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Exploring the presence and behavior of water on Mars is critical for under-

standing the planet’s geological evolution, hydrological processes, and
potential habitability, which has been a central objective of past and ongoing
Martian exploration missions. Martian geomorphology provides evidence of
ancient groundwater activity, but confirmation of present-day liquid water
remains limited. Here, we infer near-surface brines confined to meter-scale
depths in regions north of about 30 °N in the northern hemisphere, based on
the analysis of seasonal variations in marsquake seismicity and thermal mod-
eling. The absence of seasonal marsquakes during colder periods and their
abrupt resurgence in warmer seasons can be explained by ice-to-brine phase
transitions. Our findings reveal a mechanism whereby seasonal melting of
subsurface ice elevates pore pressure and lubricates faults, leading to a
reduction in frictional strength, and ultimately inducing marsquakes. This
mechanism accounts for the seasonal variation, clustering, high seismic b-
values, and shallow focal depths of seasonal marsquakes. Additionally, we
estimate that the melting point of briny ice on Mars is below approximately
250 +13 K, advancing our understanding of Mars’ present-day brine cycle and
near-surface hydrological processes.

The presence of subsurface (meter-scale) liquid brines on present-day
Mars is crucial for assessing the planet’s habitability, evolution, and the
possibility of the existence of living or ever-lived organisms"%. Water
ice is widespread on Mars from the polar regions**, down to the sub-
surface of mid-latitudes®®. The widespread ground ice distribution is
supported by water ice exposed at recent craters and retreating
scarps’®, glacial landforms with viscous flow features’', dielectric
properties consistent with water ice from radar images'", as well as
the hydrogen-rich deposits poleward of latitudes +60 ° identified from
the Mars Odyssey Neutron Spectrometer™. Although current Mars
surface conditions are not favorable for liquid water to persist, con-
centrated saline solutions, or liquid brines, are predicted to be stable
under Martian conditions in theory"'¢,

Recent discoveries of seasonal varying features on Mars (e.g.,
recurring slope lineae)"”*® suggest possibly indirect evidence of liquid

brines that transiently flow on the Martian surface'®, while their mor-
phology does not allow the exclusion of the alternative possibility of
granular flows?. Other geomorphological evidence, including gullies,
slope streaks, and flow-like features in the polar regions, that might
support the existence of liquid brines in the subsurface, also has
alternative dry interpretations®. Radar data reveal strong reflectors at
the base of Mars’ south polar cap that suggest the potential presence
of a subglacial lake beneath the south pole”, but the typical local
geothermal heat flux does not allow for the basal melting of polar ice
caps**?*. Thermodynamic calculations suggest that groundwater may
exist in Mars’ subsurface today, while it likely resides at kilometer-scale
depths beyond the detection limits of orbital radar®. Thus, merely
based on remote sensing observations, the existence and potential
distribution of liquid brines in the subsurface of Mars remains
ambiguous.
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The physical properties of subsurface materials can provide
inferences about the presence of liquid brines. Electrically, the pre-
sence of liquids increases the dielectric permittivity of the medium,
detectable by orbital or in-situ radar on Mars**. Seismically, subsur-
face liquids alter the elastic and anelastic properties of the under-
ground mass, which can be analyzed through detecting changes in
seismic wave speeds and attenuation”. Analysis of crustal velocities
derived from marsquake data recorded by the SEIS (Seismic Experi-
ment for Interior Structure) seismometer aboard the InSight (Interior
Exploration using Seismic Investigations, Geodesy, and Heat Trans-
port) lander®® reveals that the Martian upper crust, approximately
10 km thick below the landing site at Elysium Planitia (Fig. 1a), lacks a
thick (i.e., kilometer-scale) cryosphere”. Beneath this region, the mid-
crust (-10-20 km deep) is hypothesized to potentially host water or
other volatiles based on the interpretation of seismic velocities with
lithology models®. Conversely, coda wave analysis of marsquakes
suggests that the crust traversed by the seismic waves may contain
minimal amounts of volatiles and is predominantly dry*"*,

Variations in seismic activity can serve as a valuable proxy for
detecting liquids in regions beyond the landing site of ground-
penetrating radar or seismometer. On Earth, natural processes such as
groundwater recharge from snowmelt during warm seasons often lead
to increased seismicity in volcanic**** and glacial® regions. In addition,
artificial fluid injection into the subsurface, such as during industrial
activities, also triggers seismic events, a phenomenon known as
“induced seismicity”*°. That is, an increase in seismicity may indicate
groundwater recharge.

Seasonal variations of marsquake seismicity have been observed
on Mars. In the marsquake catalogue compiled by the InSight Mars-
quake Service (MQS)*”*%, tectonic marsquakes, classified as low-
frequency and broadband events, are relatively well understood in
terms of their both mechanism and location®”**, with their occurrence
showing no significant temporal variation. In contrast, another group
of marsquakes, often referred to as the 2.4-Hz and high-frequency
events®*°, exhibits clear seasonal variations in occurrence rate

60°N

45°N

30°N

15°N

0°

15°S

<
]

60°E

Ice-exposing impact craters
Ice-exposing impact crater S1094b

75°E  90°E 105°E 120°E 135°E 150°E 165°E

30°S

Fig. 1| Location of InSight and seasonal variations of average midday surface
temperature. a Location of InSight on Mars (red triangle). The base map is a
colorized mosaic of Viking orbiter images. The mid-latitude band (30°N-60°N)
shows the water-ice consistency (within 1-5 m depth) from ref. 73. White diamonds
indicate craters excavating subsurface ice’®; the white cross denotes the S1094b
impact site (recorded by InSight) that exposed ice-rich materials’™. The yellow
triangle marks the landing site of Zhurong. White dashed curves depict regions

(hereafter termed seasonal marsquakes). However, the driving
mechanism behind seasonal marsquakes remains unclear’.

