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Key Points:

« We analysed InSight seismic data from Mars for potential inner-core signals.

« Coherent signals that could be attributed to e.g., inner-core reflections were iden-
tified for a range of different inner-core radii (200-300 and 500-600 km)
« This ambiguity implies that there is no solid evidence for an inner-core on Mars
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Abstract

We searched the Mars InSight seismic data for signals that would indicate the presence

of an inner core, such as the inner-core boundary-reflecting phase, PKiKP, and the bottom-
side outer-core-reflection, PKIKKIKP. For this, we analysed the highest-quality events
from the seismically most active region (Cerberus Fossae) detected on Mars. Using source-
array methods, we compute vespagrams and associated F-vespagrams, wherein a strong
energy peak at a specific time and horizontal slowness indicates a coherent seismic phase.
We validated our method on body wave phases seen earlier by the InSight team, such

as SS. Application to PKiKP and PKIKKIKP produces coherent signals for a range of
candidate inner-core radii, specifically 200-300 km and 500-600 km for PKiKP and 100—
600 km for PKIKKIKP. This suggests that the interpretation of inner-core seismic sig-
nals is not unique and, consequently, there is no definitive evidence confirming the ex-
istence of an inner core on Mars.

Plain Language Summary

Since NASA’s InSight mission began recording marsquakes, major advances in our
understanding Mars’s interior have been made. Early studies suggested the planet has
a large liquid metal core, but later evidence indicated that the core is likely smaller and
denser than first thought, with a layer of molten rock lying above it. An important ques-
tion is whether Mars, like Earth, also has a solid inner core. If confirmed, this would help
better understand how Mars cooled over time and how it once generated a global mag-
netic field. To address the question of an inner core, we re-examined the same seismic
data using methods that combine signals from multiple marsquakes to improve their clar-
ity. We found that the signals previously interpreted as evidence for a 600 km inner core
can also be explained by a wide range of smaller inner-core sizes. Because the data do
not point to a single, unique solution, we conclude that there is currently no convinc-
ing seismic evidence that Mars has a solid inner core. More observations will be needed
to determine whether Mars truly harbors an inner core.

1 Introduction

Since the arrival of InSight at Mars and initial analysis of the seismic data (Banerdt
et al., 2020; Lognonné et al., 2023), the core of Mars has proved a bit of a conundrum.
Early studies based mainly on events from Cerberus Fossae—a graben system located
at an epicentral distance between 25-35° East of InSight—indicated a large (1830£40 km),
low-density metal-rich liquid core (6-6.3 g/ccm) (Stahler et al., 2021; Durén et al., 2022;
Irving et al., 2023), requiring in excess of 20 wt% light elements (chiefly S, C, O and H)
that are possibly at odds with their cosmochemical availability (e.g., Khan et al., 2022).
A far side meteoroid impact (Posiolova et al., 2022) has subsequently offered a partial
solution to this problem in the form of diffracted P-waves (Durén et al., 2022) that ap-
pear to indicate a stratified core-mantle boundary region incorporating a lowermost fully
molten mantle atop a smaller (1670+35 km), denser (6.5-6.7 g/ccm) liquid Fe-metal rich
core rather than a large liquid core (Khan et al., 2023; Samuel et al., 2023), reducing the
amount of light elements to 9-15 wt%.

A question that remained unaddressed, however, was that of an inner core. Although
a solid inner core is not precluded, the predicted amount of light elements in combina-
tion with the physical conditions of the core (2000-3000 K and 19-40 GPa) would tend

to argue in favour of a purely liquid core at present (e.g., Buono & Walker, 2011; Komabayashi

et al., 2026). Coupled herewith is the nature of the seismic data from Mars. Most of the
events emanating from Cerberus Fossae are small-magnitude events (2.5-4) (Brinkman
et al., 2021; Jacob et al., 2022; Perrin et al., 2022; Stahler et al., 2022) that, apart from
relatively clear direct P- and S-wave arrivals, are chiefly characterised by scattering coda,
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which tends to obscure secondary arrivals, particularly small-amplitude seismic arrivals
associated with the core.

In spite of these difficulties, Bi et al. (2025) have recently suggested evidence in favour
of a solid inner core on Mars based on the alleged identification of PKiKP (reflection from
the top of the inner core) and PKIKKIKP (reflection from the inside of the liquid outer
core with inner-core traversal) from seismic events in and around Cerberus Fossae (Fig-
ure 1). From the two phases, Bi et al. (2025) infer a solid 600-km inner core. If true, the
observation is of utmost significance given that a crystallising core is a window into the
thermo-chemical conditions of Mars’s deep interior and forms important anchoring points
for understanding how the core evolved and possibly produced a dynamo that magne-
tised the Martian crust early on (e.g., Stevenson, 2001; Mittelholz et al., 2020; Yan et
al., 2025).

