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ARTICLE INFO ABSTRACT
Keywords: Seismic data offer a unique window into planetary interiors. Here, following a note from Russell et al. (2026),
Mars we provide further analysis to solidify our identification of a seismic phase detected by the InSight mission

Basal Mantle Layer
Geophysics
Planetary dynamics

as one which interacts with a basal mantle layer (BML) on Mars (Samuel et al., 2023a). We show that other
mantle discontinuities or other seismic structures invoked in the aforementioned note are unlikely to produce
this seismic signal. We further illustrate how our proposed layered structure is compatible with other available

geophysical observations and geodynamical constraints, and can be used to make inferences about Martian

evolution.

1. CMB-interacting phases on Mars

In Samuel et al. (2023a) we proposed that the seismic signal ar-
riving ~176 s before the PP phase arrival is a compressional wave
which both diffracts along the boundary between the solid mantle
and a liquid basal mantle layer (BML), and is also reflected at the
core-mantle boundary (a liquid-liquid interface). We label the seismic
phase Pby;PcP to indicate these important elements of the wavepath,
while noting that the amplitude of the observed phase results from
the simultaneous arrival of waves traveling along multiple paths, with
diffraction occurring before and/or after reflection at the CMB (Sup-
plementary Figs. 4-5 and our public response to reviewers (Samuel
et al., 2023b)). We welcome the synthetic sensitivity kernel computed
by Russell et al. (2026), using tools from Nissen-Meyer et al. (2014)
and Stéhler et al. (2016). These kernels corroborate our identification
of the signal recorded for event S1000a. Additionally, they rule out the
existence of the Pgil;’fB, which is consistent with our findings (Samuel
et al., 2023b) and our inversion approach. The kernel clearly illustrates
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the uniform sensitivity of the phase we label Pbg;;PcP to the entire
BML along the diffracted path. It also shows that any seismic arrivals
coincident with Pbg;PcP would be sensitive to the mantle; we explore
feasible mantle signals in Section 3.

We agree with Russell et al. (2026) that the BML structure we
propose would also generate a wave which diffracts along the solid-
liquid boundary at the top of the BML (Pbg;s). However, this phase is
not “absent” in Samuel et al. (2023a): it is clearly visible and labeled
in supplementary Figure 5(d-f). We (Samuel et al., 2023a) did not
include the corresponding arrival time in our inversions, as they were
less robust observations (similarly, this wavepacket was not identified
or employed in Duran et al., 2022 or Horleston et al., 2022). We mark
the arrival of a wavepacket that we label as Pb ¢, and another we label
as Pbg;PcP2 which has an extra reverberation in the BML, on Fig. 1.
The amplitude and arrival times of these BML-interacting phases are
discussed in detail in Section 3.
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Russell et al. (2026) claims that BML interface topography is ex-
pected, and that it is likely to be large enough to increase Pbyg;s/
Pby;PcP amplitude ratios. We do not find evidence to support these
claims. First, we expect that the strong density jump at the BML
caused by its iron enrichment would prevent significant topography
of its surface, as shown in Samuel et al. (2021). Second, although
the BML topography might reduce the relative amplitude of Pby;¢PcP,
the opposite effect is also entirely possible (Emmerich, 1993; Shen
et al., 2016; Wu et al., 2014; DeSilva et al., 2018), and Russell et al.
(2026) did not provide arguments for why amplitude reduction is
more likely to impact Pby;sPcP. How the BML topography impacts
Pby;s¢/Pbg;ePcP ratios depends on the spatial distribution and amplitude
of the topography: parameters that are unknowable given the paucity
of seismic observations on Mars, and are uncertain even for interfaces
within the Earth (e.g., Koelemeijer, 2021).

2. Observational evidence for BML interacting signals

InSight seismic recordings consist of low amplitude signals prone
to contamination by environmental noise, particularly wind, requiring
careful analysis (Lognonné et al., 2020; Scholz et al., 2020; Kim et al.,
2021; Ceylan et al., 2021; Stott et al., 2023, 2025). PbgyPcP is a
compressional wave, most prominently observed on the vertical com-
ponent. Its identification included an analysis of the relative amounts of
vertically- and horizontally-polarized motion (supplementary Figure 2
in Samuel et al., 2023a).

In Fig. 1a, we plot the particle motion around the Pby;;PcP phase
in the frequency range where both signals and rectilinear motion are
clearest: 0.5-0.8 Hz range and the first 6 s after the arrival (indicated
by dashed lines in Fig. 1c-d). It is evident that the phase in question
is characterized by vertically polarized linear motion; motion on the
transverse component is approximately five times smaller than that on
the vertical component, and half the size of that on the radial. The
hodogram (Fig. 1a) clearly illustrates that the signal in question is
characterized by P-type particle motion of a wave arriving with a steep
angle of incidence, as expected for Pbgy;PcP. The low, but non-zero
motion on the horizontal components is both consistent with a wave
that is close to vertical incidence and explains why determining a stable
backazimuth is challenging (e.g., Horleston et al., 2022).