The seismicity of seasonal marsquakes predominantly occurs
between solar longitudes Ls =33 and Ls =187*°. Seasonal marsquakes
were initially identified through seismicity analyses conducted during
the first Martian year of the InSight mission (corresponding to MY35:
Martian Year 35)°, and were subsequently corroborated using an
expanded dataset from the second Martian year (corresponding to
MY36: Martian Year 36)*"*2. Previous studies have identified seasonal
marsquakes as a response to variations in illumination conditions,
rather than tidal forces and the carbon dioxide cycle*. Nevertheless,
the fundamental question of how illumination modulates this seismic
activity remains unknown.

In this study, we investigated the mechanism underlying the
seismicity of seasonal marsquakes. Our analysis focused on the abrupt
onset of seasonal marsquakes around early spring (Ls=25) in the
northern hemisphere and the decline in their occurrence rate near the
summer-fall transition (Ls =200). We also examined the spatial clus-
tering characteristics and the Gutenberg-Richter seismic b-value* of
seasonal marsquakes. Based on these observations, we proposed that
the seismic activity of seasonal marsquakes indicates the presence of
briny ice and its phase transition to brines, initiating in the meter-scale
subsurface and extending to greater depths on present-day Mars.

Results and discussion
Rapid change in occurrence rates of seasonal marsquakes
We focused on the seismic activity of seasonal marsquakes occurring
during the early nighttime hours, specifically from local mean solar
time (LMST) 17:00 to 24:00, the quietest period of a day at the InSight
landing site on Mars (Fig. 2a). During the daytime, the strong wind
noise dominates the recordings of the InSight SEIS seismometer,
making the detection of seasonal marsquakes challenging (Fig. 2a).
We hypothesized that the seasonal marsquakes observed at night
represent continuous processes initiated during the daytime, when
illumination and temperature changes likely exert stronger control on
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centered on InSight with epicentral distances of 20°, 40°, and 60°. b Seasonal
variation of average midday surface temperature in Martian Year 35 for the
northern mid-latitudes. Yellow, red, and dark blue curves represent temperature
variations at 30°N, 45°N, and 60°N (80°E to 180°E longitude range), respectively.
The gray transparent box indicates the period without seasonal marsquakes, and
the blue transparent box marks the period associated with seasonal marsquake
activity.
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Fig. 2 | Seismicity analysis of seasonal marsquakes. a Mean seismic background
noise levels, quantified by the root mean square (RMS) of seismic amplitudes
recorded on the vertical component of InSight’s seismometer. Overlaid are the
origin times of seasonal marsquakes (cyan triangles). Amplitude data are band-pass
filtered to 0.02-8.0 Hz and log-scaled for clarity; higher RMS values indicate
greater background noise levels. Data before sol 182 (black dashed vertical line) are
obtained from the short-period seismometer, and subsequent data are from very
broadband seismometer®. The y-axis represents local mean solar time, with two
orange dashed curves indicating the sunrise and sunset. The x-axis (shared with b)
represents solar days (sols, one Martian year is approximately 688 sols) after
InSight’s landing. The corresponding solar longitudes (Ls) and Martian northern-

hemisphere seasons are indicated between panels. Green horizontal markers par-
tition the marsquake catalogue into three distinct periods: a period of event blank
(highlighted by gray transparent boxes, 1 and II), with low background noise but
very few seasonal marsquakes; a period dominated by seasonal marsquakes; and a
period with strong wind noise during fall and winter. White areas indicate data
gaps, including the solar conjunction and the seismometer (SEIS) off. b Daily
occurrence counts of seasonal marsquakes (cyan bars). The solid blue line repre-
sents the moving average of the daily occurrence rate of seasonal marsquakes.
Periods of event blank and wind noise (from a) are marked by gray and orange
transparent boxes, respectively.

seismic activity. In contrast, nighttime temperatures on Mars remain
consistently and extremely low throughout the year, regardless of the
season**, reducing the potential influence of illumination- or
temperature-driven variations on seismic activity during this period.

The occurrence rate of seasonal marsquakes can be used to
evaluate the potential presence of subsurface liquid brines. If seasonal
temperature fluctuations were the sole driving factor, the seismicity
rate would likely follow a gradual trend, reflecting the continuous
nature of temperature changes. In contrast, the presence of subsurface
liquid brines involves phase transitions between ice and brines, which
would result in abrupt changes in seismic activities®>%*,

Seasonal marsquakes are virtually absent in the northern early
spring (Ls=0 to Ls=25), according to the official marsquake
catalogue*®*, This absence cannot be explained by unfavorable noise
conditions. Noise levels during this period (gray transparent boxes |
and Il in Fig. 2a) are comparable to, or even lower than, those observed
during the spring-summer transition, when the seismicity of seasonal
marsquakes reaches its peak (Supplementary Fig. 1). This contrast

highlights that the paucity of seasonal marsquakes in early spring is a
distinct phenomenon, emerging under optimal detection conditions.
To evaluate potential catalogue incompleteness, we applied template-
matching analysis across a range of detection thresholds (Supple-
mentary Text S1). The results confirm that no substantial number of
detectable seasonal marsquakes was missed.

