as oxide weight percentages in S/
Appendix, Table S2-1 by Gibbs free energy minimization using
PerpleX (82), and the thermodynamic database of ref. 83, with
temperatures ranging from 205 to 2,500 K and pressure rang-
ing from 500 to 510,000 bars. So-obtained tables were con-
verted into BurnMan readable materials (84). Each of the
resulting models was then input as a BurnMan mantle material.
Along with the crust and core, these were input into Burn-
Man’s planet class.

The core was divided into 20 equally spaced divisions as a
function of radius. The core models were created based on the
Elastic Parameters of the Outer Core (EPOC) model by ref.
85, which fit an isentropic Vinet equation of state for the core
to the Earth’s normal mode data. Irving et al. (85) suggest that
the EPOC core model (which is presented in terms of molar
volume, m®/mol) would be a useful starting point for other
planetary cores. We used a molar mass of 39 to 42 g/mol,
which gives core densities in the middle of the range of other
models. Irving et al. (85) used 50 g/mol for Earth’s core. Vary-
ing the core molar mass will increase or decrease the core den-
sity. For each of the mantle compositions in S/ Appendix, Table
S2-2, the radius of the core-mantle boundary was varied from
1700 km to 1850 km in 2 km increments. The mass of the
planet and Mol coefficient were monitored, and models with a
total mass of the planet within 2% of the planetary mass
(6.4185 X 10 ?* kg) and 0.2% of the Mol coefficient (0.36379)
from ref. 86 are shown in SI Appendix, Fig. S2-2. These loose
restrictions were used to allow the widest possible range of
compositions and temperatures to be considered. We selected a
subset of the models with a core radius close to 1,830 km,
which is consistent with the seismic observations from core-
reflected waves (13). This subset includes 60 models and covers
all six composition models and the entire mantle potential tem-
perature range (1,305 to 1,705 K). We used these models to
model the waveforms of triplications and constrain the 1,000

depth (Synthetic Waveform Modeling).

Geodynamic Modeling of Thermochemical
Evolution of Mars

We investigated the conditions that are compatible with the
observations of 1,000 depths reported in this study by model-
ing the thermochemical evolution of a Mars-like planet via a
parameterized approach. The method is described in detail else-
where (69, 87) and will therefore only be briefly summarized
below.

Our approach consists of computing the thermal and chemi-
cal transfers in a spherically symmetric planet of radius R =
3,389.5 km composed of several concentric envelopes: a liquid
adiabatic iron-alloy core, a convecting silicate mantle, overlaid
by an evolving lithospheric lid that includes an evolving crust
enriched in heat-producing elements (HPE) with respect to the
mantle. Each evolution differs in the value of several governing
parameters that were varied within plausible bounds (57 Appendix,
Table S$3-1): the mantle rheology (its activation energy [E£7,
activation volume [V, and its viscosity [no] at reference pres-
sure P,,r=3 GPa and temperature Tr= 1,600 K), the crustal
enrichment factor (A) defined as the ratio of heat production in
the crust to the bulk silicate production, the initial uppermost
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mantle temperature (77y), the initial core-mantle boundary
temperature (7¢), and the core radius (Re).

We considered five main distinct bulk silicate compositions
in terms of major elements and HPE contents (U, Th, and K;
SI Appendix, Table $3-2): KC08 (46), TAY13 (19), LF97 (15),
EH45 (17), and YM20 (20). Bulk mantle properties (density,
thermal expansion, and specific heat) resulting from the com-
position were considered. Each thermochemical history (corre-
sponding to a given set of aforementioned model parameters)
evolves for 4.5 Gyr. The resulting thermochemical structure is
then used to compute the seismic velocity structure at the pre-
sent day. In the mantle, our mineralogical model relies on
the Perple_ X Gibbs energy minimization software (82) with
the thermodynamic database of ref. 88. For the core, we used
the model of ref. 38 in which the density is adjusted to match
the mass constraint on Mars, M = 6.417 x 10*° + 2.981 X
10" kg (86). In the crust, the seismic velocity and density are
based on the results of receiver functions, while the crustal density
is iteratively adjusted within bounds compatible with receiver
functions and gravity data inversion (11).

We require that the computed thermochemical histories 1)
are compatible with estimates of Mars’ normalized Mol factor
I(MR) = 0.36340 + 0.0006, 2) are compatible with estimates
of the degree-2 Love number £, = 0.174 + 0.008 that includes
an atmospheric correction (89), 3) have present-day crustal
thickness (Dcr) lying within the bounds inferred from receiver
functions and gravity data, Der = 39 to 72 km (11), and 4)
have a present-day lithosphere thicker than 500 km (in which
we include the uppermost mantle thermal boundary layer
because seismic velocity gradients due to radial temperature
changes remain large in this region), as suggested by seismic
data (12). Models that fail to satisfy these four constraints are
rejected. Similarly, evolutions that result in subcritical mantle
Rayleigh numbers (i.e., nonconvecting mantles) are rejected in
order to be compatible with the recent traces of volcanism
observed at the surface of Mars (90, 91). The models account
for lithospheric and crustal evolution, which involves either
growth or recycling. In particular, if the deep lithosphere thins,
it can in some cases trigger crustal recycling (92).

For the models that satisfy all the above constraints, we
searched for the occurrence of postolivine (ol-wd) and opx to
HP-cpx transitions. These depths are determined based on the
occurrence of S-wave seismic velocity jumps rather than on the
appearance of the mineralogical phases, which is not necessarily
accompanied by a velocity change and therefore would not pro-
duce triplications. We considered a mantle seismic velocity vari-
ation as a seismic jump if the local Vs gradient |dVs/dy| is larger
than three times the mean Vs gradient value averaged over the
mantle. We detected the two transitions by searching for such
occurrences in the depth ranges 600 to 900 km for the opx to
HP-cpx transition and 900 to 1,300 km for the postolivine
transition.