The frequency range for the analyses in Samuel et al. (2023a) is cho-
sen to avoid frequencies known to be impacted by wind noise (Clinton
et al.,, 2021; Ceylan et al., 2021; Stott et al., 2023), while including
those with strongest rectilinear motions. Environmental noise, as well
as scattering by mantle heterogeneity, are expected to come from a
range of different directions, so that their overall contribution is to
render the particle motions more random and less rectilinear. This
expectation runs contrary to Russell et al. (2026)’s interpretations that
attribute the entire time-series, including time-frequency windows with
prominent rectilinear motions, as resulting from mantle scattering. This
is the reason why we underpin our interpretations with results from
frequency-dependent polarization analysis — which has been workhorse
of InSight data analysis (e.g., Stdhler et al., 2021; Irving et al., 2023) —
to identify time-frequency windows in which the signals are least likely
to be contaminated by scattered energy (indicated in Fig. 1d-f).

Synthetic seismograms computed for models containing a BML
(Section 3, Fig. 2b,d), predict three distinct arrivals (Pdiff, Pby;«PcP,
PbgiPcP2). The association of the observed arrivals (Fig. 1, Fig. 2a
in Russell et al. (2026), Supplementary Figure 2 in Samuel et al.
(2023a)) with these three phases is strongly supported by the equal
time separation between them, as they differ only by the number of
reverberations in the BML. Additionally, hodograms reveal that all
three phases are dominated by vertical particle motions, as expected
for P waves reaching the base of the mantle, but the phases that we
did not invert in Samuel et al. (2023a) have slightly more energy on
the transverse component (see Fig. 1e), which could indicate environ-
mental noise and/or path complexity. The observed larger amplitude
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of the Pby;PcP phase compared to Pby;; is consistent with synthetic
waveforms produced in both Samuel et al. (2023a) (Supplementary
Figure 5f ) and Russell et al. (2026) (Figure 1d). The one notable
difference between the data (e.g., Fig. 1 b-d) and our synthetics is the
differential travel time between consecutive phase pairs (Pby;PcP-Pdiff
and Pb;PcP2-Pby;PcP) is ~60 s in the S1000a data, and ~40 s in our
synthetics. As we explained above, we did not use Pby;¢ and Pby;PcP2
to develop the models in Samuel et al. (2023a), thus is unsurprising
that their relative arrival times are not predicted. However, future
inversions that include these different travel times could fit the ~60 s
gap by increasing the thickness of the BML, or by decreasing its V,, or
a combination of the two.

3. Potential shallower mantle-generated seismic signals

Typically, seismologists have followed a parsimonious approach to
building Earth models, ascribing seismic signals (and delay times) to
radially varying structure before attempting to justify more complex
laterally-varying heterogeneities. Additionally, seismological interpre-
tations often build on complementary prior constraints from other
fields. In particular, the presence of phase transitions leading to global
(1D) seismic discontinuities at various depths in the solid Martian
mantle is expected, making these transitions a well-motivated potential
explanation for the seismic signals observed on Mars. We therefore
considered in Samuel et al. (2023a) the possibility that the observed
arrival(s) originated from mantle reflections, but concluded that shal-
lower seismic phases generated by mineral phase transitions fail to
explain the observations.

Mineralogical  transformation of  olivine-to-wadsleyite  and
orthopyroxene-to-high-pressure-clinopyroxene result in velocity contrasts
at depths which correspond to zones of sensitivity in Russell et al.
(2026)’s kernels. Alternative methods of examining InSight data have
reported signals corresponding to mid-mantle mineralogical phase tran-
sitions on Mars (e.g, Huang et al., 2022; Deng and Levander, 2023).
Predicted underside reflections from these contrasts, called PolP and
PpvP, respectively, are shown in cyan and green in synthetic seismo-
grams (Fig. 2a—-d), and supplementary Figure 5 of Samuel et al. (2023a).
In our simulations with and without a BML, neither PolP nor PpyP
produces seismic signals large enough to be clearly identified. Without
a BML, only Pdiff is observable (Fig. 2a, c).

Attributing the three phases arriving at 60 s intervals to precur-
sors corresponding to different mineralogical phase transitions in the
Martian mantle is not feasible: (i) A hotter mantle sharpens the olivine-
to-wadsleyite transition on the V, profile, enhancing PolP amplitudes,
but it also causes the orthopyroxene—to—high-pressure-clinopyroxene tran-
sition to occur at similar depths (Fig. 2e—f). Therefore, only two phase
arrivals are possible (Pdiff and PolpyP), with a PolpyP-Pdiff differen-
tial time hardly exceeding ~40 s. (ii) For a colder mantle, shallow
mineralogical transitions occur at distinct depths, and three distinct
arrivals are possible: Pdiff, PpyP, and PolP (Fig. 2c-d). However, even if
scattering could amplify the amplitude of mid-mantle reflected phases,
it would require excessive mantle cooling for these phases to reach
a ~60 s differential time. Although, as highlighted in Russell et al.
(2026)’s note, the seismic phases examined by Samuel et al. (2023a) are
“approximately coincident with underside reflections from proposed mantle
discontinuities independently inferred from InSight data”, such mid-mantle
underside reflections cannot account for the S1000a signal, neither in
arrival times nor in wave amplitudes. Therefore, BML models remain
the strongest candidates to explain the coherent seismic arrivals of
S$1000a seismic event.