The observation is consistent across both the full dataset (Fig. 2)
and the high-quality dataset, which includes only events above the
completeness magnitude threshold (Supplementary Figs. 2 and 3). In
contrast, tectonic marsquakes are more evenly distributed across spring
and summer (Supplementary Fig. 4) and occur at a low and steady rate of
approximately 0.1 events per Martian day (Supplementary Fig. 5).
Additionally, we ruled out the possibility that tidal forces, one of the
drivers of seismic activity on the Moon*>*’, play any significant role in
modulating seasonal marsquakes on Mars, as no clear time correlation
between them has been observed and insufficient tide-induced stress to
trigger seasonal marsquakes (Supplementary Text S2). We also excluded
carbon dioxide sublimation as the primary mechanism triggering
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Fig. 3 | Schematic diagram of seasonal groundwater-induced marsquakes.

a During the cold season, subsurface ice cements pore spaces, sealing faults and
fractures. b During the warm season, briny ice melts in the conductive layer (top -2
meters) with increasing temperatures. The resulting brines migrate downward,
driven by gravity as well as salinity gradients, penetrating into the convective layer,
facilitating further ice melting, and ultimately reaching deep-seated faults within
the bedrock. The associated reduction in effective normal stress and the friction
coefficient promotes fault slip and triggers marsquakes. The white dots show
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salinity distribution: salts concentrate in the near surface and decrease with depth,
forming a vertical salinity gradient. The blue trace shows a representative waveform
of a seasonal marsquake (event SO331a) recorded on the vertical component of the
InSight’s seismometer. The x-axis represents time relative to the direct P wave, and
the y-axis shows relative amplitude. The two horizontal lines with short bars mark
the arrival times of the direct P wave and S wave, respectively. Note that sizes in the
schematic view are not necessarily to scale.

seasonal marsquakes because its annual pressure variations (below
250 Pa)*® are orders of magnitude smaller than the thousands of pascals
typically required to induce seismic activity**°.

Surface warming fuels seasonal marsquakes

The abrupt changes in the seismicity of seasonal marsquakes (Fig. 2)
suggest that the events are likely triggered with a threshold limit.
Although seasonal marsquakes in the northern hemisphere coincide
with warmer periods, their abrupt onset cannot be explained by tem-
perature or illumination alone. If either factor were the sole driver
force, the occurrence rate would vary gradually, mirroring the smooth
seasonal evolution of these parameters. While diurnal temperature
variations can trigger thermal marsquakes (i.e., super-high-frequency
events)”, these are small in magnitude, last only a few tens of seconds,
and are confined to the vicinity of the InSight lander**". In contrast,
seasonal marsquakes are larger in magnitude up to Mw ~3.0%, last for
hundreds of seconds (Fig. 3b), and occur at epicentral distances
beyond 20° (-1200 km)***2,

Furthermore, seasonal marsquakes can be detected at night,
indicating that illumination alone is unlikely to sustain this seismic
pattern. Illumination-driven effects, such as thermal expansion and
contraction, are transient by nature and dissipate quickly after sunset,
corresponding to the occurrence of thermal marsquakes***". In
contrast, if groundwater processes are the driver, the movement of
liquid brines would facilitate gradual subsurface pressure redistribu-
tion and sustained fault instability, extending seismic activity beyond
the window of direct solar heating.

To explain the rapid and distinct variations in seasonal mars-
quakes, we proposed a model where the melting of ice triggers these
events (Fig. 3). During cold seasons (Fig. 3a), pore spaces are ice-
cemented, resulting in relatively stronger faults that are less prone to
slip. In warm seasons (Fig. 3b), however, the melting of ice into brine
elevates pore pressures and lubricates faults®>**, a process that reduces
the effective normal stress and friction coefficient, thereby promoting
slip and inducing marsquakes. In this model, surface warming drives
seismic activity by promoting the phase transitions from ice to brine.
Consequently, higher temperatures lead to the increased melt

production, thereby promoting seismicity. This mechanism explains
why the peak occurrence of seasonal marsquakes aligns with the warm
season in the northern hemisphere.

By analogy, seasonal marsquakes would also be expected in the
southern hemisphere warm season (i.e., northern fall and winter) if
substantial subsurface ice exists in the southern hemisphere. However,
the seismic catalogue reveals virtually no events during this period***¢,
owing to high wind-generated noise (Fig. 2a), which severely impedes
detection even with template-matching approaches. Crucially, this
observational gap does not weaken our model, as the conclusive evi-
dence comes from the low-noise windows of the northern early spring
(gray transparent boxes I and Il in Fig. 2a). The near-absence of mars-
quakes in early spring, followed by a sharp surge at the spring-summer
transition, robustly supports a phenomenon concentrated in the
northern hemisphere and driven by temperature-dependent ice
melting (Fig. 3). The application of novel detection techniques to the
existing dataset, as well as future missions targeting the southern
hemisphere or operating under quieter conditions, will provide critical
opportunities to test and refine our model.

Marsquake clustering linked to localized brines activity

The spatial clustering of seasonal marsquakes reinforces the hypoth-
esis of subsurface brines on Mars. If temperature or illumination were
the sole drivers of seasonal marsquakes, their effects would likely
influence a broad spatial region, resulting in a diffuse distribution of
events. However, the observed clustering of seasonal marsquakes is
inconsistent with a solely temperature- or illumination-driven
mechanism.

Two key observations underscore the spatial clustering of seaso-
nal marsquakes. First, these events are clustered in terms of epicentral
distance. For most seasonal marsquakes, the arrival time differences
between the direct P and S waves are consistently around 249 +24 s
(Supplementary Fig. 6 and refs. 39,41,55). Second, the scattering and
attenuation properties of the medium along the propagation paths of
seasonal marsquakes also exhibit clustering. The P- and S-wave rise
times, which reflect the medium scattering properties’*’, are con-
centrated around 80 + 16 s and 106 * 18 s, respectively (Supplementary
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Fig. 7a, b). Additionally, the consistency in quality factors of coda
waves (3300+980) further confirms the clustering (Supplemen-
tary Fig. 7¢).

