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Exploring the evidence of Middle 
Amazonian aquifer sedimentary 
outburst residues in a Martian 
chaotic terrain
J. Alexis P. Rodriguez 1,2*, Mary Beth Wilhelm 3, Bryan Travis 1, Jeffrey S. Kargel 1, 
Mario Zarroca 2, Daniel C. Berman 1, Jacob Cohen 3, Victor Baker 4, Anthony Lopez 1 & 
Denise Buckner 5,6

The quest for past Martian life hinges on locating surface formations linked to ancient habitability.  
While Mars’ surface is considered to have become cryogenic ~3.7 Ga, stable subsurface 
aquifers persisted long after this transition. Their extensive collapse triggered megafloods ~3.4 
Ga, and the resulting outflow channel excavation generated voluminous sediment eroded from 
the highlands. These materials are considered to have extensively covered the northern lowlands. 
Here, we show evidence that a lacustrine sedimentary residue within Hydraotes Chaos formed 
due to regional aquifer upwelling and ponding into an interior basin. Unlike the northern lowland 
counterparts, its sedimentary makeup likely consists of aquifer-expelled materials, offering a 
potential window into the nature of Mars’ subsurface habitability. Furthermore, the lake’s residue’s 
estimated age is ~1.1 Ga (~3.2 Ga post-peak aquifer drainage during the Late Hesperian), enhancing 
the prospects for organic matter preservation. This deposit’s inferred fine-grained composition, 
coupled with the presence of coexisting mud volcanoes and diapirs, suggest that its source aquifer 
existed within abundant subsurface mudstones, water ice, and evaporites, forming part of the region’s 
extremely ancient (~ 4 Ga) highland stratigraphy. Our numerical models suggest that magmatically 
induced phase segregation within these materials generated enormous water-filled chambers. The 
meltwater, originating from varying thermally affected mudstone depths, could have potentially 
harbored diverse biosignatures, which could have become concentrated within the lake’s sedimentary 
residue. Thus, we propose that Hydraotes Chaos merits priority consideration in future missions 
aiming to detect Martian biosignatures.

Background and context
The geologic record of Mars suggests that during the Noachian Period (~ 3.7 Ga to ~ 4.1  Ga1), the planet had 
a surface hydrosphere comparable to Earth’s, with extensive fluvial systems, ice sheets, and standing bodies of 
 water2–6. However, during the Noachian-Hesperian transition (~ 3.7 Ga), surface hydrologic activity appears 
to have decreased, and frigid environments became  dominant2. Observations in Gale crater indicate that this 
transition may have been  gradual7.

These extremely cold conditions are believed to have characterized most of Mars’ post-Noachian geo-
logic  history2. However, widespread outflow channels that originate in collapsed highland zones (chaotic ter-
rains) suggest that, while infrequent, catastrophic floods of erupted groundwater led to large-scale landscape 
 modifications2,8–15.

The systematic removal of subsurface constituents and the generation of subsurface  voids16, accompanied 
by widespread, progressively densifying highland  fracturing17,18, is likely a fundamental component in chaotic 
terrain formation. The removal mechanisms implicated in this context are thought to have encompassed an 
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intricate confluence of geological phenomena and processes. These include: (1) hydrological  efflux19 from water-
filled  conduits20, subsurface  lakes21, or hydrated  evaporites22; (2) fluidized, sedimentary outbursts generated by 
clathrate  dissociation23,24; and (3) the collapse of volcanic calderas following magmatic  drainage25. The highland 
fracturing could have manifested either suddenly and concurrently with the catastrophic flood  discharges8 or 
as a component of a protracted terminal subsidence  event16,18, potentially postdating the abrupt discharge of 
over-pressurized  groundwater16,18.

In addition, our knowledge regarding the origins of the outflow channel source aquifers remains incomplete. 
An early hypothesis, based on observations made by the Viking Orbiter mission, suggested that these aquifers 
formed part of a global buried hydrosphere that resulted from south polar meltwater infiltration into a lunar-
like, impact-generated  megaregolith2,9. However, this hypothesis lacks explanations for the high-volume, fast 
discharge rates required for megafloods, as the slow, diffusive flow of groundwater through the megaregolith 
porous media would have hindered such rapid outbursts.

Furthermore, this scenario proposes that the hydrosphere was confined beneath an ice-rich cryosphere, and 
that outbursts instigated by regions of gradient-induced overpressures produced the chaotic terrains. However, 
this theoretical framework fails to satisfactorily rationalize the distinct spatial clustering of outflow channels 
and chaotic terrains observed in the circum-Chryse region, and their notable absence in other boundary plains 
 regions14.

A reconciliatory view is the sourcing of circum-Chryse outflow channels from compartmentalized, elevated 
 aquifers5,14. However, the implied magnitude of compartmentalization would have been hard to achieve within 
a globally extensive megaregolith due to its high  permeability2,9. Conversely, compartmentalization aligns bet-
ter with the post-Viking discovery that Martian highlands consist primarily of sedimentary units. For example, 
higher resolution image datasets from the Mars Global Surveyor (and more recent orbiters) show layering in the 
highland-forming materials suggestive of a depositional  origin26. Moreover, the materials forming the highlands 
include numerous buried impact  craters27, corroborating their sedimentary origin, which has been hypothesized 
to have occurred during the pre-Noachian27, the Early  Noachian28 and Middle  Noachian20.

Analysis of the highland’s constituent materials, predominantly characterized by a fine-grained matrix indica-
tive of  dust28 potentially comprised of clay  minerals29, suggests a major contribution to the highland stratigraphy 
from dust  fallouts28. This extremely ancient dust deposition appears to have stemmed from an atmosphere heavily 
laden with particulates, a likely byproduct of highly turbulent atmospheric conditions resulting from impact 
basin formation events during the Early  Noachian28.

This proposed sedimentary crust, in conjunction with the presence of basaltic layers altered into  clays30 and 
evaporite layers such as those in Iani  Chaos31, could have drastically lowered the subsurface  permeability and 
acted as hydrological seals or traps.

We propose that the unique physiographic setting of this Martian region, marked by vast chaotic terrains and 
outflow channels, could be attributed to two factors:

1. The generation of water-filled conduits from converging groundwater zones through the melting of buried 
 icesheets18,20 and/or massive evaporite  dehydration16,18,20,22 confined within these fine-grained, low perme-
ability upper crustal materials.

2. The water-filled conduits’ subsequent over-pressurization as their networks intersected an elevated water table 
that extended from Valles  Marineris20 to the Tharsis volcanic rise  region19,32,33. The hypothesized intercon-
nection of these groundwater domains would have facilitated the build-up of the required high hydraulic 
pressures to generate the massive groundwater outbursts and catastrophic flood discharges.

The enormity of outflow channel sources aligns with the hypothesis that their Late Hesperian floods had suffi-
cient volume to form a northern ocean, and blanket the northern lowlands with thick sedimentary  layers2–5,9,34–36. 
Furthermore, while outflow channel formation is thought to have peaked during the Late Hesperian (~ 3.4 Ga)6,37, 
significantly younger catastrophic floods apparently also occurred during the Early and Middle  Amazonian38,39. 
Hence, the total groundwater drained from the circum-Chryse aquifers probably exceeded the volume of the 
Late Hesperian ocean.