Russell et al. (2026) disagree with our interpretation that coherent,
rectilinearly-polarized seismic phases arise from interaction with a BML
on Mars, and suggests instead that scattering from heterogeneities in
Mars’s mid to lower mantle could generate the entire observed wave-
train. While it is plausible that the Martian mantle contains sufficient
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Fig. 1. Polarization analysis for event S1000a. (a) 3-D particle motion plot (hodogram) showing the primarily vertical polarization of the PbyPcP phase in the
0.5-0.8 Hz frequency range (corresponding to dashed rectangle in panels d—f). Before PbgPcP (blue), the amplitudes are smaller. As PbyPcP arrives (black),
polarization becomes linear in the vertical and radial components. After Pby;PcP (pink) the signal becomes more elliptical. (b) Velocity seismograms showing
the three components of motion filtered in 0.5-0.8 Hz range. (c—f) Results of frequency dependent polarization analysis show that the Pby;PcP signal (~176 s
before PP arrival and indicated by the gray line) has strong amplitude (d) in the 0.5-0.8 Hz band and is characterized by an excess (c) of vertically-oriented (e)
and near total absence of horizontally-oriented (f) rectilinear motion. Potential arrivals Pby;; and PbyzPcP2 (dotted rectangles in panels d—f) arriving before and
after Pby;PcP show weak amplitudes and non-negligible horizontally-oriented rectilinear motion, respectively. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

structural variability to produce scattered seismic energy (e.g., Char-
alambous et al., 2025), such scattering would be expected to generate
a diffuse coda distributed across all three components, rather than
discrete, rectilinear arrivals. To support their argument, Russell et al.
(2026) present a terrestrial example of ‘“unambiguous scattering” from
the 1993 Mw 7.5 earthquake south of the Mariana Islands recorded
at station BFO. Although the three-component seismograms for this
event are complex (Appendix Fig. A.la-b), and we agree that they
contain scattered arrivals, frequency-dependent polarization analysis
(Appendix Fig. A.lc-f) reveals multiple, distinct arrivals with verti-
cally polarized, rectilinear motion. As expected, the most prominent
of these wavepackets correspond to Pdiff and PP. Other prominent
vertically-polarized arrivals — which can appear with relatively re-
stricted frequency ranges — correspond to interactions of Pdiff and PP
with known 1D structures, including depth phases, receiver-side crustal
multiples and interactions with mantle discontinuities, such as the
410. Of course, unlike terrestrial earthquakes, S1000a is a surface im-
pact (Posiolova et al., 2022), precluding the existence of depth phases.
Thus, the seismograms presented in Russell et al. (2026) demonstrate

that even on Earth, where we might not choose to interpret seemingly
complex waveforms on individual records, prominent, rectilinearly-
polarized arrivals within the scattered wavefield can be attributed to
known 1D discontinuities. We suggest that this is also the case for the
seismic signals we observe on Mars.

Importantly, although the examples selected by Russell et al. (2026)
illustrate scattering on seismograms observed on Earth, they cannot
be directly tested against Mars’s seismic record, in particular event
S$1000a, because the context is different and the true mantle and crustal
structure is not known. As such, these selected examples represent
qualitative empirical analogies with terrestrial observations. Only syn-
thetic examples such as the ones displayed in Fig. 2 and in Samuel
et al. (2023a), where the potential of alternative structures to explain
the S1000a signals can be investigated, allow quantitative testing of
possible structural scenarios. However, such tests are absent in Russell
et al. (2026)’s note.

Finally, we stress that explaining the observed Pdiff-related phases
with a 1D layered structure is simpler and provides testable predictions
in a way that fortuitous scattering by 3D mantle structure cannot. The
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Fig. 2. Velocity models and synthetic seismograms. Panels (a—d) are modified from Samuel et al. (2023a)’s Supplementary Figure 5. Examples of velocity
models of the non-BML (a) and supplementary BML inversion sets (b). (c,d) synthetic seismograms with predicted arrival times displayed with colored lines. We
have added the arrival times of seismic phases reflected at the seismic discontinuities related to the olivine-to-wadsleyite and from orthopyroxene-to-high-pressure-
clinopyroxene mineralogical transformations, shown in cyan and green, respectively. (e) and (f) present a suite of V, profiles for non-BML models together with
their corresponding waveforms, where each color represents a different potential temperature, ranging from 1600 K (dark blue) to 1900 K (dark red). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