Establishing the existence of a solid inner core beyond reasonable doubt is there-
fore of fundamental importance. To investigate this, we re-examined the InSight seis-
mic data by focusing on the PKiKP phase. Unlike PKIKKIKP, whose travel time de-
pends on poorly constrained inner-core P-wave velocities and thus introduces additional
uncertainty, PKiKP provides the most direct test because its travel time is controlled
by the relatively well-constrained properties of the mantle and core, leaving the inner-
core radius as the only unknown parameter. If no robust PKiKP arrival can be identi-
fied, phases involving additional interactions with the inner core are unlikely to provide
stronger or less ambiguous constraints, as will be demonstrated here. Thus, for complete-
ness, we also examine the PKIKKIKP phase.

Relying on array analysis methods (e.g., Rost & Thomas, 2002; Thomas et al., 2025)
to stack events and enhance signal-to-noise ratio (as also done by Bi et al., 2025), we found
that PKiKP signals from a 600-km inner-core are not unique. Similar signals are also
obtained for smaller inner-core radii (e.g., 200, 300 and 500 km) and, in the case of PKIKKIKP,
for inner-core radii from 100 to 600 km. These results ultimately suggest that conclu-
sive proof of a solid inner core on Mars is lacking.

2 Methodology

In cases of low signal-to-noise ratio (SNR), stacking of seismic traces can increase
the prominence of the phase of interest by constructive interference of the coherent sig-
nal, and destructive interference of the incoherent noise (e.g., Rost & Thomas, 2002, 2009).
This is typically applied at arrays of multiple, closely located seismometers. However,
the principle of reciprocity allows swapping of the source and receiver, thus stacking of
multiple sources at a single seismometer is also feasible for improving SNR (Niazi, 1969;
Spudich & Bostwick, 1987; Scherbaum et al., 1991). Mars only has one seismometer, but
multiple sources, thus we apply source stacking to the Marsquakes recorded at InSight.

We selected 23 marsquakes from the low-frequency family of events from the MQS
catalog (InSight Marsquake Service, 2023), consisting of 10 quality A and 13 quality B
events (compiled in Table S1)—the same events considered by Bi et al. (2025). These
events represent the high-quality events from the Cerberus Fossae area—the most seis-
mically prolific region detected on Mars—located about 30° due East of InSight (Per-
rin et al., 2022; Stahler et al., 2022) (Figure 1) and resulting in a reference epicentral dis-
tance of 31°. For each event, the deglitched waveforms are rotated into the radial-transverse-
vertical (RTZ) system and filtered using: 1) a band-pass Butterworth filter between 0.2
and 0.9 Hz and 2) a time-domain polarisation filter that increases the signal-to-noise of
the linearly polarised part of the signal that involves body wave phases (Montalbetti &
Kanasewich, 1970). Acknowledging the differences in magnitude and distance of the Marsquakes
used, we normalise each trace by its maximum within a window of £100 s around the
predicted time for the phase of interest.
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Figure 1. Overview of location of marsquakes and interior models used in this study. (a)
Inner-core body wave ray paths, showing top-side inner-core reflection (PKiKP) and bottom-side
outer-core reflection (PKIKKIKP). (b) Distribution of events in Cerberus Fossae (filled red cir-
cles) and uncertainty ellipses (white lines). InSight is indicated by the inverted yellow triangle.
(c) Interior structure models of Mars (from Khan et al., 2023). MSL indicates the molten silicate
layer. Note that inner-core P-wave velocity (Vp) is unconstrained in these models. The solid

black line represents the reference model.

To apply the source stacking procedure, we predict for each event travel times for
the phase of interest using TauP (Crotwell et al., 1999; Crotwell, 2025) and a represen-
tative radial martian seismic velocity profile in the form of the mean model from Khan
et al. (2023). As illustrated in Figure 1, we vary the radius of the inner core in this model
between 50 and 650 km in 50-km increments, and repeat the travel time calculation for
each model. Since we are only interested in the reflection from the inner-core boundary,
P- and S-wave speeds and density in the inner core are fixed (to 8 km/s, 5 km/s and 7

g/cm?).

The traces, now aligned on the phase of interest, are linearly stacked as:

0) =y Dottt (1
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where b(t) is the resultant beam of traces, z; is each trace in the source array of N traces,
and t,, is the predicted arrival time for this phase. This method is largely analogous to
the analysis proposed by Bi et al. (2025).

