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One of the aims of the InSight mission was to seismically constrain the size and character of Mars’ core,
however, seismology on Mars is challenging, involving the interpretation of low-amplitude signals with a
relatively high noise level from small magnitude marsquakes on a single seismometer. Two recent papers
propose a smaller core than previous studies that is overlain by a molten layer at the base of Mars’ mantle.
Here we suggest that the seismic observations presented in support of this conclusion can be alternatively
explained by scattering in the mantle, and that a basal layer is therefore not required by the data. Furthermore,
we discuss several problems for the evolution and dynamics of Mars arising from the presence of the basal
layer. We suggest that other possibilities should be considered, and that significant further investigation is
required to determine the structure of Mars’ lowermost mantle and core.

1. Introduction

Prior to the InSight mission, estimations of Mars’ core radius varied
widely. Okal and Anderson (1978) suggested a core radius of half the
planetary radius (1695 km), while more recently Khan et al. (2018)
and Bagheri et al. (2019) suggested ranges of 1730-1840 km and
1750-1890 km, respectively. Following the deployment of InSight,
observations of shear reflected (Stihler et al., 2021) and transmitted
waves (Irving et al.,, 2023) were used to estimate the radius of the
solid—fluid interface, interpreted as the core-mantle boundary (CMB),
at 1830 + 40 km and 1780-1810 km, respectively. These values imply
a core with a relatively high abundance of light elements, suggested to
be in contradiction with cosmochemical constraints (Steenstra and van
Westrenen, 2018; Khan et al., 2022). Two more recent studies (Khan
et al., 2023; Samuel et al., 2023) revise the interpretation of the solid—
fluid interface. They invoke the existence of a molten silicate layer at
the base of the mantle with a thickness of ~150 km, and thus the previ-
ously observed solid—fluid interface is a silicate-silicate boundary, with
the true silicate-metal CMB being the fluid—fluid interface at the base
of the layer. The proposed metallic core is then smaller and denser, and
its composition more easily fits within the cosmochemical constraints.
In support of this, both papers present the same seismological data; the
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primary constraint is a single seismic arrival from an impact event at
126° epicentral distance from the lander. This arrival was originally
identified as a P core-diffracted (P4;;) phase (Horleston et al., 2022;
Durén et al., 2022a), but its interpretation was revised by Khan et al.
(2023) and Samuel et al. (2023) to be a P-wave that interacts with the
molten silicate layer. In the following sections, we highlight various
concerns about the identification and revision of this phase, present an
alternative explanation for the data that does not require a basal layer
to the mantle, and discuss other potential issues that could arise if this
layer were to exist.

2. Seismology - Modelling

Samuel et al. (2023) and Khan et al. (2023) both reach similar
conclusions regarding the basal layer, but the seismic interpretations
differ between the two studies. Samuel et al. (2023) suggest that the
phase diffracts along the top of a layer, with a reverberation within
it, which they call PbgPcP. In contrast, Khan et al. (2023) interpret
the phase to diffract along the base of the layer, which they call P{MB

to differentiate from the earlier arriving PLS% that diffracts along the
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layer top. They also interpret a phase named P g "LSL Py in the data,
which is interpreted to have an additional bounce within the layer. The
ray paths that interact with the layer as proposed by the two papers are
shown in Fig. 1a and b, and examples of other relevant ray paths are
shown in Supplementary Figure S1. The ray path suggested by Khan
et al. (2023) for Pgm,B is non-physical as, according to Snell’s law, a
P-wave descending through the layer will transmit and reflect at the
core interface, as proposed by Samuel et al. (2023), rather than diffract
along the interface.

Both papers use the ray paths as part of a body wave travel time
inversion in order to deduce the seismic properties of the layer, where
the forward problem is the calculation of travel times based on the ray
path. It is therefore important to ascertain the sensitivity of the path
as this underpins the inversion results. Both papers use the software
TauP (Crotwell et al., 1999) to compute ray-theoretical paths for po-
tentially interpreted phases, however, diffracted phases do not adhere
to ray-theoretical principles. Nevertheless, diffraction is a well-studied
phenomenon and TauP handles diffraction with hard-coded excep-
tions. When applying TauP to complex velocity models or non-standard
diffracted phases, one must be careful as there can be unintended
consequences and the output of non-physical raypaths. Furthermore,
studies on Earth have highlighted the need to avoid ray-theoretical ap-
proaches in relation to P4 observations and to instead use sensitivity
kernels (e.g. Karason and van der Hilst, 2001; Hosseini and Sigloch,
2015), which relate a synthetic seismic arrival to its spatial sensitivity
to the model parameters. Sensitivity kernels can be calculated from
AxiSEM synthetics (Nissen-Meyer et al., 2014), which both papers
present, and doing so eliminates any speculation about the nature of
the synthetic arrivals.