BML model sensitivity kernel shown in Russell et al. (2026) exhibits This is, in fact, the basis for the often-used stationary phase approxi-
strong oscillatory behavior in the mid-mantle; this means that the mation in seismology (e.g., Romanowicz et al., 2008). In other words,
contribution of putative extended structures that could give rise to the for a mantle scatterer to produce the observed arrivals, it would have
observed Pb;¢PcP arrival through scattering would tend to cancel out. to have a serendipitously contorted shape that aligns with the lobes in
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the oscillatory portion of the kernel. Such an alignment would only be
expected for the specific path from the S1000a impact to the InSight
lander. Because the patterns of kernel oscillations are path-dependent,
the explanation in terms of mantle scattering would have no predictive
power for other source-receiver pairs. As explained above, our pref-
erence for interpreting the observed signals in terms of 1D structure
is consistent with standard practice in seismology; seismologists have
historically proceeded to model the 1D structure of Earth prior to
analyzing 3D velocity variations. Of course, other, less rectilinearly-
polarized signals seen in the S1000a record, visible as complexity in
Fig. 1b-f, could very well result from scattering by 3D structure (e.g.,
Karakostas et al., 2021; Menina et al., 2023; Charalambous et al.,
2025).

4. Ancient dynamo

Russell et al. (2026) argue that the presence of a stably stratified
BML would prevent core cooling and is thus incompatible the existence
of a transient ancient magnetic field for several hundred millions
years recorded in Mars’s crust (Acufa et al., 1998; Johnson et al.,
2020; Mittelholz et al., 2020). They rejected the alternative dynamo
mechanisms (Acuna et al., 1998; Johnson et al., 2020; Mittelholz et al.,
2020) put forward in Samuel et al. (2023a) and in Samuel et al.
(2021), claiming that these could not generate the magnetic record
for sufficiently long times, or could even prevent the dynamo from
operating.

Regardless of the planet’s structure, predicting dynamos is challeng-
ing because even state-of-the-art modeling is restricted to parameter
spaces far from planetary core conditions (Christensen, 2010; Gastine
et al., 2016). However, our simulation-based proposed mechanisms can
quantitatively explain the longevity of Mars’s dynamo. For example,
elliptical instabilities triggered by ancient satellites that would have
orbited the early Mars before impacting the planet (Arkani-Hamed,
2009) are well described in the literature (Cébron and Hollerbach,
2014; Kerswell, 2002; Sauret et al., 2014; Landeau et al., 2022), can
sustain dynamos for hundreds of millions of years, and are supported
by crater observations. Arkani-Hamed (2009), along with others cited
in Samuel et al. (2021, 2023a), asserts magnetic field generation based
on ohmic dissipation. This criterion is physically sound, widely used in
the literature (Buffett, 2002; Gubbins, 1977; Labrosse, 2003; Stevenson
et al., 1983), and represents a more restrictive condition than the sole
outgoing core heat flux value frequently considered for Mars (Breuer
and Spohn, 2003, 2006; Nimmo and Stevenson, 2000), which may
be insufficient for powering thermal dynamos (Buffett, 2002; Monteux
et al., 2011; Landeau et al., 2022).

Our proposed dynamo mechanisms constitute neither an exhaustive
nor a definitive list. An alternative not discussed in Samuel et al.
(2023a) would be that the BML formed hundred Myrs after Mars’s ac-
cretion if the solidification of Mars’s silicate magma ocean was delayed,
for example as a result of a thicker and opaque early atmosphere (Kite,
2019). A thermal dynamo could have then operated on Mars prior to
the genesis of the BML and its thermal blanketing of the core.

When summarizing our inversion approach that accounts for an
enriched BML, Russell et al. (2026) mentioned that Samuel et al.
(2023a) “argue for HPE enrichment and stable stratification” to “keep
this layer molten”, which could be misleading as it may suggest that
such a structure was manufactured and justified a posteriori to explain
seismic data. We take this opportunity to clarify that the layer’s molten
state was originally an unpredicted outcome of our thermochemical
evolution modeling (Samuel et al., 2021). This evolving state is em-
bedded in our inversion approach (Drilleau et al., 2021), where the
mantle is initially stratified and entirely at solid state, but was found
to frequently evolve towards a fully and partially molten state in the
lowermost mantle. Moreover, the formation of this stratified layer is
also a natural outcome of early differentiation processes in planetary
mantles (Boukaré et al., 2025; Ballmer et al., 2017; Maurice et al.,

Icarus 458 (2026) 117148

2017). This is why the hypothetical implications of such BML on the
interpretation Mars’s seismic, geodetic and expected heat flow data
were discussed in a modeling study (Samuel et al., 2021) prior to the
first seismic detection of the Martian core (Stihler et al., 2021), and
predating the detection of seismic signals attributed to deep mantle
phases (Horleston et al., 2022).