For outliers in the clusters and a few events occurring within the
event gap shown in Fig. 2a, they may arise from the classification
methodology employed in the official marsquake catalogue®®,
Notably, all marsquakes analyzed in this study are categorized as either
2.4-Hz events or high-frequency events in the catalogue. While these
two categories generally exhibit seasonal variation and clustering, they
should not be strictly equated with seasonal marsquakes. The current
classification method relies on seismogram spectra rather than
underlying mechanisms, which may result in events from different
processes (e.g., meteorite impact) being grouped together. None-
theless, these outliers do not affect our hypothesis of brine-related
processes, as most events show clear seasonal variation, clustering,
and high occurrence rates.

High seismic b-value for seasonal marsquakes

A high seismic b-value (2.81) has been observed for seasonal
marsquakes™. However, the underlying cause of this observation is
unexplored. Here, we suggested that the elevated b-value may serve as
another independent indicator of subsurface liquid brines.

The seismic b-value, as defined in the Gutenberg-Richter law*’,
characterizes the magnitude-frequency relationship of seismic events,
with higher b-values indicating a greater proportion of smaller mag-
nitude events. Terrestrial observations and laboratory experiments
have shown that the seismic b-value is inversely related to the differ-
ential stress®°.. The presence of fluids can increase pore pressures,
thereby reducing effective normal stress. This reduction in effective
normal stress facilitates fault slip at lower differential stresses, result-
ing in higher b-values®.

For tectonic marsquakes, which exhibit no seasonal variation, the
seismic b-value is approximately 1.31+ 0.18 (see “Methods,” and also
refs. 58,63), similar to that of tectonic earthquakes on Earth®°. In
contrast, the b-value for seasonal marsquakes is significantly higher,
even considering uncertainties (2.42+0.10 in this study; see “Meth-
ods”; 2.81 in ref. 58). This notably elevated seismic b-value for seasonal
marsquakes provides additional evidence for the presence of liquids
on Mars, consistent with observations from terrestrial analogs such as
magma chambers in volcanic regions®, fluid-injection wells®?, and
snowmelt zones®.

Shallow brine reservoir and melting dynamics

The temperature dependence of seasonal marsquakes constrains the
depth range of subsurface liquid brines to the conductive zone influ-
enced by temperature. To estimate this depth, we modeled the sub-
surface annual temperature profile using the heat conduction
equation. The input surface temperature was derived from the Mars
Climate Database®®, where we extracted the daily maximum surface
temperature curve (Supplementary Fig. 8a) over a Martian year at the
InSight landing site. Thermal diffusivity of the subsurface material may
carry significant uncertainties; thus, we adopted two distinct values of
thermal diffusivity: 5.1 x 108 m?s™ for the Martian soil measured at the
InSight***”, and 7 x 107 m*s™ for buried rocks***%,

Our calculation indicates that the thermally affected depth ranges
from approximately 1.3 to 3.5 m (Supplementary Fig. 8b, c), consistent
with previous estimates*‘. While this result is specific to the InSight
landing site, similar depths would be expected in regions with com-
parable thermal properties. The meter-scale thickness of this con-
ductive zone suggests that seasonal temperature variations are limited
to shallow depths (-2.0 m). If present, any ice within this narrow layer
could therefore sustain liquid brines during periods when tempera-
tures rise above the eutectic point.

Notably, although the bottom of the conductive layer (Fig. 3a) lies
at about 2.0 m depth, the total amount of melted liquid is not confined

to this shallow zone. This depth marks the boundary for heat con-
duction (Fig. 4a), yet salinity-driven convection (Fig. 4b) can transport
heat and salts downward, enabling the melting of deeper ice. Here,
convection denotes the compositional process arising from brine-ice
interactions, initiated by salinity gradients, rather than bulk fluid cir-
culation. More specifically, during warm seasons, surface heating rai-
ses the temperature within the shallow conductive layer above the
eutectic point of water and common salts (e.g., perchlorates, chlo-
rates, and sulfates)®’, producing a partially molten mixture of ice and
brine (Fig. 3b). The brines, which are denser than ice, gas, and low-
salinity water, migrate downward under gravity through pore spaces.
Driven by salinity gradients, this meltwater sinks, pushing the brine
front deeper than would be allowed by heat conduction alone. As
melting proceeds, the latent heat consumed gradually cools the brine,
which keeps thermally driven melting relatively shallow. In turn,
salinity-driven convection becomes the dominant force driving ice
melting at greater depths.

To test whether salinity-driven convection can melt the under-
lying ice under isothermal conditions with brine and ice at the same
temperature, we performed controlled laboratory experiments (see
Methods). The results consistently show that once formed, the brine
readily melts the ice underneath (Supplementary Fig. 9 and Fig. 4c and
Supplementary Movies 1-5), as the melting point of ice is depressed by
dissolved salts. While variables like temperature, acrylic content
(analogous to Martian rock fragments), and salt concentration affect
the percolation rate and depth, melting still occurs. Besides, the
salinity-driven convection is also confirmed by recent experimental,
theoretical, and numerical studies on permafrost thawing’®.

Having established the viability of ice melting, a key requirement for
our conceptual model of Mars (Fig. 3) is to explain how brines can
penetrate to depths of hundreds or thousands of meters to reach the
bedrock with faults. The experiment (Supplementary Movie 1) reveals a
mechanism capable of enabling this rapid and deep percolation: chan-
nelization. We observed that the development of channels during per-
colation (Fig. 4c-e) enhances downward flow rates by up to orders of
magnitude. On Earth, injection-induced earthquakes demonstrate that
fluid conduits facilitate rapid transport, greatly reducing the time for
fluids to reach seismogenic faults and induce slip”. On Mars, comparable
pathways such as fractures and other heterogeneities may serve as
natural conduits. Therefore, the channelization observed in our experi-
ments offers a compelling mechanism for how brines exploit these
subsurface features to achieve the necessary penetration depths.