It is important to note that while the discovery of two possible megatsunami deposits associated with pos-
sible marine impacts has buttressed the northern ocean  case40,41, the ocean hypothesis remains disputed by some 
researchers. For instance, geophysical deformation models are currently incapable of accounting for the extensive 
elevation variations observed within the proposed shoreline  data42. Moreover, it has also been suggested that the 
available Hesperian-era water might be incompatible with the existence of a northern  ocean43.

Objectives of the study
The identification of sedimentary units emplaced by fluids released from aquifers is extremely challenging. The 
outflow channels, being their primary discharge paths, were likely formed through major flood-induced highland 
erosion. This erosion is thought to have moved immense quantities of material into the northern plains, forming 
an expansive sedimentary  cover35,37 over an older lowland Early Noachian  basement27. Hence, we suggest that 
mixtures of highland and discharged-groundwater debris likely characterize catastrophic flood deposits. These 
undifferentiated materials are not suitable geologic targets to seek sedimentary residues of aquifer expulsed fluids.

The northern plains are considered to contain Mars’ largest sedimentary unit from outflow channel discharges. 
The exchange of water between global and regional ice reservoirs may have resulted in the emplacement of 
younger ice deposits and glacial  sediments44, further complicating the identification of surface sedimentary units 
emplaced by catastrophic floods. Additionally, the regional presence of aeolian  mantles10 adds to this complexity.
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Our objective is to identify sedimentary deposits that were expelled from aquifers and deposited close to the 
discharge outlets. We focus on Hydraotes Chaos (Fig. 1a,b), a chaotic terrain in southern circum-Chryse with 
widespread terraced polygonal mesas. Hydraotes Chaos has been interpreted to have been the deepest part of 
a catastrophic-flood generated, Late Hesperian (~ 3.4 Ga) inland sea contained within a vast basin in southern 
circum-Chryse45, which subsequently regressed to form a paleolake within the chaotic  terrain46. Our results 
indicate that, ~ 2.3 Ga later, a regional aquifer regionally discharged forming a mud lake, which ponded within 
the chaotic terrain’s deepest enclosure. We consider the mud to be dominantly ‘clay’ grain size, probably with a 
phyllosilicate-rich  composition29,30.

Geological analysis methods
We produced a detailed geologic investigation of Hydraotes Chaos based on image and topographic data analysis 
(Figs. 1, 2, 3, 4, 5, 6) as well as sophisticated numerical simulations (Fig. 7).

Tools and datasets
We conducted our morphologic mapping using Esri’s ArcGIS Desktop 10.3 (http:// www. esri. com/ softw are/ 
arcgis). We utilized the publicly available global seamless Mars Reconnaissance Orbiter (MRO) Context Camera 
(5.6 m per pixel, CTX)47 visible light mosaic from the Murray  Lab48 (http:// murray- lab. calte ch. edu/ CTX/), Mars 
Odyssey Thermal Emission Imaging System (100 m per pixel, THEMIS)49 nighttime and daytime infrared image 

Figure 1.  (a) A regional view of Hydraotes Chaos (outlined in white) showing the distinct Northwestern 
(NW) and Southeastern (SE) sections, which include the Southern Hydraotes Plains Deposit (SHPD). The 
continuity of the SHPD with a subsidence area within the Margaritifer Highlands is also depicted, as evidenced 
by black lines connecting Hydraotes, Hydapis, and Aureum Chaos. (b) A morphological map of Hydraotes 
Chaos showing the predominant plains, mesas, and knobby regions. (c) A more detailed morphological map 
of a section of Hydraotes Chaos, highlighting potential extensional fractures, contractional ridges, and smooth 
surfaces that bound topographically depressed inter-mesa floors. (a, b) The map base blended HRSC-MOLA 
DEM overlying a shaded relief (200 m/pixel, credit: MOLA data—NASA, HRSC data—ESA/DLR/FU Berlin). 
(c) HRSC-MOLA DEM (200 m/pixel, credit: MOLA data—NASA, HRSC data—ESA/DLR/FU Berlin) over a 
THEMIS daytime IR global layer (http:// www. mars. asu. edu/ data/, 100 m/pixel, credit: Christensen, et al.147). We 
produced this figure using Esri’s ArcGIS 10.3 (http:// www. esri. com/ softw are/ arcgis).

http://www.esri.com/software/arcgis
http://www.esri.com/software/arcgis
http://murray-lab.caltech.edu/CTX/
http://www.mars.asu.edu/data/
http://www.esri.com/software/arcgis
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Figure 2.  (a) Close-up view of Fig. 1c, where the white arrows point to the regional smooth floor sections with 
a base elevation close to approximately − 4200 m (for example, elevation profile X to X′). The numbers 1–4 mark 
the locations of neighboring enclosed depressions, which have bases at approximately − 4700 m (as shown in 
elevation profiles Y to Y′, Z to Z′). (b) A closer look at a portion of panel (a), specifically one of the enclosed 
depressions. Red arrows highlight Y-shaped fracture patterns, suggesting extension and subsidence related to 
the origin of the depressions. The yellow arrow points to a sinuous, uphill-facing scarp, which is consistent with 
compression along the convergence zones of opposing subsided flanks. A dashed, yellow ellipse encloses pitted 
cones within the subsided depression. (c) An even closer view of a compressional ridge, showing that it has 
an uphill-facing scarp (yellow arrow). (a, b) HRSC and MOLA DEM (200 m/pixel; MOLA data credit: NASA; 
HRSC data credit: ESA/DLR/FU Berlin) superimposed on a portion of a CTX mosaic (6 m/pixel; credit: NASA/
JPL/Malin Space Science  Systems48) (Source: https:// www. msss. com/ mro/ marci/ images/ tips/ media tips. html). 
(c) HiRISE image ESP_071490_1805, with ~ 50 pixels per degree, centered at 1° 0′ 10.74″ N; 34° 33′ 36.05″ W 
(credit: NASA/JPL/University of Arizona) (Source: https:// www. uahir ise. org/ media/ usage. php).

https://www.msss.com/mro/marci/images/tips/mediatips.html
https://www.uahirise.org/media/usage.php
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Figure 3.  (a) This view of southern Hydraotes Chaos highlights key features of the SHPD, including its uniform elevation 
margin (black outline), internal grabens (red lines), wrinkle ridges (white lines), and seven distinct, rotated mesas (red 
squares, labeled 1–7). Margins of these mesas tilting away from the SHPD (red triangles) exhibit terraced features within 
the − 3800 m to − 4100 m elevation range, as detailed in Fig. S1. Margins tilted towards the deposit (red circles) are lower 
elevations, as detailed in Fig. S2. (b) Close-up of the SHPD’s western part shows a lobate margin (black arrow) over a 
subsidence-reshaped floor. The location of Fig. 4a is indicated. (c) Detailed view from panel (a) presents grabens (black 
arrows) and potential mud volcanoes (purple arrows). (d) Zoomed-in view from panel (c) highlights potential mud volcanoes 
lacking adjoining mud breccias (purple arrow), and potential wrinkle ridges (yellow arrows). (a–c) HRSC and MOLA DEM 
(200 m/pixel; credit: NASA for MOLA data, ESA/DLR/FU Berlin for HRSC data) overlaid on sections of a CTX mosaic (6 m/
pixel; credit: NASA/JPL/Malin Space Science Systems;  reference48) (source: https:// www. msss. com/ mro/ marci/ images/ tips/ 
media tips. html). (d) A portion of a CTX mosaic (6 m/pixel; credit: NASA/JPL/Malin Space Science Systems;  reference48) 
(source: https:// www. msss. com/ mro/ marci/ images/ tips/ media tips. html).