5. HPE crustal content

Russell et al. (2026) claimed that Mars’s crust contains at least
half of the Bulk Silicate Mars (BSM) HPEs. This statement is based
on Gamma-Ray Spectrometer (GRS) data that suffer from resolution
issues, but also from critical assumptions, which could be revised in
the frame of the BML scenario. As the commenters acknowledged in
their note and in their previous works (Plesa et al., 2016, 2018), GRS
data only probe Mars’s sub-surface, leaving large uncertainty for deeper
parts (Smrekar et al., 2019). Indeed, a considerable extrapolation from
depths of few centimeters to tens of kilometers is necessary to infer
Mars’s crustal HPE content. Additionally, Mars’s surface, including deep
basins, is covered by dust, complicating the interpretation of GRS
data. Importantly, despite occurring early in the planet’s history crustal
formation was probably gradual; it is unlikely that Mars’s crust is
homogeneous either laterally or with depth (Baratoux et al., 2014).

GRS data resolution is coarse (5° x 5° pixels, 90,000 km?> Hahn
et al., 2011), which masks HPE surface variability. Despite this, GRS
data show variation in HPE ratios of a factor ~3 (Taylor et al., 2007).
This variability is further underestimated by scale effects, as demon-
strated on Earth by the large differences between HPE airborne mea-
surements and in situ analyses (Baratoux et al., 2021), implying that
HPE surface variations could be as large a factor of ~30. Finally, infer-
ring Mars’s HPE crustal fraction requires making assumptions on BSM
composition, which is also prone to uncertainties and assumptions, as
illustrated by the variety of compositions in the literature (Khan et al.,
2022; Lodders and Fegley, 1997; Morgan and Anders, 1979; Sanloup
et al., 1999; Taylor, 2013; Treiman et al., 1986; Wanke and Dreibus,
1994; Yoshizaki and McDonough, 2020). Altogether, this suggests that
GRS data alone may not unequivocally constrain relative or absolute
crustal HPE content.

Finally, while the BML in Samuel et al. (2023a) was assumed to
contain a major fraction of Mars’s HPEs, more modest BML HPE enrich-
ment (and hence, a crust more enriched in HPEs) would not necessarily
prevent the basal layer from being molten, because its iron enrichment
would still shift liquidus and solidus to colder temperatures, allowing
most of this layer to remain above the melting curves. Additionally,
the iron enrichment of the BML would reduce its thermal conductiv-
ity (Hsieh et al., 2018). That would lead to higher temperatures, which
was not considered in Samuel et al. (2023a). Therefore, a more modest
HPE enrichment of the BML (Cheng et al., 2025) could be investigated
in future inversions of geophysical data.

6. Present-day lithospheric thickness

Using one model displayed in Samuel et al. (2023a), Russell et al.
(2026) estimated a corresponding elastic thickness (T},) that is less than
200 km, and claimed that this 7, value would be too thin to explain
estimates obtained at the North polar cap (Broquet et al., 2025). Russell
et al. (2026) further contrasted this value with previous models without
a BML shown in Samuel et al. (2023a) and in work relying on thermal
evolution modeling in 3D spherical geometry with a homogeneous
mantle and a large core (Plesa et al., 2018), arguing that they better
satisfy constraints on the present-day 7,. Estimating 7, requires making
a number of assumptions, for example on the values of deformation
time scales, or the lithospheric yield strength (Grott and Breuer, 2008,
2010; Thiriet et al., 2018; Plesa et al., 2018) — quantities that are not
well constrained, and which can vary significantly depending on the
location — or even to account for viscoelastic effects (Broquet et al.,
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2025). Instead, Samuel et al. (2023a), provided average values for the
thermal lithosphere thickness, which is expected to be larger than T,,
as illustrated by Russell et al. (2026)’s estimate.

We first remark that the present-day thermal lithosphere thickness
range provided in Samuel et al. (2023a) corresponds to a one-standard
deviation (o) interval, therefore the global 3-c range is broader:
200-320 km for the main BML inversion set (which we recall covers
the best 1000 models only, not the entire population of retained output
models). Consequently, the corresponding 7, estimate range is expected
to be broader, and Figure 4 in Russell et al. (2026) that compares
one model from Samuel et al. (2023a) with an envelope of models
from Broquet et al. (2025) is therefore misleading (as also illustrated
in our Fig. 3).

More importantly, because our model assumes 1D spherical sym-
metry, the lithospheric ranges given above correspond necessarily to
global averages. Therefore, the requirement on local 7, values men-
tioned in Russell et al. (2026) is irrelevant since by construction the
models in Samuel et al. (2023a) do not account for lateral variability
in crustal and lithospheric thicknesses. The range of lithospheric thick-
ness is known to be large for Mars, in particular there are contrasts
between the Northern and the Southern hemispheres, as reported in
the literature (e.g., Wieczorek et al., 2022; Knapmeyer-Endrun et al.,
2021; Thiriet et al., 2018; Grott and Breuer, 2008; Plesa et al., 2018;
Smrekar et al., 2019, and references therein) and illustrated in Fig. 3.
Constraints on present-day 7, on Mars point to values ranging between
330 and 450 km in the Northern polar cap (Broquet et al., 2020),
with possible 7, variations in the rest of the Northern hemisphere.
In the Southern hemisphere, however, the present-day T, have been
constrained to considerably smaller values: with a best fit average value
of 161 km under the South polar cap (Wieczorek, 2008) and a global
range of 100-140 km (Grott and Breuer, 2008, 2010). Overall, this
lateral variability results in a present-day average 7, value close to
150-200 km, as pointed out in Plesa et al. (2018) and reproduced in
Fig. 3. This average value is compatible with the results in Samuel
et al. (2023a) with a BML, and with the corresponding estimate given
in Russell et al. (2026).