Our experiments confirm that brine percolation is viable under
isothermal conditions. Although conducted at the centimeter scale,
the governing physical factors, such as permeability, brine supply, and
fracture connectivity, are scale-independent, implying that the quali-
tative behavior may extend to Martian environments. Quantitative
extrapolation to relevant field scales, however, must account for
coupled nonlinear dynamics across meter to hectometer depths.
These dynamics include interactions among temperature evolution,
freeze-thaw cycles, heterogeneous ice saturation, and evolving per-
meability. Critically, certain Martian conditions, such as seasonal
thermal gradients, freeze-front propagation rates, capillary forces, and
reduced gravity, cannot be fully reproduced in laboratory experi-
ments. While these factors limit precise quantitative projection, they
do not diminish the fundamental physical plausibility of brine infil-
tration on Mars.

The infiltration depth, probably extending to hundreds of meters
to a few kilometers, aligns with the shallow crustal origin inferred for
seasonal marsquakes®. For example, waveform comparisons show
that seasonal marsquakes resemble impact events (focal depth: 0 km)
more closely than tectonic marsquakes (focal depth>10km) (e.g.,
Supplementary Fig. 10). This similarity supports a shallow origin of
seasonal marsquakes. Additionally, the depth range matches the slip or
rupture lengths estimated from the seismic magnitudes (Mw 1.2-3.0)
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Fig. 4 | Laboratory simulation of salinity-driven convection in brine-ice sys-
tems. a Conceptual diagram of thermal-driven melting. In this case, melting is
controlled by the temperature gradient, where the brine temperature (T;) exceeds
the interface temperature (75), and T; exceeds the ice temperature (T,).

b Conceptual diagram of salinity-driven melting. The addition of salt lowers the
melting point of ice, enabling melting even without a temperature gradient. Criti-
cally, a vertical salinity gradient is required: brine salinity (S;) is higher than the
salinity at the brine-ice interface (S;), and S; exceeds the salinity within the ice (S,).
¢ Time-lapse snapshots of brine percolation in laboratory simulations of salinity-
driven convection. Experimental conditions: -5 °C, 11 vol.% acrylic beads, and

15 wt.% NaCl brine (see “Methods” for details). The brine and the underlying ice are
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maintained at the same temperature to replicate conditions in the convective layer
below the conductive zone. The black box highlights a close-up view after channel
formation. Black dashed arrows indicate the time sequence, and white horizontal
lines mark the percolation front at various stages. Supplementary Movie 1 shows
the complete experimental process. Cumulative percolation depths at corre-
sponding times are noted on the right. d Temporal evolution of percolation depth
over time. The x-axis shows experimental time, and the y-axis denotes percolation
depth. Blue crosses and gray circles correspond to depths in channelized and non-
channelized regions, respectively. The blue transparent box highlights the
increased percolation depth and rate in the channelized region. e Percolation
velocity as a function of time.

of seasonal marsquakes®**, The rupture sizes range from 47 to 373 m
in ice, 31 to 249 m in frozen soil, and 22 to 173 m in crustal rock (see
Methods).

The shallow heat conduction boundary rules out the possibility
that seasonal marsquakes are triggered by the freezing of aquifers and
the associated volumetric expansion during colder seasons (in the

southern hemisphere), a mechanism proposed prior to the landing of
the InSight mission’. This is because, unlike the warming mechanism,
where both conduction and convection processes are involved, the
cooling mechanism relies solely on heat conduction, which affects
only shallow depths on the meter scale. As a result, an approximately
10% volumetric expansion within the top few meters, associated with
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the brine-to-ice phase transition, is likely insufficient to generate sea-
sonal marsquakes with seismic magnitudes ranging from Mw 1.2 to
3.0°7*%, However, while we excluded freezing and volume expansion as
mechanisms for the seasonal marsquakes recorded by the InSight, we
did not rule out the possibility of such events occurring in regions
beyond the sensitivity of the InSight seismometer. Future seismolo-
gical missions can help validate this freezing and volume expansion
mechanism.

Where to find near-surface brines

The location of the brine reservoir responsible for seasonal mars-
quakes must meet two key requirements. First, daily midday tem-
peratures at this location need to rise continuously after Ls=25,
corresponding to the onset of seasonal marsquakes in the northern
early spring (Fig. 2a). Second, these elevated temperatures need to
persist long enough (e.g., from Ls =25 to Ls =200) to sustain condi-
tions favorable for seasonal marsquakes (Fig. 2b).

Regions north of about 30 °N satisfy both requirements and
emerge as the most plausible source for near-surface brines (Fig. 1b
and Supplementary Fig. 11c). In contrast, low-latitude regions either
exhibit a temperature decrease after Ls =25 (Supplementary Fig. 11a)
or show a significantly delayed temperature peak (Supplementary
Fig. 11b). The inferred brine source locations are consistent with pre-
vious studies, including the water-ice consistency map”®, which indi-
cates subsurface ice at depths of 1-5m across the mid-latitudes
(30 °N-60 °N) (Fig. 1a). At the same time, observations of bright
material excavated from impact craters north of 30°N** (Fig. 1a)
have been interpreted as exposures of shallow ice. Moreover, in-situ
measurements by Zhurong identified hydrated minerals and dust,
suggesting recent groundwater rising or melting of subsurface ice at
its landing site, which is located near the mid-latitudes of Utopia
Planitia” (Fig. 1a).

The brine reservoirs, however, are likely spatially localized rather
than widespread for two main reasons. First, the narrow range of
arrival time differences between P and S waves for seasonal mars-
quakes indicates similar epicentral distances®**, Second, the large
quality factor (-2500-6900) measured from the coda waves of sea-
sonal marsquakes (Supplementary Fig. 12) suggests that the Martian
crust along the propagation paths from the source to the InSight is
generally very dry®. This measurement rules out the widespread
underground water but consistent with localized reservoirs in the
source region.