To further enhance the precision of the slowness measurement we calculate the F-
vespagram, a measure of coherence (Selby, 2008; Frost et al., 2013). The coherence, F,
is calculated as the ratio between the total squared energy within the beam, b(t), and
the total squared differences between the beam and each trace used to form the beam
x;(t), calculated in a 2 s moving time window and normalized by the number of traces
in the beam, N:

t+1 s
(N — 1) tj:;I s (2)
N N  t+ls )
> (wi(ty) —b(t;))

i=1t;=t—1s

b(t;)?

The radial reference model (Figure 1) used is our best estimate of the velocity struc-
ture of Mars, but likely is not the true velocity structure. To account for this, we apply
a correction to the predicted time t,, depending on the distance of each event from the
reference distance and the horizontal slowness, u,., the inverse of the apparent hori-
zontal seismic velocity at the surface, v,p,. We perform a grid-search over relative upor
in a range of £4 s/km with increments of 0.02 s/km relative to the predicted slowness
for the phase of interest. We recompute the beam and F-trace at each relative slowness
and use these to form vespagrams and F-vespagrams, respectively. We identify the phase
as the peak coherence in the vespagram and F-vespagrams within the expected time and
slowness windows for each inner core radius, accounting for mantle variability across the
velocity models of Khan et al. (2023) shown in Figure 1 and uncertainties in the epicen-
tral distance of the events (Table S1).

In the search for a particular phase, such as the inner-core reflection, we look for
the model producing the highest coherence and beam-amplitude (for a given inner-core
radius). The model with the highest coherence and beam-amplitude is the one for which
alignment is optimal and the traces in the source array therefore sums most coherently.
For robustness, we also require that the peak coherence in the vespagram and F-vespagram
are similar.

The method is applicable to any body wave phase, such as SS, PP, SSS, PPP, ScS,
PKiKP and PKIKKIKP. To illustrate the methodology, we first consider the phases, which
have been seen by other means by the InSight team (e.g., Durén et al., 2022). Follow-
ing this, we focus on inner-core phases.

3 Results and Discussion
3.1 Application to established body waves

To test our method, we verified it on a previously seen phase, the surface reflec-
tion (SS). The results are summarised in Figure 2. The slownesses based on the peak
values in the vespagram and F-vespagram are similar, resulting in coherent waveform
alignment and stacked waveforms showing prominent arrivals about ~20 s after the main
S-wave arrival, in good agreement with earlier observations of the SS-wave from Cerberus
Fossae marsquakes (e.g., Durdn et al., 2022; Drilleau et al., 2022).

We extended the analysis to include the other body wave phases seen by the In-
Sight team, notably PP (Figure S1), PPP (Figure S2), SSS (Figure S3) and ScS, which,
strictly speaking, should be referred to as SdS given that it is a reflection from the top
of the molten layer and not the core (Figure S4). In the case of ScS/SdS, we find a solid
mantle—molten silicate layer boundary between 1820-1900 km, which is in good agree-
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ment with earlier studies, where the same boundary was determined to be in the range
1770-1890 km (e.g., Stdhler et al., 2021; Duran et al., 2022; Drilleau et al., 2022; Irving
et al., 2023; Le Maistre et al., 2023; Wang & Tkalci¢, 2022; Khan et al., 2023; Samuel
et al., 2023).

3.2 Application to PKiKP

We grid-searched over a range of inner core models with radii between 50 and 650 km
in increments of 50 km (Figure 1), accounting, as before, for mantle variability across
the velocity models of Khan et al. (2023) and uncertainties in the epicentral distance of
the events. The results based on the F-vespagrams are shown in Figure 3 (vespagrams
and corresponding stacked waveforms are shown in Figure S5) and indicate, in addition
to the 600-km inner-core model of Bi et al. (2025), maximum beam amplitudes and co-
herence for a range of inner-core models with core radii of 200, 300, 500 km (note that
beam amplitudes for inner-core radii of 200 and 300 km are actually larger than those
for the 600-km model). Because the peak coherence in the vespagram and F-vespagram
for a 400-km inner-core are dissimilar, this particular model is not considered robust. Sim-
ilar plots at 50-km intervals are shown in Figures S6-S7 and indicate that similar max-
imum beam amplitude and coherence signals are also obtained for a range of inner-core
radii between 200-300 km and 500-600 km. Except for the additional diagnostic, the F-
vespagram, our analysis aligns with the approach taken by Bi et al. (2025); however, Bi
et al. (2025) only stacked data for an inner core with a fixed radius of 600 km, whereas
we considered a range of inner-core radii from 100 to 600 km.