While Russell et al. (2026) acknowledged that the models in Samuel
et al. (2023a) are one-dimensional, they claimed that lateral tempera-
ture and viscosity variations could not significantly affect the average
T, value, because in the 3D thermal models used to make inferences
on the viscosity of the Martian mantle, their global viscosity profile is
similar to the average value below the Northern cap (Fig. 4 in Russell
et al. (2026)’s note). However, Russell et al. (2026)’s reasoning is
flawed by the underlying assumptions made in Broquet et al. (2025),
which neglected in particular (i) lateral crustal variations in HPEs,
(ii) the progressive formation of the Martian crust, (iii) lateral vari-
ations in visco-elastic deformation, or (iv) the possibility of mantle
compositional stratification.

It has been suggested that the Martian Southern crust could be
enriched in HPEs by up to about a factor of two compared to that of
the thinner Northern crust (Thiriet et al., 2018) (see also Section 5).
Both 1D parameterized and dynamic modeling in 2D cylindrical and 3D
spherical geometry have shown that this non-uniform HPE crustal en-
richment can cause strong lateral differences in crustal and lithospheric
thermal states (Thiriet, 2018), with a present-day Southern temperature
profile 300 K hotter over more than 250 km depth than that of the
Northern hemisphere. This also implies a Southern thermal lithosphere
150-200 km thicker than that of the Northern hemisphere (Thiriet
et al., 2018; Bonnet-Gibet et al., 2022) (Fig. 4a), which would then
affect the shallow viscosity structure of the Martian mantle. Even with
a uniform HPE enrichment, similar behavior is observed (Thiriet et al.,
2018) (Fig. 4b), at odds with what is claimed in Russell et al. (2026)’s
note. Unfortunately, the possibility of non-uniform HPE content was
not considered by Russell et al. (2026) and the influence of the North—
South dichotomy was further hindered by computing the visco-elastic
structure using 1D averages of their 3D dynamic modeling. Moreover,
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in contrast to Samuel et al. (2023a) where both BML and non-BML
structures were considered, the possibility of a compositionally strat-
ified mantle in addition to a homogeneous mantle was not explored
in Broquet et al. (2025). This set of a priori assumptions therefore
unavoidably reduces the applicability of their constraints on Mars’s
lithospheric and viscosity structure.

While the models in Samuel et al. (2023a)’s inversions do not
handle lateral variations, they account for the progressive formation
and growth of the Martian crust inferred by observations (Greeley
and Schneid, 1991; Nimmo and Tanaka, 2005; Solomon et al., 2005)
via shallow melting and extraction. This two-way coupling between
thermal state and crustal production is sometimes neglected in 3D
studies, such as those quoted in Russell et al. (2026)’s note (Plesa
et al., 2018; Broquet et al., 2025). Accounting for self-consistent crustal
formation along with considering constraints on the present-day crustal
thickness significantly reduces the population of plausible interior mod-
els for Mars (Knapmeyer-Endrun et al., 2021; Samuel et al., 2019,
2021; Drilleau et al., 2021, 2022, 2024), which likely impacts other
characteristics of retained models, such as the present-day thermal state
and lithospheric structure (e.g., Spohn, 1991; Breuer and Spohn, 2003;
Schumacher and Breuer, 2006; Morschhauser et al., 2011; Thiriet et al.,
2018; Huang et al., 2022). For these reasons, despite their simplicity,
1D models in Samuel et al. (2023a) may exhibit a higher level of self-
consistency than inferences from 3D spherical models that prescribe
a fixed Martian crust thickness from the beginning, at odds with the
diversity of Mars crustal ages (Solomon et al., 2005).

Overall, the lithospheric thickness constraints considered in Russell
et al. (2026)’s note are bounded by a number of aforementioned critical
assumptions made for the thermal modeling and visco-elastic calcula-
tions, limiting their application at best to a narrow parameter space,
where crustal formation and thermal evolution are decoupled, and
where the Martian mantle can only be compositionally homogeneous.

Finally, the inversions in Samuel et al. (2023a) imposed no con-
straints on the present-day lithospheric thickness. We conducted a new
inversion set with a BML, where only output models with present-day
thermal lithosphere thicknesses (D), excluding the more deformable
thermal boundary layer beneath it) thicker than 330 km are retained.
The results displayed in Fig. 5 show that it is possible to have models
that satisfy simultaneously seismic and geodetic data, along with con-
straints on the present-day crustal thickness (Knapmeyer-Endrun et al.,
2021), with global D, reaching values as high as 370 km, and even
more if one includes the thermal boundary layer at the base of the
lithosphere.