Taken together, these observations support the hypothesis that
the brine source for seasonal marsquakes is localized and situated in
the north of about 30 °N. Regions with subsurface brine may have the
potential to preserve organic materials and microbial life, offering
critical insights into Mars habitability. Both the American Mars Sample
Return mission and China’s Tianwen-3 mission are equipped with
drilling systems capable of reaching depths of approximately
2-3m’%”, which aligns with the range of near-surface brines inferred
from this study. Consequently, these regions represent highly pro-
mising candidates for landing sites in the context of the Mars Sample
Return mission.

Melting point of subsurface ice

Seasonal marsquakes emerge after Ls =25 (Fig. 2), at which point the
surface temperature, according to the proposed model (Fig. 3), pro-
vides an upper bound on the melting point of subsurface ice. The
midday (LMST 10:00-14:00) surface temperature at the onset (Ls = 25)
of seasonal marsquakes within the potential brine source regions
(Fig. 1b) is approximately 250 + 13 K, as derived from the Mars Plane-
tary Climate Model (see “Methods”). A melting point of at least 23 K
lower than that of pure ice (273 K) strongly suggests the presence of
brines. While temperature alone cannot fully determine brine com-
position, a melting point below 250+13K provides a critical and

independent constraint. Such constraints may be combined with other
approaches, such as the seismo-electric method of ref. 78, to further
characterize aquifers within the Martian crust.

Water volume required to induce seasonal marsquakes
Laboratory and field studies on Earth demonstrate that relatively small
pore pressure perturbations (-0.01-0.1 MPa) can trigger earthquakes
when faults are near failure*”. Thus, seasonal marsquakes are likely to
exhibit comparable sensitivity under near-failure conditions. Such
pore pressure perturbations can be achieved during fluid injection**”?,
for example, in wastewater disposal operations, where fluid is injected
at moderate pressures, distinct from high-pressure hydraulic fractur-
ing, into deep geological formations. Critically, the process of injecting
wastewater into deep aquifers on Earth is analogous to our model
where meltwater percolates to deeper faults on Mars. Well-
documented researches of wastewater disposal on Earth has quanti-
fied a systematic positive correlation between the volume of injected
fluid and the maximum induced seismic magnitude®. Thus, by pro-
jecting the observed magnitudes of seasonal marsquakes onto this
Earth-derived relationship (Supplementary Fig.13), we estimated that a
fluid volume of ~0.1 m® per unit area (equivalent to 0.1 m water depth)
would be sufficient to trigger seasonal marsquakes with maximum
moment magnitudes (Mw) of ~3.0.

The estimate of the required water volume assumes that fault slip
is primarily driven by elevated pore pressure. Meanwhile, our pro-
posed model incorporates another complementary process: the same
brines responsible for melting may also reduce the effective friction
coefficient along fault planes. This dual mechanism (pore-pressure
enhancement and friction reduction) would act synergistically to lower
the threshold for fault activation. Consequently, if both processes
operate in tandem, the meltwater volume required to trigger seasonal
marsquakes could be even smaller.

To assess whether the estimated water volume could be gener-
ated under Martian conditions with latent heat included, we per-
formed thermal conduction modeling. Our synthetic calculations
show that, given a melting point of 240 K, seasonal surface tempera-
ture variations can bring the melting isotherm to a depth of -2 m within
the conductive layer under a porosity of 0.4 (Supplementary Fig. 14).
This penetration depth yields a meltwater volume per unit area of
~0.7m*m? (Supplementary Text S3) that exceeds the threshold of
0.1 m® m? required to induce marsquakes. Below this conductive layer,
salinity-drive melting in the underlaying convective zone generates
substantially more fluids, further supporting the physical mechanism
proposed for induced seasonal marsquakes.

Annual variations in seismicity?

In addition to seasonal variation, annual temperature changes may also
regulate ice-brine phase transitions, potentially driving yearly fluc-
tuations in the occurrence rate of seasonal marsquakes. The total
number of seasonal marsquakes detected between MY35 and MY36
exhibits a distinct annual variation, with the number recorded in MY36
nearly doubling that of MY35 (734 versus 417) (Fig. 2b). This trend
holds true even when considering only events above the completeness
magnitude (Supplementary Figs. 2 and 15), with MY36 still showing
approximately 100 more seasonal marsquakes than MY35. In contrast,
the number of tectonic marsquakes remains relatively stable between
the two years (46 in MY35 versus 49 in MY36).

We investigated whether the increased seismic activity of seasonal
marsquakes in MY36 is associated with annual temperature variations.
Using Mars Planetary Climate Model (see “Methods”), we compared
the average midday (LMST 10:00-14:00) surface temperatures
between MY36 and MY35 during Ls =25 to Ls =200, the period when
seasonal marsquakes occur (Fig. 2). Since nighttime temperatures on
Mars are consistently low** and do not affect brine-ice transitions,
midday period is more relevant for this analysis.
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Based on the proposed surface warming hypothesis (Fig. 3),
seasonal marsquakes are concentrated in the northern hemisphere.
The Mars Planetary Climate Model reveals that in several mid-
latitude regions, including the north of the Utopia Planitia, mean
surface temperatures during warm seasons (Ls =25 to Ls =200) in
MY36 are higher than in MY35, with a maximum difference
exceeding 4.0 K (Supplementary Figs. 16 and 17). This increase in
temperature may have contributed to enhanced amount of molten
brines, potentially driving the higher occurrence of seasonal mars-
quakes in MY36.

However, caution is needed when interpreting the correlation
between the occurrence rates of seasonal marsquake and annual
temperature variations. First, the two-year marsquake catalogue may
not provide a statistically reliable basis for annual analysis. Second, the
largest recorded quake, S1222a (Mw 4.7 + 0.2)*, occurred near the end
of MY36, suggesting that stress state may have been higher in MY36
than in MY35. This could influence the occurrence of seasonal mars-
quakes with moderate magnitudes (Mw 1.2-3.0), though it likely did
not affect larger tectonic marsquakes.