SI Appendix, Fig. S3-1 illustrates the results of this search for
two distinct evolutions. Even though both cases share the same
bulk mantle composition, the values of the other governing
parameters are different, yielding distinct thermochemical evo-
lutions and present-day thermal and seismic structures. One
case shown (87 Appendix, Fig. S3-1 A—C) yields a relatively cold
present-day mantle, while the other (SI Appendix, Fig. S3-1
D-F) results instead in a relatively hot mantle at present day.
This difference in temperature structure leads to the occurrence
of both postolivine and opx to HP-cpx transitions in the cold
case, while only the postolivine transition is visible in the hot
case. This indicates that the relationships between the occurrence
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of mantle transitions and the planet structure, bulk composition,
and initial state can be exploited to reconstruct the planet’s his-
tory and to constrain the value of several present-day characteris-
tics. To do so, we sampled the parameter space defined in S/
Appendix, Table S3-1 in order to search for thermochemical evo-
lutions that are compatible with current constraints from seis-
mic, gravity, and geodetic data listed above with constraints
from the present study on mantle transition depths.

Thermal histories that are compatible with present-day
crustal thicknesses in the range 39 to 72 km and with litho-
spheric thicknesses larger than 500 km are displayed in S/
Appendix, Fig. S3-2 for the five Martian compositions consid-
ered. They represent a small subset (i.e., <1%) of the parameter
space (listed in SI Appendix, Table S3-1) consisting of 10° ran-
domly sampled models per composition considered. The panels
in SI Appendix, Fig. S3-2 represent four present-day output
quantities: the surface heat flow, the crustal enrichment factor,
and the depths of the postolivine and opx to HP-cpx transi-
tions. Thermal histories that satisfy the current state of Mars
(displayed in light blue) yield distinct ranges of surface heat
flow and crustal enrichment for different compositions. This
essentially results from the fact that each composition has a dis-
tinct HPE content (S/ Appendix, Table $3-2). Compositions
with enriched HPE contents lead to hotter evolutions, yielding
larger amounts of shallow melting and crustal extraction and
therefore thicker crusts (and thinner lithospheres) and vice
versa. The average value of crustal enrichment A = 10 to 15 is
similar among the five compositions and is compatible with surface
estimates from gamma ray spectrometer data (70). One should
note, however, that several compositions yield considerably fewer
compatible evolutions compared to others. For example, the
TAY13 composition has only eight compatible evolutions (S/
Appendix, Fig. S3-2 E-H). This primarily reflects the impact of
mantle composition combined with crustal thickness on the planet
Mol. As shown in ref. 11, the TAY13 composition is hardly com-
patible with the Mol constraint, while the YM20 composition is
the most compatible with the Mol requirements. In addition,
we observe a poor compatibility of the LF97 composition (S/
Appendix, Fig. $3-2 M-P). The latter is due to the fact that the
high enrichment in heat-producing elements for this composition
yields either too much crustal production (hence crustal thickness
above the acceptable range) or lithospheres that are too thin
(<500 km) to be compatible with seismic data (11, 12).

To further constrain the parameter space, we considered the
evolutions that are compatible with the occurrence of at least
the postolivine transition within the depth range of 1,006 +
40 km, as inferred from the analysis of seismic data presented in
this study. The corresponding cases are displayed in medium blue
in ST Appendix, Fig. S3-2 and reveal that despite the fact that the
YM20 composition was the most compatible with current con-
straints, it yields no evolution that matches the postolivine depth
constraint. Similarly, the TAY13 and LF97 compositions yield
postolivine transition depths that are deeper than the acceptable
range. In contrast, EH45 and KCO08 are the only compositions
that show evolutions compatible with postolivine depth con-
straints (SI Appendix, Fig. S3-2 C and 8). SI Appendix, Tables
S$3-3 and $3-4 summarize the values of the governing parameters
and the corresponding values of several present-day quantities that
are compatible with constraints on postolivine transitions for the
EH45 and KC08 compositions, respectively. These characteristics
are compatible with other recent postlanding predictions (11, 12)
and are in line with prelanding thermal-orbital constraints on the
Mars—Phobos evolution (69) and with several earlier premission
estimates (7, 21, 56, 92, 93).

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204474119/-/DCSupplemental

Downloaded from https://www.pnas.org by UNIVERSITE PAUL SABATIER (1894) SERVICE DES PERIODIQUES on October 11, 2022 from |P address 194.199.146.250.

Overall, when combining the current state of Mars with the
constraints on the 1,000 depth and geodynamic considerations,
our results favor the EH45 and KCO08 bulk compositions. This
leads to a crustal enrichment factor of 10 to 15 and a present-day
average surface heat flow of 21 to 24 mW/m?. These compositions
are associated with a relatively sluggish mantle (reference viscosity
10°4 to 10?7 Pa s) and an initially moderately cold mantle
(Tmy = 1,720 to 1,859 K). Such characteristics are broadly com-
patible with previous estimates.

Data, Materials, and Software Availability. The InSight seismic data (42)
have been deposited in the Institut de Physique du Globe de Paris (IPGP) data cen-
ter (https://doi.org/10.18715/SEIS.INSIGHT.XB_2016). These data are also available
from Incorporated Research Institutions for Seismology (IRIS) Data Management
Center (DMC), NASA Planetary Data System (PDS), and SEIS-InSight data portal.
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