https://www.msss.com/mro/marci/images/tips/mediatips.html
https://www.msss.com/mro/marci/images/tips/mediatips.html
https://www.msss.com/mro/marci/images/tips/mediatips.html
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Figure 4.  Detailed analysis of the SHPD’s lobate margin pinpointed in Fig. 3b, as captured in HiRISE image 
ESP_071490_1805 with approximately 50 pixels/degree. Key geological features are highlighted: blue arrows 
direct attention to scour marks trending northwest and northeast, depicted by closely spaced grooves and ridges 
(panels b–d). The grooves and ridges likely indicate the erosional effects from crosswinds. Within some of these 
ridges are boulder piles, suggestive of localized aeolian deflation, as highlighted by white arrows in panel (d) 
and (e). The yellow arrows in panels (b) and (c) emphasize the truncation of various craters by the grooves. Red 
arrows in panels (b–e) denote the widespread presence of degraded craters with diameters ≤  ~ 100 m, with some 
further eroded into somewhat irregular and apparently flat-rimmed or rimless depressions at certain locations, 
as demonstrated within the zone bordered by the dashed white line in panel (e). Note that although the 
arrowheads in panel (e) end at pits, their primary role is to emphasize the lineated spatial trends they indicate. 
Image credit: NASA/JPL/University of Arizona Usage policy.
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 mosaics50, in combination with Mars Global Surveyor (MGS) Mars Orbiter Laser Altimeter (MOLA)—Mars 
Express (MEX) High-Resolution Stereo Camera (HRSC) blended Digital Elevation Model (200-m-per-pixel 
DEM)51. We also produced some meter-scale to decameter-scale characterizations using images from the Mars 
Reconnaissance Orbiter’s High-Resolution Imaging Science Experiment (0.25 to 1.3 m per pixel, HiRISE)52.

Geomorphological mapping approach
Hydraotes Chaos includes a vast number of mesas and knobs. Mesas are generally polygonal and flat topped 
(sometimes inclined), whereas knobs are generally smaller than mesas, mainly have rounded bases seen in plan 
view and have conical or rounded mound-shaped profiles. Some knobs may also have summit craters.

The geomorphologic map displayed in Fig. 1a was produced using a CTX base layered beneath a semi-
transparent MOLA-HRSC DEM. The mapping process was performed manually at a scale of 1:100,000 to ensure 
accuracy and detail. The surface edges of most mesas were traced as polygons, facilitating a detailed representa-
tion of their structure. Similarly, we captured a large subset of ridge-forming knobs, focusing particularly on those 
with clear crests, by representing them as polylines. In addition, the margins of two extensive plains units were 
traced as polygons, offering a thorough illustration of their extents. Lastly, to prevent cluttering and enhance prac-
ticality, we constructed two base map polygons, each enclosing areas dominated either by mesas or knobs. This 
approach allowed for an efficient and clear representation of these dense features on the geomorphologic map.

The morphologic maps in Figs. 2c, 3a, 5a were generated at a mapping scale of 1:30,000 using a CTX base 
under a semi-transparent MOLA-HRSC DEM. The mapping process was conducted manually, utilizing polylines 
to denote fractures (extensional faults) and compressional ridges. Points were employed to mark potential diapirs 
and mud volcanoes. The mesa mapping shown in Fig. 5a was adapted from Fig. 1a. Points were also used to 
highlight the locations of terraced mesas tilted towards the Southern Hydraotes Plains Deposit (SHPD), as well 
as the positions of both lowered and non-lowered margins.

Numerical simulation setup
We conducted our simulation using MAGHNUM_PRTCLS, an open-source toolset that has been previously 
used for similar  purposes53–56.

Numerical simulation geological foundations
The following constraints are based on our results (presented later in this article) and previous, referenced 
research. They include the following two assumptions:

Role of intrusive magmatism in the middle Amazonian resurfacing phase of Hydraotes Chaos. The southern 
circum-Chryse outflow channel record includes evidence of a possible warm paleoclimatic spike during the Mid-
dle  Amazonian38,39. The presence of Amazonian-aged fluvial  features57–59, alluvial  fans60,  deltas61,62, and glacial 
 landforms63 also supports the development of transient warmer and wetter Amazonian conditions. Hence, it is 
possible that this paleoclimatic anomaly produced top-down propagating thermal waves within the inter-mesa 
regions, which upon reaching the icy mudstone, facilitated its subsequent melting, solid–liquid phase differentia-
tion, and aquiferous chamber formation.

However, the inferred sequence of events involving subsidence and aquifer releases is inconsistent with 
recurrence (detailed in the results section). In contrast, if driven by paleoclimatic cyclicity, which could have 
been part of the previously hypothesized anomaly, these processes could have produced early subsidence phases 
and material extrusion that would be disturbed by subsequent cycles. Additionally, if a paleoclimatic cause 
were responsible, we would expect comparable top-down thermal waves across similar latitude and elevation 
ranges, leading to significant landscape changes over these broader regions. However, the geomorphology that 
we have documented is exclusively confined to the chaotic terrain floor, having played a crucial role in creating 
its intricate current topography.

Hence, we infer that factors beyond paleoclimatic influence were at play. We propose a magmatic thermal 
trigger as the underlying mechanism for the complex topography observed in the chaotic terrain, as presented 
in our study.

Utilizing mudstones as the base stratigraphy in the simulation. In our simulation, we used mudstones as the 
foundational stratigraphy, a decision backed by evidence that the possible mud lake residue within the chaotic 
terrain is probably a fine-grained sedimentary unit. Numerous studies also suggest that fine-grained deposits 
constitute significant portions of the highland-forming  materials28,30. Furthermore, we incorporated high ice 
content layers into the mudstone stratigraphy. These ice layers, similar in composition to mid-latitude ice sheets 
as documented by Piqueux et al.64, could have been episodically emplaced throughout a gradual highland con-
struction  history18,20.

Boundary conditions

We implemented the following boundary conditions:

1. We utilized a 2-km thick domain for our simulation, structured with square computational cells. Vertically, 
there were 32 cells, together accounting for a 2-km depth. For the narrow domain, we used 128 cells hori-
zontally, giving it a total horizontal length of 8 km. Hence, each computational cell was 62.5 m × 62.5 m. For 
the wide domain simulation, we specified a grid that was 960 cells wide, covering a horizontal span of 60 km.

2. Our numerical simulation incorporated a stratigraphic model of the subsurface, featuring periodic sequences 
of water ice-enriched mudstone and unlithified sedimentary deposits. The strata were designed to be 100–
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120 m in thickness, adhering to the approximate stratigraphic continuity and scale observed in Fig. 6d. 
The mud layers were characterized by high porosity (35%) and were saturated with  H2O ice. In contrast, 
the unlithified sedimentary layers exhibited lower water ice content and moderate porosity (25%) but were 
also  H2O ice saturated. We assumed spatial homogeneity across these layers, acknowledging that potential 
discontinuities could give rise to areas undermined by meltwater adjacent to meltwater-free zones. The per-
meability of these layers was not considered a significant factor, given that layers fully saturated with  H2O 
ice verge toward zero permeability. Upon the onset of melting, the flow was assumed to transition into a 
continuum-like state due to the disintegration of the layered materials when they become wet and unstressed. 
This leads to the gradual growth of water-filled chambers and the formation of a porous bed at the bottom 
as particles descend. For situations where permeability is of concern, the mudstone porosity–permeability 
relationship documented by Yang and  Aplin65 offers a valuable reference.