3.3 Application to PKIKKIKP

As for PKiKP, we grid-searched over inner-core models with radii between 50 and
650 km in increments of 50 km (Figure 1), considering, as before, mantle velocity vari-
ability and uncertainties in the epicentral distance of the events. To account for unknown
inner-core seismic properties, we additionally varied P-wave velocity between 7-8 km/s

(Bi et al. (2025) consider 7-9 km/s), keeping S-wave velocity and density fixed, since PKIKKIKP

is insensitive to the latter parameters. The results based on the F-vespagrams are shown
in Figure 4 and, as in the case of PKiKP, we find maximum beam amplitudes and co-
herence for a range of inner-core models with radii ranging from 100 to 600 km. The time
windows for PKIKKIKP, relative to PKiKP, increase from ~60 s to ~90 s, further con-
firming the aforementioned observation that phases traversing the inner core provide less
definitive constraints. Similar results are obtained for an inner-core P-wave velocity of

7 km/s, as shown in Figure S8.
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Figure 2. Summary of vespagram and F-vespagram analysis applied to the surface reflec-

tion body wave phase SS. (a) Vespagram; (b) F-vespagram; (c) normalized waveforms aligned
based on slowness picked on the vespagram; (d) stacked waveforms based on vespagram; and (e)
stacked waveforms based on F-vespagram. Red stars on panels (a) and (b) denote the picked
slownesses used to generate the waveform stacks in panels (d) and (e), respectively. Times are
relative to the predicted P-wave arrival for the reference distance (31°) and velocity model (mean
model shown in figure 1). The light blue horizontal (a,b) and vertical (d,e) bars indicate the
expected SS slowness and arrival time windows, respectively, for the mantle models of Khan et
al. (2023), including uncertainties in event distances. Magenta-shaded windows indicate seismic

arrivals consistent with SS-wave arrival.
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intervals is available in the supplementary information (Figure S7).
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Figure 4. PKIKKIKP F-vespagram (left) and corresponding stacked waveforms (right) com-
puted for 23 marsquakes with epicentral distances in the range 30°-40° (Table S1), assuming
hypothetical inner core radii of (a-b) 100 km; (c-d) 200 km; (e-f) 300 km; (g-h) 400 km; (i-j)
500 km; and (k-1) 600 km. Inner-core P-wave velocity is assumed to be 8 km/s. On each F-
vespagram, the red star denotes the picked slowness used to generate the waveform stack (right-
hand panels). Times are relative to the predicted P-wave arrival for the reference distance (31°)
and velocity model (shown in figure 1 in the main manuscript). The light blue shading highlights
the expected PKIKKIKP slowness window (horizontal blue bars, lefthand panels) and arrival
time window (vertical blue bars, righthand panels) for each inner core radius, accounting for
mantle variability across the velocity models of Khan et al. (2023) and uncertainties in the epi-
central distance of the events. Light magenta shaded windows highlight observed wave packets

consistent with potential PKIKKIKP arrivals.
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4 Summary and Conclusion

Motivated by a recent study proposing the presence of an inner-core on Mars (Bi
et al., 2025), we reanalysed the same seismic data from the Mars InSight mission to search
for reflections from the inner-core boundary (PKiKP) and reflections from the inside of
the liquid outer core (PKIKKIKP) that were also considered by Bi et al. (2025). Using
source-array stacking to enhance the signal-to-noise ratio of these weak arrivals, we con-
firm most of the body-wave phases (e.g., PP, SS, PPP, SSS, and ScS) previously iden-
tified using independent techniques (waveform matching, polarisation analysis, and fil-
terbanks). However, when applying the same method to the inner-core signals, we find
that these phases produce coherent signals for multiple candidate inner-core radius ranges
for PKiKP (200-300 km and 500-600 km) and for PKIKKIKP (100-600 km). The range
for the latter phase is larger because of the additional uncertainty associated with the
unknown inner-core P-wave velocity. The results for all investigated phases using source-
array analysis are summarised in Table 1.

Ultimately, the results indicate that the PKiKP and PKIKKIKP observations are
consistent with multiple inner-core models and therefore do not constitute conclusive ev-
idence for the existence of an inner core on Mars.

Table 1. Summary of body wave phases seen through source-array analysis. Phases are clas-
sified as either identified (“v”), possibly identified (“(v')”) or not conclusively identified (“x”).
Phases marked as possibly identified are those for which the peak coherency in the vespagram

and F-vespagram do not coincide.

Phase Identified

SS v
SSS (V)
PP v
PPP v
v
X
X

SdS
PKiKP
PKIKKIKP

Open Research

Waveforms and codes are available upon request.
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