Near-surface brines cycle on Mars

To sustain the seasonal variation of seismicity, both the inflow and
outflow of brines are essential. Without inflow at shallow depths, brine
reservoirs on Mars would gradually deplete, preventing the occur-
rence of seasonal marsquakes. Similarly, without outflow at greater
depths, brines could remain stagnant, potentially triggering seismic
events year-round.

Water inflow may originate from Mars’ interior through non-
eruptive degassing in volcanic regions® or other processes. Numerical
simulations suggest that present-day water in Martian interior can be
released into the atmosphere via non-eruptive degassing processes
and subsequently accumulate as ice in the shallow subsurface or on the
surface®. Over time, a layer of dust can protect these ice deposits,
likely allowing them to build up to several meters in thickness. This
accumulation could provide a sufficient ice reservoir that, when mel-
ted, would reinfiltrate into the subsurface, completing a hydrological
cycle on Mars. Alternatively, modern atmospheric water, in the form of
frost or snow on Mars, may also contribute to the water inflow®,

Sustaining the brine circulation also requires a continuous salt
supply to maintain the necessary chemical gradients. Multiple pro-
cesses likely contribute to the enrichment of salts in the shallow sub-
surface, such as the deposition of dust-borne salts (e.g., perchlorates,
sulfates, and chlorides)®*. Additionally, relict evaporitic deposits from
past aqueous activity, along with ongoing atmospheric-surface inter-
actions, may serve as further supplementary sources®.

Brine outflow could occur through crustal faults. Shallow
groundwater infiltrates deep regions, triggering seismic fault slip and
rupture. This fault movement creates new pathways within the Martian
crust, facilitating the downward migration of brines into deeper layers,
a process commonly observed on Earth®. Therefore, seasonal mars-
quakes resulting from repeated cycles of stress redistribution and fluid
infiltration can, in turn, activate previously isolated hydrological pro-
cesses along seismic faults.

Methods

Calculation of the seismic b-value

We calculated the b-value using two different methods: least squares
regression and maximum likelihood estimation®”*, The two methods,
respectively, present seismic b-values of 2.52 and 2.42 for seasonal
marsquakes, with an average of 2.47 (Supplementary Fig. 18a), and the
maximum likelihood estimation gives one standard deviation of 0.10.
This is in sharp contrast to the lower b-value (least squares regression:
1.07, maximum likelihood estimation: 1.31+ 0.18) for tectonic mars-
quakes (Supplementary Fig. 18b), findings that align closely with prior
research®®, In addition, a remarkable increase in the b-value of seasonal

marsquakes is observed from MY35 to MY36, rising from 2.2 to 2.9
(Supplementary Fig. 18c). This increase may reflect the influence of
surface temperature changes, where warming enhances the phase
transition from ice to brine, thereby contributing to the higher number
of small seasonal marsquakes observed in MY36 compared to MY35.

Laboratory experiments for salinity-driven convection

To illustrate the potential of the salinity-driven convection model in
triggering seasonal marsquakes, we conducted a series of laboratory
experiments on the infiltration of brine through ice-acrylic mixtures.
By maintaining isothermal conditions between brine and ice, these
experiments were designed to replicate brine percolation within the
convective layer, where temperature variations are minimal.

In this framework, the ice-acrylic mixtures serve as analogues for
Martian frozen soil in the convective layer, while the overlying brine
represents meltwater derived from an ice-rich shallow surface. By
systematically varying experimental temperature, acrylic content (to
simulate the fraction of soil or rock fragments), and NaCl brine salinity,
we investigated how these parameters influence brine percolation.
This approach enabled us to evaluate the applicability of the salinity-
driven convection model to plausible Martian settings.

Sample preparation followed a standard ice synthesis method®.
Ice cubes made from ultrapure water were crushed at =25 to -35 °C,
sieved at —20 to —25 °C, and sorted into particle sizes of 180-250 um.
Cylindrical acrylic particles (-3 mm in diameter, 5-7 mm in height)
were then mixed uniformly with the sieved ice powder, packed into a
transparent cylindrical acrylic mold (-5 cm in diameter), and sealed
with metal plugs fitted with O-rings. An aluminum spacer with small
holes was inserted above the mixture to allow fluid exchange during
evacuation. Because acrylic has low thermal conductivity, the
assembly was equilibrated for one hour in an environmental cham-
ber as the temperature increased from -30 to -3 °C. The mold was
then connected to a vacuum line, air was removed while immersed in
an ice-water bath, and degassed ultrapure water was introduced into
the pores of the mixture. Freezing was induced from the bottom by
placing the mold on a copper plate inside a freezer (=35 to =30 °C)
and insulating it with a polyester foam sleeve. After overnight
freezing, the mold contained the intact ice-acrylic sample, ready for
experiments.

Brines were prepared by dissolving 15 or 20 wt.% NaCl in ultrapure
water, with food coloring added to trace infiltration pathways. Prior to
each run, frozen brine was crushed into powders and compacted onto
the sample surface at =30 °C. The samples were then transferred to an
environmental chamber maintained at -5 or -10 °C. Supplementary
Table 1 summarizes the experimental conditions, including chamber
temperature, acrylic content, and brine salinity. Throughout each
experiment, a Sony ILCE-7M4 camera captured time-lapse images at
one-minute intervals, and demonstration videos were later compiled.