3. The layers in our simulation contained lithic particles with sizes ranging from 5 cm to 1 micron, adhering 
to a fractional distribution typical of mudstone. The physical properties assigned to these particles included 
a grain density of 2700 kg/m3, thermal conductivity roughly equivalent to 1.6 W/m/K66, and a specific heat 
capacity of 840 J/kg/K.

4. Properties of  H2O, liquid or frozen, (density, specific heat, enthalpy, latent heat of melting, viscosity) as a 
function of temperature and pressure are from  SUPCRT9267.

5. The geothermal heat flux through the bottom boundary in our simulation was set at 40 mW/m2. It is impor-
tant to note that heat flux varies over the surface of Mars, and historical estimates show a range from about 
100 mW/m2 during the Noachian era to approximately 10–30 mW/m2 in the present  day68. Our chosen value 
of 40 mW/m2 represents a reasonable approximation for Mars around 2–3 Ga.

6. For our simulation, we used the gravitational acceleration of Mars, which is 3.7 m/s2.
7. The initial conditions were set with a surface temperature of − 63 °C, while the base temperature was estab-

lished at − 13 °C, 2 km below the surface.
8. To represent magmatic heating, we imposed a high heat flux of 1 W/m2 along the bottom boundary at 

two discrete segments. These segments were each approximately 300 m long, centered at 2.1 km and 6 km 
(3.9 km spacing), respectively, along the base of the 8 km-wide computational domain. In a broader domain 
simulation, as illustrated in Fig. 7a, d, we extended the domain width to 60 km. Here, intrusive heating at the 
base was randomly spaced with an average spacing of 3 km. This configuration suggests that dike intrusions 
could have served as potential heat sources. The computed spacing of 3 to 3.9 km is broadly analogous to the 
topographic segmentation, which we interpret as subsidence in this article. This is exemplified by the ~ 5 km 
spacing observed in the elevation profile from Y to Y′ as seen in Fig. 2.

  The size of subsurface aquiferous chambers hinges on factors like geothermal heat flux, surface tem-
perature, and host material properties. These are represented by the thermal diffusivity parameter, which, 
through its square root, governs the temperature distribution within the subsurface. However, among these 
variables, the heat from magmatic intrusions emerges as the most critical factor. It is this heat injection that 
primarily dictates the size of the chambers, effectively superseding the influence of other variables such as 
the geothermal gradient.

9. During the melting phase, our simulation monitors the volume-based size distribution of lithic particles, 
initially embedded in the layers. Particles smaller than 1 μm remain indefinitely suspended in the liquid 
water, leading to a turbid or ’muddy’ mixture. The flow of these particles during this phase is governed by 
Stokes’ law. Although size distributions for mudstones can vary, they typically contain approximately 30% 
clay (less than 0.005 mm), 50% silt (less than 0.125 mm), and 20% sand (less than 2 mm)69,70.

Geomorphological analysis of Hydraotes Chaos
We identified three broad geomorphological units within Hydraotes Chaos, consisting of polygonal mesas, 
knobby fields, and extensive plains (Fig. 1b). The plains include the Southern Hydraotes Plains Deposit (SHPD) 
(Fig. 1b), which aligns with a broad curvilinear depression within the adjacent highlands to the east (Fig. 1a).

Figure 5.  A series of observations showing the potential existence of mud volcanoes and diapirs. (a) 
Morphological map highlighting possible mud volcanoes (orange dots) and diapirs (white circles), with their 
distribution limited to the plains and inter-mesa surfaces and absent on the mesas (red-shaded areas). (b) 
Detailed view of a pitted cone (potential mud volcano, white arrow) adjacent to a probable eruptive deposit with 
retreat margins extending to the cone’s edges (red arrows). An adjacent dome-like structure, possibly a diapir, is 
denoted by the blue arrow. (c) A proposed eroded diapir potentially exposing finely layered strata that have been 
tilted upwards during buoyant ascension (blue arrow). (d) Another possible diapir forming a dome of uplifted 
floor materials (blue arrow). (e) View of eastern Hydraotes Chaos, displaying breakaway ridges and troughs, 
potentially exposing deep highland stratigraphy. (f) Detailed image from panel (e), pinpointing potential diapirs 
(blue arrows). (a) The map’s base is an overlaid HRSC-MOLA DEM on a MOLA shaded relief (200 m/pixel; 
credit: MOLA data—NASA, HRSC data—ESA/DLR/FU Berlin). (b) An HRSC-MOLA DEM (200 m/pixel; 
credit: MOLA data—NASA, HRSC data—ESA/DLR/FU Berlin) overlaid on a section of a CTX mosaic (6 m/
pixel; credit: NASA/JPL/Malin Space Science Systems;  reference48) (source: https:// www. msss. com/ mro/ marci/ 
images/ tips/ media tips. html). (c) A CTX stereopair-derived DEM overlaid on a section of a CTX mosaic (6 m/
pixel; credit: NASA/JPL/Malin Space Science Systems;  reference48) (source: https:// www. msss. com/ mro/ marci/ 
images/ tips/ media tips. html). (d–f) An HRSC-MOLA DEM (200 m/pixel; credit: MOLA data—NASA, HRSC 
data—ESA/DLR/FU Berlin) overlaid on a section of a CTX mosaic (6 m/pixel; credit: NASA/JPL/Malin Space 
Science Systems;  reference48) (source: https:// www. msss. com/ mro/ marci/ images/ tips/ media tips. html).

▸

https://www.msss.com/mro/marci/images/tips/mediatips.html
https://www.msss.com/mro/marci/images/tips/mediatips.html
https://www.msss.com/mro/marci/images/tips/mediatips.html
https://www.msss.com/mro/marci/images/tips/mediatips.html
https://www.msss.com/mro/marci/images/tips/mediatips.html
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There are widespread inter-mesa floor sections (e.g., star symbols in Fig. 1c, white arrows in Fig. 2a), which 
consistently exhibit elevations around − 4200 m (e.g., elevation profile X to X′ in Fig. 2). These inter-mesa floors 
abruptly transition into enclosed depressions, contributing to a highly segmented topography (numbers 1–4 
in Fig. 2b, elevation profiles Y to Y′ and Z to Z′ in Fig. 2). The depressions exhibit fractured margins, including 
Y-shaped fracture patterns, or triple junctions (red arrows in Fig. 2b), as well as sinuous ridges on their floors 
(yellow arrows in Fig. 2b,c).

Numerous terraces flank the mesas at consistent elevations ranging between roughly − 3,800 m and − 4200 m 
(Fig. S1). Interestingly, terrace sections oriented away from the SHPD maintain this elevation range across the 
southeastern part of the chaotic terrain (Numbers 1–7, red triangles in Fig. 3a). In contrast, those facing the 
SHPD are situated at lower elevations (Numbers 1–7, red circles in Fig. 3a). These mesas also exhibit consistent 
surface tilt components leaning towards the SHPD (Fig. S2).

The SHPD is demarcated by a margin with an approximately constant elevation of ~ − 4800 m (Fig. 3a). The 
marginal materials locally overlap mesa-flanking floor depressions (Fig. 3b). The deepest areas of the SHPD are 
found on its western extents, reaching ~ 350 m below the margin (Fig. 3a). These deep areas are bounded by 
broad grabens (Fig. 3c) and include low-lying sinuous ridges (Fig. 3a,d).