7. Present-day thermal state

Russell et al. (2026) pointed out differences in the thermal state
of the solid mantle between Samuel et al. (2023a) and Khan et al.
(2023). The fact that the present-day mantle in Samuel et al. (2023a)
lies below Mars’s solidus is not accidental. It essentially results from the
fact that these models account for mantle melting and the consequent
reduction on seismic velocities. Global shallow melting due to hot
temperatures would reduce P and S seismic velocities by several tens
of percents, thereby preventing matching the observed travel times
for seismic events. In addition, similar to Knapmeyer-Endrun et al.
(2021) the inversion performed in Samuel et al. (2023a) also checked
for the occurrence of shallow melting that would produce widespread
volcanism that would be at odds with observations.

Additionally, Russell et al. (2026) raised a concern about the differ-
ences in the thermal states inferred in Samuel et al. (2023a) (and Khan
et al., 2023) with previous estimates based on less extensive seismic
datasets (i.e., Huang et al., 2022; Drilleau et al., 2022; Khan et al., 2021;
Duran et al., 2022). They attempted to underline these differences in
their Figure 3, however this does not show the full story because it
compares only two thermal profiles selected from the posterior distri-
butions of two inversions sets, with ranges proposed in previous studies.
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Fig. 3. Modified from Plesa et al. (2018) Supp. Figure 1 (a similar plot is also displayed in Fig. 7b in Smrekar et al., 2019). Evolution of the elastic lithosphere
thickness (T,) for a successful representative model (reference case 85 in Tables 1, 2 and 3 in Plesa et al., 2018) that agrees with small elastic thicknesses during
the Noachian epoch and the present-day values for the north and south pole of Mars (full symbols). Other elastic thickness estimates are shown by transparent
gray color, however, such estimates have not been used since they show large uncertainties. The jump shown by the colored lines for the north and south pole
is due to the fact that to compute 7, for the present-day north and south pole Plesa et al. (2018) use deformation timescales associated with the deposition of
the polar caps (and hence a strain rate of 10714 s~!), while for the evolution of the elastic thickness we use mantle convection timescales (of 10717 s~!). The
letters “N”, “H”, “NH”, “HA” and “A” indicate Noachian, Hesperian, Noachian-Hesperian, Hesperian-Amazonian and Amazonian geological ages, respectively.
Added items: range of present-day thermal lithosphere thicknesses derived from the main inversion set in Samuel et al. (2023a) is indicated in brown. The upper
bound elastic lithosphere thickness claimed in Russell et al. (2026)’s note to be estimated from Samuel et al. (2023a) inversion output with a BML is indicated
by a green arrow, closely coincides with the present-day average value (black line) of the reference model in Plesa et al. (2018), and lies well within the various
estimates available (symbols). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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in present-day lithospheric thicknesses (Bonnet-Gibet et al., 2022; Bonnet-Gibet et al., 2025). The North/South dichotomy in thermal states seen in both panels
shows that very large lateral variations in viscosity are expected on Mars. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Since the different studies quoted above do not necessarily rely on the
same type of constraints or approaches (the paragraph above shows
that the parameterization in the inversion does play a role), we will
focus our demonstration below on the differences between the output
from inversions we conducted (i.e., Drilleau et al., 2022; Samuel et al.,
2023a). In contrast to the limited depiction in Russell et al. (2026)’s
Figure 3, the entire range of potential mantle temperatures (7)) inferred
by Samuel et al. (2023a) is 1470-1550 K. Similarly, the entire T, range
from the inversions in Drilleau et al. (2022) is 1490-1940 K.
Therefore, as shown in Fig. 6, the two studies T, distributions
actually overlap. This is not visible in Russell et al. (2026)’s Figure 3
because the authors opt to display a single profile and narrower (1-c)
ranges. Thus, their figure does not indicate a lack of consistency among
the results of different inversion studies, since these ranges constitute
only a portion of the posterior distributions, and do not necessarily

correspond to models with the lowest misfit to the data because out-
put distributions are multi-modal (Fig. 6). Instead, the gap and the
differences between 1-o ranges simply indicate that, fortunately, the
available data play a dominant role in driving the results of inversions.
It is therefore to be expected that the results of inversions using distinct
datasets are not identical. A prime and obvious illustration of this
reassuring fact is the contrasting layered mantle structure with molten
BML above the Martian core, which gained support from the additional
data from event S1000a, that was either absent from the datasets used
in studies prior to 2023, or unexplained in the frame of an entirely solid
Martian mantle (Horleston et al., 2022; Duran et al., 2022). Therefore,
similarly to the viscous structure (see previous Section), it is worth
realizing that several previous constraints on the thermal structure of
the Martian mantle (e.g., Plesa et al., 2018; Khan et al., 2021; Pou
et al., 2022; Huang et al., 2022) have been derived under the exclusive
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assumption of a homogeneous Martian mantle. Consequently, for com-
pleteness these studies may need to be re-asserted in the frame of the
presence of a BML. This would allow these model-dependent constraints
to be properly confronted to compositionally stratified Martian mantle
models.