We use AxiSEM to calculate 2 s synthetics for a model with a
velocity inversion between the base of the molten layer and the core
(similar to BML Supplementary Layer 2 of Samuel et al. (2023)); the
velocity inversion amplifies the phase that reflects off the base and
exists in models from both papers. We calculate P-velocity sensitivity
kernels using MC Kernel (Stédhler et al., 2016) for a 2 s database filtered
with a 2-8 s zero-phase bandpass filter for both the Pby (or PLE)
phase and the later arriving phase (Fig. 1). The kernels clearly display
the paths of both phases. The Pby; (or PdLi%) propagates along the top
of the layer and, as expected, has no sensitivity to the layer itself (Fig.
1le), while the second phase is consistent with the ray path interpreted
by Samuel et al. (2023): a diffracted phase along the top of the layer
with broad sensitivity below the diffraction due to reverberation within
the layer (Fig. 1f). The Khan et al. (2023) ray path would be expected to
have concentrated sensitivity at the base of the layer with a clear pair of
up- and down-going legs; this demonstrates that the Khan et al. (2023)
ray path is not the phase in the synthetics. We note that the models
of Samuel et al. (2023) include a thin partial molten layer at the top of
the layer creating a gradual transition in velocity, a feature absent in
the sharp-topped layers of Khan et al. (2023); this difference does not
significantly affect the sensitivity kernels (Supplementary Figure S2).

3. Seismology - Data

Next, we consider whether the energy in the data corresponds to
Pby;PcP, as exists in the synthetics. One issue with Pby;PcP is that it
relies on the constructive interference of infinite possible raypaths that
reverberate within the layer. In synthetics, this occurs perfectly because
the layer lacks topography, both at its top and at the CMB. However,
Mars’ mantle is convecting and topography is expected, the most likely
effect of which would be to reduce the amplitude of Pby;PcP compared
to Pbyi, as the reverberations within the layer decorrelate. With or
without topography, for most likely velocity models, the phase with a
reflection at the CMB, Pby;PcP, would be expected to have a lower
amplitude than Pbg;. Therefore, it is not clear why Pbg;PcP is inter-
preted, but Pbg;; is absent in Samuel et al. (2023). Khan et al. (2023)
does interpret an earlier arrival that could be Pby;s, as well as a later
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phase that would have bounced again within the layer. Interestingly,
the amplitude of each later interpreted phase is stronger than that of
the earlier phase, which is not expected with additional reflections in
the layer.

In Fig. 2 we present further analysis of the data itself. Filtered seis-
mograms are shown in Panel a, clearly illustrating the low-amplitude
signals interpreted by both papers. Panel b shows the time-dependent
normalized azimuthal density (polarization), which represents a modi-
fied version of Figure S10b of Khan et al. (2023). To ensure that we only
analyse the largest amplitude signals, we restrict the presented results
to those time-frequency points for which the overall amplitude is larger
than the 5th percentile of all amplitude estimates for the whole time
window. Furthermore as P-waves are expected to have low ellipticity
we restrict to points where the ellipticity is smaller than 0.4. Panel c is
the same but for 0.4-0.8 Hz, being close to the frequency bands used
by Samuel et al. (2023). In both plots there is energy arriving from
the approximate back-azimuth to the event (34°), but this is generally
unstable with orthogonal energy also present.

Panel d shows the spectral content of the vertical component seis-
mogram calculated from the envelope of band pass filtered data, for
which we use second-order, zero-phase filters with half-octave width
every tenth of an octave. In order to visually enhance the weak energy
arrivals, we calculate the difference between the envelope and the
median of the envelope for each frequency band. In the marked time
windows before PP, weak arrivals with narrow frequency content can
be identified, but there is also a gradual increase in energy observed
with time. The gradual increase in energy up to PP is especially pro-
nounced in Panel e, where the power spectral density (PSD) is presented
for three different frequency bands for all components. All components
and frequency bands show a slow increase in amplitude over time, with
the only significant jump in energy being PP in the 0.4-0.8 Hz band.