The close examination of the lobate margin of the SHPD identified in Fig. 3b reveals widespread scour 
marks displaying patterns trending towards the northwest and northeast (blue arrows in Fig. 4). These patterns 
are characterized by closely spaced grooves and ridges (Fig. 4b–d), some apparently composed of boulder piles 
(white arrows in Fig. 4c,d). In addition, many of the grooves truncate numerous craters (e.g., yellow arrows in 
Fig. 4b,c). The examined lobe’s area includes widespread degraded craters at diameters ≤  ~ 100 m (e.g., red arrows 
in Fig. 4), including some modified into irregular flat-rimmed (or no-rim) depressions (e.g., zone outlined by 
dashed white line in Fig. 4e).

Pervasive pitted cones occur throughout the trough and SHPD floors (Figs. 2b, 5a, white arrow in Fig. 5b). 
In addition, the trough floors also exhibit abundant dome-like structures (Fig. 5a, blue arrows in b–d). However, 
the chaotic terrain’s mesa surfaces are void of these features (Fig. 5a). Some of the pitted cones retain encircling 
deposits flanked by irregular scarps, which extend to the cones’ margins (red arrows in Fig. 5b). Some of the 
domical structures consist of fractured elevated areas (blue arrow in Fig. 5c), while others are surrounded by 
inward-dipping unconformities around concentric layers (blue arrow in Fig. 5d). Furthermore, some domes are 
observed to host mesas atop them, with these mesas exhibiting inclined surfaces that extend towards adjacent 
plains areas encircled by lobate margins (Fig. 6).

Figure 6.  (a) A view of a section of southern Hydraotes Chaos. The black line delineates the regional margin of 
the hypothesized mud lake residue. Panels (b), (c), and (d) highlight examples of mesas with inclined surfaces 
that seem to be buried under floor-forming materials exhibiting local lobate patterns (white arrows). Specifically, 
panel (d) provides a perspective view, allowing observation of a mesa flank gradually becoming buried by the 
adjacent floor materials (Credit: Google Earth). Panels (a) to (c) utilize an overlaid HRSC-MOLA DEM on a 
portion of a CTX mosaic (200 m/pixel and 6 m/pixel respectively; credits: MOLA data—NASA, HRSC data—
ESA/DLR/FU Berlin, CTX mosaic—NASA/JPL/Malin Space Science Systems;  reference48) (source: https:// www. 
msss. com/ mro/ marci/ images/ tips/ media tips. html).

https://www.msss.com/mro/marci/images/tips/mediatips.html
https://www.msss.com/mro/marci/images/tips/mediatips.html
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Figure 7.  (a) Broad view of the distribution of the total particulate load at 150 Ka. The igneous intrusions 
are randomly distributed with an average spacing of ~ 3.5 km. (b–c) Close-up views at 300 Ka, with panel (c) 
showing a higher heat input scenario. An approximate steady state is reached before 300 Ka. Blue and yellow 
stripes represent frozen mud layers with high and low particulate content, respectively. In the melted region, 
particles have settled to form a porous bed (depicted in red) with cumulative thicknesses typically ranging 
between ~ 300 and 500 m. Above this bed are the water chambers, with thicknesses varying from ~ 400 to 
650 m for the two heating rates presented. (d, e) Depictions of temperature distribution in corresponding 
model domains at a heating rate of 1 W/m2. (f) Temperature distribution at a heating rate of 2 W/m2. Most 
of the vertical structure develops by 150–200 Ka; after this period, growth is primarily lateral, resulting in the 
connection of individual water chambers.
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Integrated interpretation of findings
Evidence of middle Amazonian evacuation of fluidized mud
We posit a post-Hesperian resurgence of subsidence, instigating a stark morphologic dichotomy (yellow line in 
Fig. 1a); this process affected the northwest inter-trough floors and most of the chaotic terrain’s southeast region.

The northwestern region subsidence modifications are substantiated by depressions with extensionally frac-
tured margins (e.g., Figs. 1c, 2b), partitioning the topography of the trough floors between mesas (Fig. 2). In 
particular, Y-shaped fracture patterns, or triple junctions, commonly denote localized subsidence in the sur-
rounding areas, giving the intersection point an apparent relative elevation (red arrows in Fig. 2b). The radiating 
arms of this Y-structure are a consequence of tensional stresses causing the ground to fracture into extensional 
faults. Furthermore, the presence of sinuous uphill-facing scarps along the lower floor areas (e.g., yellow arrows 
in Fig. 2b,c) is consistent with surface creep and thrusting associated with gravitational spreading processes 
during  subsidence71.

In the southeastern region, there are several terraced mesas leaning towards their neighboring SHPD flanks 
(Fig. 3a), indicating that subsidence extended beyond the troughs and was centered within the SHPD. The SHPD’s 
near-uniform elevation margin (Fig. 3a) alludes to a ponding origin. Its overlap with adjacent inter-mesa, sub-
sided floors (Fig. 3b) implies that ponding happened post-subsidence, yet likely related to it.

We propose that the observed subsidence patterns suggest extensive subsurface material depletion, largely 
offset by substantial outflows forming a paleolake in the chaotic terrain’s southeast. Consequently, we propose 
that SHPD is this paleolake’s residue. We conducted a count of impact craters on its surface. This analysis allowed 
us to estimate that this deposit formed during the Middle Amazonian, ~ 1.1 Ga (Fig. S3), implying subsurface 
releases ~ 2.3 Ga after the regional Late Hesperian catastrophic floods had  ceased6.

High-resolution SHPD close-up views reveal extensive NW and NE lineated patterns, including grooves, 
which locally truncate crater margins (e.g., yellow arrows in Fig. 4b,c). Graben-horst systems, resulting from 
tectono-volcanic activity, can give rise to similarly structured topography.

However, the regional presence of widespread, highly eroded craters with diameters smaller than 100 m 
(generally 30 m deep or less) cannot be attributed to ancient tectonic forces, suggesting that wind erosion was 
determinant in shaping the lineated patterns (Fig. 4). Additionally, the presence of bouldery ridges amidst 
scoured terrains attests to wind-induced deflationary processes, characterized by selective removal of fine sedi-
ments and consequent emergence of residual boulders (white arrows in Fig. 4c,d).

We observe no typical pahoehoe or ‘a‘ā textures, suggesting that lava flows probably did not significantly con-
tribute to the SHPD’s emplacement. Hence, we suggest that this terrain consists of predominantly fine-grained 
material, suggesting that the paleolake likely ponded a muddy fluid.

We propose that the SHPD was expulsed from a buried layer through powerful sedimentary outflows—while 
generating pervasive subsidence accompanying tilting of mesas and other shallow rooted tectonics—erupting 
as a sediment-rich fluid to form a mud lake. In a similar manner, but inferred from a rheological model, Wilson 
and Mouginis-Mark72 interpreted that a distinctive flow deposit southwest of Cerberus Fossae was a subsurface 
released mud flow.

The deepest SHPD areas, reaching ~ 350 m below its margin (Fig. 3a), are flanked by broad grabens (Fig. 3c), 
suggesting that after its initial ponding, its surface solidified and experienced extensional stresses due to sub-
sidence as its subsurface lost voluminous volatile content. Low-lying wrinkle ridges on these deep SHPD areas 
(Fig. 3a,d) are consistent with compressional stresses concentrated close to the convergence areas, compensating 
for the lateral extension during the subsidence. The proposed large scale of subsidence affecting the solidified 
mud lake’s surface suggests the retention of large water volumes within the sedimentary outflows that generated 
the mud lake.