The experiments consistently demonstrate that salinity-driven
convection enhances the ability of brine to melt underlying ice (Sup-
plementary Fig. 9). All runs were maintained for more than 45h,
ensuring that the percolation velocity stabilized. Results show that
brine infiltration reliably induces melting of the underlying ice, with
percolation depths varying according to experimental conditions. In
addition, compositional convection is observed during the later stage
of each experiment: salt enrichment promotes melting at greater
depths, while re-precipitation of ice occurs in shallower layers.

Among the parameters tested, temperature exerts the strongest
control. Anincrease of 5 °C in chamber temperature results in nearly a
fourfold increase in percolation depth (Supplementary Fig. 9b, e).
Acrylic content also plays a significant role, with up to a 3.5-fold
increase in percolation depth between mixtures containing O and 55
vol.% acrylic (Supplementary Fig. 9¢c, d). The presence of acrylic, ser-
ving as a rock analogue, promotes melting along phase boundaries in
the two-phase ice-rock system, though the difference between 21 and
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55 vol.% acrylic is modest. By comparison, brine salinity exerts only a
moderate influence: an increase of 5wt.% in NaCl concentration pro-
duces a smaller enhancement (~1.3 times) in percolation depth (Sup-
plementary Fig. 9a, b) than either temperature or acrylic content.

Most critically, once channelization occurs during percolation,
both infiltration depth and rate increase by nearly an order of magni-
tude (Fig. 4). This nonlinear transition highlights the fundamental role
of preferential flow paths in accelerating brine transport. Complete
experimental videos illustrating these processes are provided in the
Supplementary Materials.

Rupture size estimation for Mw 1.2-3.0 marsquakes
According to Hanks and Kanamori®®, the relationship between seismic
moment M, and moment magnitude M, is given by:

M, = (logioM, — 9.05)/15, M

where M, is measured in N - m. Seasonal marsquakes with M, from 1.2
to 3.0 then correspond to seismic moments of 7.08 x10'°N - m to
3.55x10"N . m. For seismic events with M,, <6 that do not saturate
the seismogenic zone, a circular crack model is commonly assumed.
The scalar seismic moment of such events can be estimated by:

M= (?) HAER®, @

where R is the radius, y is the shear modulus, and Ae is the uniform
strain drop, typically assumed to be 10~*°'. Adopting strain drops of
1073 or 10~° would not significantly affect the estimated magnitude
but would lead to approximately a factor of 2.15 variation in the
inferred rupture radius.

On Mars, the surface rocks are predominantly tholeiitic basalts,
formed through extensive partial melting and exhibiting minimal
weathering. These rocks typically have a shear modulus of
20-40 GPa”. In comparison, the shear modulus of freshwater ice and
briny ice is approximately 3 GPa”, while frozen soil exhibits
temperature-dependent variations in shear modulus, generally ran-
ging from 6 to 15 GPa. For the purpose of this analysis, representative
shear modulus values of 3, 10, and 30 GPa are adopted for ice, frozen
soil, and Martian crustal rock, respectively.

Using these shear moduli, the estimated rupture radius for sea-
sonal marsquakes with M, ~1.2 to 3.0 range from 47 to 373 m in ice,
31-249 m in frozen soil, 22-173 m in crustal rock. The corresponding
rupture areas, determined using:

A=mR?, 3)

are approximately 6.9x10° to 4.4x10°m? for ice, 3.0x10° to
1.9x10° m? for frozen soil, 1.5x10% to 9.4 x10* m? for crustal rock
(Supplementary Table 2).

Calculation of the average midday surface temperatures

The surface temperatures of Mars were obtained from the widely used
Mars Planetary Climate Model (Mars PCM), developed at the Dynamic
Meteorology Laboratory (LMD), which is extensively utilized within the
planetary science community. Mars PCM is a general circulation
model, which consists of a dynamical core that uses a finite difference
method to solve primitive equations and a physical core considering a
series of comprehensive processes, such as radiative transfer®, the
dust cycle”, the water cycle, and energy and material transfer in the
planetary boundary layer (PBL) region.

The temperature variations of Mars, including seasonal and
interannual changes, are closely linked to the distribution character-
istics of Martian dust. The vertical distribution of dust particles in the
Mars PCM is derived using a semi-interactive method. In this study, we

employed daily column-integrated dust scenarios based on compre-
hensive reconstruction dust maps, which provide the 9.3 pm absorp-
tion column dust optical depth for multiple Martian years (from MY24
to MY36). These maps are described in detail by Montabone et al.’”®. By
using these semi-interactive dust scenarios and the corresponding
input data, we were able to achieve atmospheric and surface tem-
peratures that closely align with actual observations.

In addition, the surface temperature of the Martian is influenced
by surface thermodynamic processes dominated by thermal inertia
and surface-soil thermal conduction, as well as phase transition
processes of surface CO, and water, and boundary layer mixing.
On a diurnal timescale, it is also affected by the local topography,
including slope and shadow effects. In the simulations we
conducted, all of these physical processes were enabled to ensure
that the Mars PCM simulation results closely resemble actual
conditions.

The horizontal resolution of the simulations is 5.625 x 3.75
degrees with 73 sigma-pressure levels covering the altitude range from
near surface to ~250 km. We conducted multiple Mars PCM simula-
tions for different Martian years (MY30 to MY36) using the corre-
sponding reconstruction dust maps and interpolated the surface
temperature data from the simulation results to local mean solar time
(LMST). Subsequently, we applied average kernel processing to the
data near midday (LMST 10:00-14:00), obtaining surface temperature
values for different Martian sols around local noon.

Data availability

The processed data generated in this study are available at the Zenodo
repository (https://zenodo.org/records/17765768). Data obtained
from other sources are cited with the corresponding references. We
utilized the Marsquake catalogue compiled by the InSight Marsquake
Service (MQS)¥, which provides key information for each event,
including origin time, type, and quality.

Code availability
All the code to reproduce the figures is available in the Zenodo
repository®”: https://zenodo.org/records/17765768.
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