Following the MQS Pg;s; pick at ~17:59 there is a slight change in
character of the polarization with an increase of the orthogonal energy,
possibly indicating the presence of S-wave energy. This coincides with
an increase in the spectral content between 0.1-1.0 Hz, but there are
no notable bumps in the PSD. These observations are inconsistent with
discrete seismic arrivals and, as we shall show in the next section,
suggests the arrival of a diffuse and scattered wavefield.

4. Seismology - Scattering

Seismic scattering is caused by short-wavelength variations in elas-
tic properties in the lithosphere and mantle, which scatter seismic
energy in different directions, leading to significant complexity in
seismograms (for an overview of seismic scattering see Shearer, 2015).
Scattered energy can arrive either before or after a main seismic phase,
depending on the geometry, and manifests itself as broadly two types,
either as discrete and coherent seismic arrivals or as an elongated train
of incoherent energy. Both types have their own causal mechanisms
and can often occur together (e.g. Ma and Thomas, 2020). Scattering is
also frequency dependent (Aki and Chouet, 1975; Ritter et al., 1997;
Shearer, 2015) and leads to significant P-energy on the transverse
component (Gupta and Blandford, 1983; Cessaro and Butler, 1987),
which is otherwise expected to be minimal around P-waves.

For the InSight data from S1000a there are two classes of scattering
that are relevant that have been studied on Earth. Firstly, there is
post-Pgy;s scattering (e.g. Bataille and Lund, 1996; Jagt et al., 2024;
Zhang et al., 2024) caused predominantly by seismic velocity variations
close to the CMB (Bataille et al., 1990; Bataille and Lund, 1996; Zhang
et al., 2024). If Py does occur in the S1000a data prior to PP, then
subsequent arrivals due to scattering are expected even in the absence
of a mantle basal layer; it is even possible for scattering to mimic P g
itself (Zhang et al., 2024) and so identifying Pg4; and associated phases
requires a great deal of care. Secondly, in the minutes preceding PP
there is pre-cursory scattering (e.g. Shearer, 1990; Rost et al., 2008;
Bentham et al., 2017; Yuan et al., 2023). Pre-PP scattering is highly
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Fig. 1. (a) Ray paths for phases from Samuel et al. (2023), colours correspond to the boxes in Panel d. The black line marks the CMB and the dashed red line
marks the top of the layer. (b) As for Panel a but for phases from Khan et al. (2023). (c) P- and S- velocity profiles for the model used to calculate the synthetics
and kernels. (d) Vertical component synthetic waveforms band-pass filtered 2.0-8.0 s. (e) Delay-time sensitivity kernel for the purple box in Panel d. Darker
colours depict greater sensitivity — the colour scale is truncated in order to emphasize sensitivity in the lower mantle. (f) As for Panel e, but for the second
phase corresponding to the light blue box in Panel d. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

complex and has a range of causes; there are both discrete arrivals and
incoherent energy associated with reflections from mantle discontinu-
ities (e.g. Shearer, 1990; Deuss, 2009), mid-mantle scatterers (e.g. Rost
et al., 2006; Bentham et al., 2017; Kaneshima, 2016; Yuan et al., 2023),
and crustal structure (e.g. King et al., 1975).

To demonstrate how this scattering appears in seismograms, we
show Py and PP waveforms for three earthquakes recorded at the
Black Forest Observatory (BFO) in south-western Germany in Fig. 3.

Here we only show the waveforms, but the same analysis as shown for
the Mars data in Fig. 2 is shown for all three events in Supplementary
Section S3. The first set of waveforms (27. July 2015) show relatively
clean seismograms that have clear Py and PP on the Z component
with no other notable arrivals of P-energy until the inner core reflected
phase, PKiKP. Although PP is somewhat emergent, these seismograms
show what these phases should look like in a best-case scenario with
minimal scattering. The second set of waveforms (08. August 1993)
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(For interpretation

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

show unambiguous scattering that remains above the noise from P g
to PP — all of this energy can be safely attributed to scattering,
including potential reflections from mantle discontinuities. The third
set of waveforms (14. July 2019) are more ambiguous. Py itself is
not readily visible, but there is an increase in energy after its expected
arrival up to PP. These waveforms are remarkably similar to the S1000a
waveforms in character and, as demonstrated in Supplementary Section
S3, contain notable scattered energy. These waveforms demonstrate
how complex post-Pg;¢ and pre-PP scattering can be, and that seismic

arrivals between these two phases must be interpreted with care, even
on Earth where we know that there is not a presently molten basal
mantle layer.