Surface fractures reaching the water-rich mud lake residue could have readily driven its volume loss within 
the deposit through sublimation, evaporation, or fluidized emanations. An analog consideration is the drainage 
of a sub-ice lake on the Amery Ice Shelf in East Antarctica in mid-winter 2019, which resulted in the ice doline 
(a significant depression in the surface of the ice  shelf73). This event, caused by the loss of approximately 600–750 
million cubic meters of sub-ice water, resulted in a lowering of the local surface elevation by an average of 24 m, 
with the lowest point reaching 80  m73.

Geothermal processes generating aquiferous chambers within ice–rich mudstone stratigraphy
We propose that the segmented subsidence within the NW Hydraotes Chaos inter-mesa floors reflects the destabiliza-
tion of interconnected, closely spaced aquiferous chambers that developed within an ice-rich stratigraphy.

The overarching concept of phase segregation, posited as the cause for Martian interconnected aquifer-
ous chambers, has previously been suggested as an explanation for the notably extensive subsidence patterns 
observed in the curvilinear formations within the highland regions located between Aromatum and Hydaspis 
Chaos (Fig. 1a). This theoretical framework was initially presented by Rodriguez and colleagues in their 2005 
and 2015  publications16,18,20.

To explore the plausibility of melt segregation hydrodynamics giving rise to chains of aquiferous chambers, 
we executed advanced numerical simulations (Fig. 7). The results indicate that when magmatic heat is applied 
to the ice-rich mudstone stratigraphy, the ice melts, releasing lithic particles. These particles descend and amass 
at the base, creating sedimentary beds with an approximate porosity of 20% (Fig. 7a–c).

Our simulations further suggest that after ~ 150 Ka, this process of localized melting and phase segregation 
within the frozen strata results in the formation of multiple aquiferous chambers. These chambers typically meas-
ure around 1–2 km in width and 400–600 m in thickness, with these dimensions being dependent on the rate 
of intrusion heating (Fig. 7a). The distance between the centers of adjacent chambers is estimated to be around 
3–4 km (Fig. 7a). By ~ 300 Ka, these chambers have expanded and merged, forming interconnected subsurface 
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conduits (Fig. 7b,c). The dimensions and spacing of these conjoined chambers correspond to the amplitude of 
subsidence compartmentalization observed within the northwest region of Hydraotes Chaos, as exemplified by 
the elevation profile from point Y to Y′ depicted in Fig. 2.

Figure 7d,e illustrate the effects of magmatic heat injection at 1.0 W/m2 and 2.0 W/m2 levels, respectively. For 
the lower heating scenario, by ~ 150 Ka, the top of the liquid cavity reaches to about 1100 m below the surface 
(Fig. 7a,b). On the other hand, for the higher heating scenario, the top of the liquid cavity is observed at a shal-
lower depth of approximately 780 m (Fig. 7c). Hence, accentuated subsidence might be a function of heat flow 
and not just the amount of buried water, suggesting that there could be vast swaths of thermally undisturbed 
subsurface mudstones retaining an elevated water ice content. Specifically, our simulations validate the geophysi-
cal feasibility of the proposed segregation mechanism at the scales observed within NW Hydraotes segmented 
floors, generally close to ~ 5 km cells (e.g., Fig. 2b).

Discussion on the significance of Amazonian sedimentary eruptions in Hydraotes 
Chaos
Gas-charged mudstones and evaporites as sedimentary volcanism sources
A critical observation is that while the floors of Hydraotes Chaos include widespread pitted cones and dome-like 
structures, these features do not occur on the chaotic terrain mesa surfaces (Fig. 5a). This distribution indicates 
an origin connected to the geologic composition of a stratigraphic zone underlying the mesa-forming materials. 
Such a morphogenetic connection is common in terrestrial sedimentary  volcanism74,75.

In contrast, while intrusive magmatism can also generate pitted cones and dome-like features, its broad stress 
fields yield these extrusions without regard to the geological substrate types  present76–78. Hence, we interpret that 
the pitted cones and dome-like structures are mud volcanoes and diapirs, respectively. Komatsu, et al.79’s and 
Brož, et al.80’s documentation of possible mud volcanism within other southern circum-Chryse locations sup-
ports this interpretation. Furthermore, the proposed mud volcanoes fall into Komatsu, et al.79’s Type 1 category 
(steep-sided cones typically with a summit crater, Figs. 2c, 5b).

On Earth’s sedimentary depocenters, mud volcanoes and mud diapirism coexist over breached gas-charged, 
muddy  substrates81,82. Therefore, we suggest that an equivalent regional stratigraphy beneath Hydraotes Chaos, 
a detrital basin, could account for the proximal coexistence of these features. The existence of a clathrate stra-
tigraphy has been previously postulated as a cause of the collapse leading to chaotic terrain  formation23,24,83. In 
the context of our findings, we propose that the deeper parts of the buried, ice-rich mudstones could have also 
been clathrate bearing and that the prominent subfloor erosion leading to subsidence led to their unloading and 
decompression-triggered dissociation. In addition, heat released from the proposed magmatic intrusion (Fig. 7) 
could have also triggered or enhanced their dissociation.

While mud volcanoes and diapirs are typically situated within subsided floors (Fig. 5b–d), they display no 
signs of fracturing or deformation attributable to the extensional stresses incurred during the surface down-
warping process. Given these observations, we propose that the emergence of these structures took place post the 
subsidence event. This chronological order implies that overpressure releases following crustal unloading could 
have triggered the buoyant rise of gas-charged muds, thereby instigating both mud volcanism and diapirism.

Additionally, diapir-prone geological contexts are frequently associated with Earth’s rifted-margin domains, 
where segmental loading linked to extension and overburden sedimentation on exposed evaporite layers, nested 
within extension-induced fault-block structures, foster diapiric  ascents82,84. Drawing a parallel, we notice certain 
diapirs along inter-mesa troughs where they coexist with mud volcanoes yet are conspicuously absent from the 
SHPD (Fig. 5a). Our hypothesis posits that, in this area, diapirism might have been a byproduct of localized 
loading on evaporite layers initiated by upper crust fragmentation, with upwelling taking place in non-loaded 
sectors. The proposed evaporite layers might have been stratigraphically interbedded with mud-rich layers, 
explaining their co-existence with possible mud volcanoes (Fig. 8).

Considering mud volcano alternatives
The interpretation of mud volcanic features on Mars remains challenging and alternative interpretations are 
sometimes hard to rule out. For example, while Meresse et al.85 identified the Hydraotes Chaos’ pitted cones 
as silicate cinder cones, the lack of corroborative  a’a lava textures (Fig. 4) typically associated with magmatic 
volcanism challenges this hypothesis. Moreover, the study by Dapremont and  Wray86 suggests that the absence 
of peripheral flows around Hephaestus Fossae’s pitted cones is consistent with a magmatic origin.

In contrast, Hemmi and  Miyamoto87, Hemmi and  Miyamoto88, and Oehler and  Allen89  —  studying pitted 
cones in Terra Sirenum and Acidalia Planitia  — noted low gradient flank slopes (< 10°), suggesting terres-
trial mud volcanoes. This gradient diverges from those for cinder cones, which generally exhibit ~ 30°  flanks90. 
Our local measurements in Hydraotes Chaos also show ~ 11° cone slopes (Fig. S4), favoring the mud volcano 
hypothesis.