It is also worth mentioning that in addition to the fact that a layered
Martian mantle is a natural consequence of early planetary differenti-
ation (see Section 4), the presence of a BML is not only supported by
seismological data. A homogeneous Martian mantle favored by Russell
et al. (2026) would result in a large metallic core (Stahler et al., 2021;
Irving et al., 2023) with a low density, requiring high abundances of
light elements that are not supported by cosmochemical considerations
and petrological experimental data (Samuel et al., 2023a; Khan et al.,
2023; van Driel et al., 2025). This documented central issue of the over-
abundance of light elements in the core associated with homogeneous
Martian mantle is neither addressed nor mentioned in Russell et al.
(2026)’s note.

8. Summary

The concerns raised by Russell et al. (2026) have underlined several
critical differences in the inversion approach and the output models
between Samuel et al. (2023a) and Khan et al. (2023). Notably, they
confirmed that the interpretation of the seismic signals recorded on
event S1000a as a Pbg;sPcP phase that sampled Mars’s lowermost
mantle is consistent with seismic sensitivity kernels. We further confirm
this with a polarization analysis presented in this work. Russell et al.
(2026)’s comments further allow us to point out that the present-day
thermal structure inferred in Samuel et al. (2023a) for a Martian mantle
with a BML is consistent with geophysical constraints, and does not
result in shallow widespread global scale melting — as would occur
with the hot areotherms — which is not observed today.

Other more specific comments made by Russell et al. (2026) offered
us the opportunity to clarify that Mars’s layered structure proposed
in Samuel et al. (2023a) is compatible with geophysical, petrological,
and geo-cosmochemical data available. We confirmed that several ex-
ternal mechanisms documented in the literature, and the protracted
formation of the BML can explain the early transient magnetic field
recorded in Mars’s crust, that the HPE enrichment in the BML is not
incompatible with GRS data that samples only the first few centimeters
of Mars, and is prone to resolution and scale limitations.

We showed that the average lithospheric thickness provided in
Samuel et al. (2023a) is consistent with the average present day elastic
thickness. More importantly, we showed that despite its simplicity
the 1D internal structures of Mars inferred in Samuel et al. (2023a)’s
inversions stem from an approach accounting self-consistently for first-
order feedback effects between thermal evolution, crust formation, and
lithospheric thickening, sometimes neglected in more sophisticated 3D
modeling used to derive the present-day thermochemical and viscous
structure of Mars, such as those considered in Russell et al. (2026).

We clarified that the refined thermal structure proposed in Samuel
et al. (2023a) is consistent with previous inversions (Stahler et al.,
2021; Drilleau et al., 2022; Irving et al., 2023) relying on smaller data
sets but conducted with a similar approach optimized for InSight’s
single-station multiple event context (Drilleau et al., 2020, 2021),
and that the differences between the inversion output result from the
distinct data set considered.

Finally, we further showed that alternative explanations to the
Pby;PcP for the seismic signals recorded on event S1000a as phases
interacting with two main, shallower, mantle discontinuities predicted
by mineral physics are unable to reproduce the seismic observations.

While we welcome the calculations and constructive criticism raised
in their note as an important part of the scientific process, Russell et al.
(2026) did not provide a testable and quantitative alternative expla-
nation for the seismic observations in the frame of all other available
data and constraints on Mars. We nevertheless take this opportunity to
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stress that although we confirmed that geophysical observations along
with geodynamical constraints and experimental petrological data are
best explained by the presence of an enriched BML, there is a need to
pursue multi-disciplinary avenues of investigations to further unravel
the puzzle of Mars’s origin, formation and long-term evolution.
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Fig. A.1.

Frequency dependent polarization analysis (FDPA) analysis of the 1993-08-08, M,, 7.5, South of the Mariana Islands earthquake (Earth event 2 in

Russell et al., 2026). Data were retrieved for station BFO, part of the GR network. Seismogram, spectrogram and FDPA analysis are made using the same approach
as Fig. 1(b-f). Predictions for seismic arrivals are made using TauP (Crotwell et al., 1999), using realistic crustal and mantle 1D structures.

Appendix

See Fig. A.1.

Data availability

Terrestrial data were accessed from the National Science Founda-
tion’s National Geophysical Facility data archive operated by Earth-
Scope Consortium (NSF award 2435260). These data were collected by
the German Regional Seismic Network (GR; station BFO; Federal Insti-
tute for Geosciences and Natural Resources, 1976). InSight seismic data
can be accessed via the NASA Planetary Data System or the National
Geophysical Facility data archive where they have the network code
XB (InSight Mars SEIS Data Service, 2019).
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