While on Earth these scatterers largely emerge and are studied as
post-Pgir and pre-PP, related to heterogeneity in the lowermost and
the upper mantle, respectively, the time between P4 and PP can also
be thought of as a near-continuous ensemble of scattering originating
from a variety of locations within a planet’s interior. Supplementary
Figure S3 shows kernels for a series of narrow time windows within
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the relevant time frame to show how the locus of points for in-plane
scatterers evolves. The general trend is for the scatterers to become
shallower with time, however, all of the time windows have significant
sensitivity to the upper mantle and crust, which is known to cause scat-
tering on Mars (Banerdt et al., 2020; Lognonné et al., 2020; van Driel
et al., 2021; Karakostas et al., 2021; Menina et al., 2023). Scattering
from the crust would also be most energetic and prolonged for shallow
seismic sources (Shearer and Earle, 2004), such as the impact event of
$1000a. Furthermore, InSight data has shown Mars’ mantle to be highly
heterogeneous and scattering throughout (Charalambous et al., 2025),
which would cause prolonged scattering between P, and PP. Another
point is that the phases picked by Samuel et al. (2023) and Khan
et al. (2023) (Fig. 1f) are approximately co-incident with underside re-
flections from proposed mantle discontinuities independently proposed
based on Insight data (see Supplementary Table S2; Deng and Levander,

2020; Huang et al., 2022; Deng and Levander, 2023; Durédn et al.,
2025). It is important to note, that while the kernels show potential
locations that could cause in-plane scatterings, the significant energy
on the transverse component for the Martian data suggests out-of-plane
energy is also present.

While there is certainly energy from the direction of marsquake
S1000a, its characteristics are comparable to scattering on Earth and
scattering is known to be prevalent from heterogeneity in the Martian
crust and mantle, as it is on Earth. The narrow frequency character
of the S1000a arrivals and the gradual increase in energy before the
PP wave for all three components, including the transverse, indicates
that these phases are part of a diffuse scattered wavefield with in- and
out-of-plane energy. While it is possible that Py and other coherent
seismic phases may occur in the time window, coherent energy is also
possible in such scattered wavefields and occurs on Earth in the absence
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of a basal mantle layer. We do not believe that these phases can be
safely reinterpreted as phases originating from a molten basal layer to
Mars’ Mantle.

5. Geodynamics

In addition to the concerns regarding the seismic evidence, a
present-day molten layer at the base of Mars’ mantle is challenging to
reconcile with Mars’ thermal evolution, specifically the dynamo history,
the distribution of heat producing elements (HPEs), and the observed
low deflection observed beneath the northern polar cap. This layer is
suggested to form early in the evolution as a consequence of magma
ocean solidification and overturn of late stage cumulates rich in iron
and HPEs (Elkins-Tanton et al., 2003). Once at the base of the mantle,
these hot, dense cumulates will give rise to a so-called basal magma
ocean that is suggested to survive until present day (Khan et al., 2023;
Samuel et al., 2023). However, such a molten layer prevents efficient
core cooling and therefore the generation of a core-dynamo (Hsieh
et al., 2024), at odds with observational evidence that indicates an
active dynamo until at least 3.7 Ga (Mittelholz et al., 2020). While
alternative scenarios for the generation of a dynamo on Mars have
been proposed by Samuel et al. (2023) (e.g., enhanced heat flux due
to magma ocean cumulate overturn, effects of giant impacts, core
instabilities excited through tidal interaction with ancient satellites),
these scenarios produce too short-lived dynamos (Elkins-Tanton et al.,
2005), may actually suppress the dynamo (Arkani-Hamed and Olson,
2010), or are not compatible with a suggested active dynamo younger
than the formation of the giants impacts ~4 Ga (Arkani-Hamed, 2009).

The Martian magnetic field could have been generated within the
iron-rich molten layer at the base of the mantle (Helffrich, 2017),
however vigorous convection, which is necessary for dynamo gener-
ation would result in efficient heat loss and crystallization. To keep
this layer molten, Samuel et al. (2021) argue for HPE enrichment
and stable stratification. The latter is due to its iron enrichment with
depth (Samuel et al., 2021), however in this case the layer would not
convect and therefore not generate a dynamo.