However, we note that both lack of peripheral flows and steeper cone flank angles could imply wind erosion, 
as much as a magmatic origin. Such morphometric convergence complicates Martian volcano/mud volcano 
classification, underscoring the necessity for more in-depth studies on the influence of degradation processes 
on their morphology.

Hence, we do not discount the role of magmatic volcanism in forming some pitted cones. In fact, albeit 
infrequently associated with cinder cones, terrestrial mud volcanism can sometimes be linked to magmatic-
induced geothermal  activity91, resulting in the coexistence of mud and silicate volcanoes, such as in the Copper 
River  Basin92.

In addition, while permafrost features like pingoes often coexist with volcanic elements, such as those in Ber-
ing Land Bridge National  Park79,93, mud volcanoes are seldom associated with pingoes on  Earth94. However, we 
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Figure 8.  Stratigraphic and structural evolution of Hydraotes Chaos during Middle Amazonian. (a) Simplified stratigraphic depiction 
of Hydraotes Chaos during the Late Hesperian, providing a base for the subsequent, Amazonian hydrogeologic resurfacing history. 
(b) Illustration of the morphological changes driven by Middle Amazonian intrusive magmatism. Differentiation of aquiferous 
chambers from icy mudstone induces geological instabilities, propagating fractures to the inter-mesa floors, instigating subsidence, 
and stimulating the formation of sedimentary volcanic cones within NW Hydraotes. Concurrently, melting of a lowered Late 
Hesperian conduit fill within SE Hydraotes Chaos gives rise to a substantial aquiferous chamber featuring a segregated lithic base. Its 
massive scale precipitates an energetic collapse, initiating high-energy outflows that transport water sediments and fragmented ice 
into the resultant depression, thereby fostering a mud lake. (c) Following extensive subsidence and mud lake formation, desiccation 
occurs, sealing the remaining aquiferous chamber. Despite desiccation, an elevated water table persists, likely attributable to a freeze-
resistant composition, and establishes a potentiometric surface that instigates mud volcanism over the now-dry lake’s sedimentary 
plains. Furthermore, the loss of shallow rigidity, a consequence of the melting phase, permits density inversions that trigger diapiric 
ascensions in subsidence areas.
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acknowledge that a freezing mud lake in Hydraotes Chaos could have facilitated their  formation95,96, potentially 
contributing to the regional pitted cones and domes.

Finally, although we also consider that it is also possible that some are eroded mountains, we note that these 
generally have more irregular shapes and should expose stratigraphy consistent with the surrounding mesas.

Probing evaporite‑controlled diapirism and geological structure
Our observations reveal that the Chaos’ eastern boundary is characterized by a pattern of ridges and troughs, 
notably elevated compared to the encompassing chaotic terrain, and running parallel to the proximate highland 
scarps (Fig. 5e). Possible diapirs are present in these troughs, yet no signs of evolved subsidence or mud volcan-
ism are detected (Fig. 5f). Contrasting the more extensive low-lying areas (Fig. 2a,b), we interpret the absence 
of such subsidence as indicative of a lack of subsurface chambers beneath these floors.

We propose that the diapirs emanated from a deeper salt layer within the unexposed, extensively subsided 
chaotic terrain (Fig. 8), where highland-forming mudstones have undergone geothermally driven expulsions. 
These deeper layers may either extend from the evaporites in Valles Marineris, as suggested by Montgomery 
et al.97, or contribute to the broader Noachian marine sequence discussed by Rodriguez et al.39.

The presence of an expansive, ancient evaporite stratum beneath the mudstone unit could have served as 
a gas-impermeable lithological  boundary98–100. This configuration sheds light on a potential gas trap mecha-
nism. In response to pressure-induced fracturing of the overlying strata, this arrangement could have catalyzed 
sedimentary upwellings into the overlying mudstones, leading to mud volcanism throughout Hydraotes Chaos 
and probably other areas in southern circum-Chryse, such as documented by Komatsu et al.79 and Brož et al.80.

The heterogeneous rheology of the proposed stratified sequence, coupled with the higher density of the 
overlying mudstone materials relative to the evaporites, could have instigated  diapirism82,84. Furthermore, the 
effect of  extension16,18,85 on such stratigraphy could have initiated boudinage deformation, acting as a precursor 
to  diapirism101,102. The boudinage process, which results in the creation of elongated rock structures through 
differential deformation, can facilitate the development of diverse dome fields. These types of formations are 
visible in Earth’s salt  domes103, glacial ice  structures104,105, and permafrost  features104,106, and might be present 
within the study region.

Evaporite emergence from aquiferous chambers. An alternative hypothesis to the ancient salt layer, which we 
explore here, is that some diapirs could have emerged from segregated salts within the aquiferous chambers. 
Although the mineralogy of the salts on Mars is not fully understood, we can still make predictions about their 
behavior based on our knowledge of salt diapirs, shale diapirs, and mud volcanism on Earth, as well as the prop-
erties of the materials found on Mars.

In-situ investigations have detected and characterized some Martian evaporite materials suggestive of surface 
and near surface water-rich settings at Meridiani  Planum107, Gusev  crater107, and Gale  crater108,109. We postulate 
that, as these aqueous chambers underwent progressive cooling, a subsurface accumulation of brine salt pre-
cipitates and ice particulates could have occurred within them (e.g., for a suggestive study, see Travis et al.110).

We recognize the need in future work for detailed numerical modeling to account for the thermochemical 
conditions affecting precipitation and possible compositional shifts during diapiric ascension. However, current 
geochemical studies suggest probable precipitation of hydrated salts, including hydrohalite (NaCl·2H2O), gyp-
sum  (CaSO4·2H2O), kieserite  (MgSO4·H2O), starkeyite  (MgSO4·4H2O), epsomite  (MgSO4·7H2O), meridianiite 
 (MgSO4·11H2O), magnesium sulfate dodecahydrate  (MgSO4·12H2O), and mirabilite  (Na2SO4·10H2O)83,108,111–113. 
Additionally, hydrothermal hydroxylated salts such as jarosite  (KFe3  (SO4)2 (OH)6) could have also been 
 deposited114.

Upon formation, the evaporite lenses would have gained buoyancy, gradually ascending as solid-state or 
solid–liquid diapirs towards the surface, potentially breaching the subsided topography. For instance, the 
eutectic of magnesium sulfate and water occurs at approximately 269.25 K and 17 weight-%  MgSO4 at low 
pressures, which then solidifies into a mixture of ice plus meridianiite  (MgSO4·11H2O) or the dodecahydrate 
 (MgSO4·12H2O). Under such conditions, the brine exhibits a density of about 1193 kg/m3, while the frozen 
mixture has a density of 1123 kg/m3115. It is noteworthy that meridianiite  (MgSO4 undecahydrate) and the 
dodecahydrate phase have densities around 1510 kg  m−3. Given these brine compositions, the density contrast 
with conventional rocks could have been sufficient to propel the upward movement of the diapir into the subsided 
valley floors, provided thermal conditions supported soft rheologies.

Subsequently, ice/salt diapirs originated from these strata and ascended to the surface (1–6 in Fig. S5). Given 
the heating and dehydration of these salt layers and diapirs, they could have transitioned into regional sources 
of fluid eruptions and surface mud lakes (7, 8 in Fig. S5).