Another issue concerns the distribution of HPEs. Gamma-ray surface
measurements indicate a strong crustal enrichment in HPEs (>50% bulk
abundance, Hahn et al., 2011). While these measurements are only
sensitive to the uppermost few centimetres, no anomalies associated
with large impact basins, which would sample a poorly enriched lower
crust, have been recorded, suggesting that the surface abundance is
likely representative of deeper crustal layers as well (Taylor et al.,
2006). If most of the HPEs have fractionated into and remain trapped
within the basal mantle layer to keep it molten (Samuel et al., 2021),
then the observed crustal enrichment is difficult to explain.

Although the papers by Khan et al. (2023) and Samuel et al. (2023)
reach a similar conclusion regarding a molten silicate layer at the base
of the Martian mantle, there are differences in the thermal state of
the solid mantle between the papers (Fig. 4a). The solid mantle in the
study of Samuel et al. (2023) lies at the lower bound of the temperature
range suggested by the previous seismic study of Huang et al. (2022).
The temperature profiles shown in Samuel et al. (2023, 2021), satisfy
the observation of the global quality factor O, = 95 + 10 derived
from the main tidal period of Phobos (Pou et al., 2022). However,
the profile for the basal magma ocean case shows thin thermal and
consequently elastic lithospheres (Fig. 4b). The thermal lithosphere is
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too thin to explain the electromagnetic induction data from Mars Global
Surveyor (Drilleau et al., 2026). Moreover, for the best-fit thermal
profile of Samuel et al. (2023), the elastic lithosphere thickness — not
to be confused with the generally thicker thermal lithosphere — is less
than 200 km, which is too thin to explain the low deflection observed
underneath the north polar cap today (Broquet et al., 2025) (see also
Supplementary Section S5). This still applies when taking into account
that Samuel et al. (2023) calculated a mean viscosity profile and that
the viscosity under the north pole could be higher due to lateral temper-
ature and viscosity variations. Even when using a 3D model of thermal
evolution accounting for the thermal insulation effect of a spatially
variable crustal thickness — derived from gravity and topography data —
the thermal and viscosity profiles consistent with the current deflection
beneath the north pole resemble the average profiles (Broquet et al.,
2025, and Fig. 4). This implies that no significant variation is expected
between the averaged profiles beneath the north polar cap and the
average profiles of the entire planet. 2D thermochemical evolution
models showing a present-day magma ocean (Cheng et al., 2025)
also point to too thin average lithospheres — also inconsistent with
observations of the low deflection of the north polar cap (Broquet et al.,
2025) and electrical conductivity data (Drilleau et al., 2026).

The model by Samuel et al. (2023) without a basal magma ocean is
consistent with Q and a thick elastic lithosphere, as already demon-
strated by Plesa et al. (2018). The mantle temperatures obtained
by Khan et al. (2023), on the other hand, are at the upper end of
the highest temperatures suggested by previous models (Drilleau et al.,
2022), with values exceeding the melting temperature. This would lead
to the presence of a global partially molten layer in the upper part
of the mantle, which is inconsistent with the absence of widespread
volcanic activity on Mars in recent times. In addition, the Khan et al.
(2023) temperature profiles also strongly suggest that mantle viscosities
are too low, assuming typical viscosity parameters, which is also not
consistent with the observation of low surface deformation. Moreover,
the studies by Khan et al. (2023) and Samuel et al. (2023) lie outside
the range of temperatures that is consistent with all previous studies
that used InSight seismic data to constrain the thermal state of the
Martian interior (Huang et al., 2022; Drilleau et al., 2022; Duran et al.,
2022b; Khan et al., 2021).

6. Summary

We do not dispute that there are arrivals of seismic energy preceding
PP, however, we have outlined a number of concerns regarding the
reinterpretation that these provide evidence for a molten basal layer to
Mars’ mantle. We show that the waves preceding the surface reflection,
PP, exist within an emergent wavefield containing multi-directional
narrow-frequency-band energy, and thus propose Py or subsequent
scattering as a simpler alternative explanation. Very similar seismic ar-
rivals are observed on Earth and it is our view that a basal layer to Mars’
mantle is not required by the data. We have also discussed difficulties
in reconciling a basal mantle layer with the Martian magnetic field
history and the HPE distribution, as well as highlighting inconsistencies
with the inferred temperature and corresponding viscosity profiles
for Martian mantles with a molten layer. Whether the interpretation
presented in these two studies reflects the interior of Mars requires
careful further investigation. We do not consider the evidence thus far
to be conclusive and we caution against treating a molten mantle basal
layer on Mars as proven.
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