Unraveling the link between subsurface conduit networks and regional hydrology patterns
We postulate that the aqueous chambers may have interconnected to establish a network of subsurface conduits. 
In Figure 7, liquid brine is modeled at a depth of ~1200 m, where hydraulic pressure equilibrium with the overly-
ing rock would cause a pressure of ~12.9 MPa, assuming a crust density of 2900 kg/m³. This pressure is calculated 
using the formula P = 2900 kg/m³ × 3.72076 m/s² (Mars gravitational acceleration) × 1200 m.The compressibility 
data of magnesium sulfate solution, as delineated by Hogenboom, et al.115 (see, for example, their figure 15), sug-
gests that cryogenic conditions could have fostered the development of much greater hydraulic pressures within 
these conduits. However, the geology suggests that confining materials, possibly akin to shale, must be weak and 
unable to bear such high stresses, with shale’s tensile strength at ~5  MPa148. Hence, the cumulative weight of 
overlying strata, and the expansion of cryo-trapped ice within these formations could have induced significant 
overpressures.  Sustaining such significant pressure would be unlikely without several episodic release events. 
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Besides causing deformation in the chamber walls, these overpressure-induced eruptions could have promoted 
the progressive expulsion of residual non-frozen mud from the conduits. This process could have initiated erup-
tive events and mechanical instabilities leading to local tensional and compressional features, ultimately causing 
the subsidence and collapse of the conduits.

In Hydraotes Chaos’s northwestern region, geologic subsidence predominantly affected inter-mesa areas. 
Despite a lack of substantial compensatory sedimentation, scattered mud volcanoes and diapirs, which seem to 
have formed post-subsidence, are evident. Conversely, the southeastern region underwent extensive subsidence, 
leading to a prominent basin offset by aquiferous outbursts that facilitated the formation of a lacustrine mud 
body, of which the SHPD is a residue.

We posit a model linking the hypothesized conduit networks with the emergence of mud-rich water in 
Hydraotes Chaos’s southeastern region. Our model suggests the formation of a broad subterranean conduit net-
work in the northwestern area, converging into a significant aquiferous chamber in the southeast (Fig. 8b). The 
chamber’s size-induced instability instigated the localized expulsion of mud-rich water, initiating the formation 
of the proposed mud lake (Fig. 8c).

Furthermore, we suggest that the sustained flow from northwestern conduits into the collapsing chamber 
extended the duration of groundwater outflows. This increased the available groundwater volume for lake gen-
eration and possibly supplied a mechanism for pressurization following the freezing of its surface.

In addition, subsequent to the paleolake’s disappearance, these subsurface conduits might have temporarily 
maintained an elevated water table, presumably composed of freeze-resistant brines. This water table could have 
established a potentiometric surface, which in turn, might have also instigated mud volcanism over the floor of 
the now desiccated paleolake (Fig. 8c).

The large dimensions of the proposed aquiferous chamber beneath the southeastern Hydraotes Chaos implies 
that this region was juxtaposed over a subterranean zone marked by anomalously high ground ice concentration. 
The subsided basin in southeastern Hydraotes Chaos aligns with an adjoining highland’s curvilinear depression. 
This depression, previously inferred as a Late Hesperian subsidence locale, is part of a broader highland subsid-
ence system over proposed catastrophic-flood-feeding  conduits20. Hence, we hypothesize that large volumes of 
ice amalgamated with mudstone fragments composing the conduit fill (likely as ice intermixed with siliclastic 
 sediment116) were regionally sustained until the Middle Amazonian epoch.

Emergent diapiric patterns as an alternative control mechanism for the origin of subsurface conduit networks
Our numerically coupled model posits localized mudstone melting, induced by magmatic heat, as a potential 
catalyst for the formation of aqueous chambers (Fig. 8). Additionally, we hypothesize that these aquiferous 
chambers could have resulted from the heating of pre-subsidence diapirs that ascended into the proximate 
subsurface layer of the trough subfloors (Fig. 5a,e,f). Their hydrated salt could have facilitated the confinement 
of water within discrete subfloor volumes, thereby potentially enabling the geothermal generation of aquiferous 
chambers (as proposed by Travis, et al.110). Following their intersection, these networks would have served as 
precursors to tectonically guided, regional subsidence. Notably, recent research attributes some Martian depres-
sions to collapse over devolatilized  diapirs93.

Furthering our understanding of aquifer stability in southern circum-chryse
The connection of outflow channels to the northern paleo-ocean indicates an enormous early Mars hydrosphere, 
which experienced significant drainage to the northern plains’ surfaces ~ 3.4 Ga (Late  Hesperian2,9,117 (Tanaka 
et al.6)).

Our results indicate that ~ 1.1 Ga the hydrosphere generated a second paleolake within Hydraotes Chaos 
(the first one is thought to have formed during the Late  Hesperian45,46), implying regional aquifers’ endurance 
far beyond their Late Hesperian depletion event. Yet, the absence of overflow within Hydraotes Chaos suggests 
smaller discharge volumes than for the Late Hesperian counterparts, indicating possible shrinkage of the aquifer 
or its recharge  capacity15.

Furthermore, our findings also suggest a history of Amazonian catastrophic flooding events, wherein both 
the source and deposition zones were confined within the circum-Chryse outflow channels. This finding further 
underscores the significance of Martian outflow channels as terminal receivers during the younger instances of 
substantial flooding.

Lastly, the considerable ~ 2.3 Ga time interval between the Late Hesperian subsurface-conduit-fed catastrophic 
floods (~ 3.4 Ga) and the Middle Amazonian (~ 1.1 Ga) paleolake occurrence within Hydraotes Chaos sug-
gests that the proposed, subsidence-lowered conduit section beneath southwestern Hydraotes Chaos must have 
endured over multiple billion years (significantly outlasting any terrestrial karstic-fluvial systems). Consequently, 
we postulate that this conduit section (and most likely others) had a mechanically resilient structural framework, 
capable of withstanding the erosive effects of the intense, Late Hesperian groundwater flow and hydrostatic 
pressure variations.

Multi-billion year biosignature preservation, and concentration through aqueous releases
Our proposed ice-rich mudstone stratigraphy subjacent to Hydraotes Chaos potentially developed during large-
scale marine sedimentation, leading to the formation of the highland of southern circum-Chryse during the Mid-
dle Noachian (~ 3.94 Ga to ~ 3.83 Ga)6. This subsurface stratigraphy presents an opportunity for post-Noachian 
habitability and radiation-shielded preservation of potential molecular biosignatures.

Our simulations suggest potential habitability in aquiferous chambers from ice-melting in mudstones. Dif-
ferent heating rates (Fig. 7d,e (1 W/m2), 7f. (2 W/m2)) create extensive 0–100 °C domains (Fig. S6), bolstering 
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chances for biosignature preservation, and providing windows of potential habitability that could have lasted a 
few hundred thousand years.

The proposed Late Hesperian and Middle Amazonian Hydraotes Chaos paleolake formations represent two 
distinct drainage events from these potentially habitable water-rich environments and showcase an argument for 
Martian aquifers regionally persisting for billions of years. This possibility is supported by evidence of billion-
year-scale groundwater retention on  Earth118.

Our hypothesis is that a water-lithic phase segregation process generated an aquiferous chamber within the 
mudstone stratigraphy. The groundwater within the chamber could have acquired diverse biosignatures previ-
ously dispersed within the distinct layers forming the Noachian mudstone stratigraphy. The chamber collapse 
would have released these biosignatures, along with aquifer sediments and water, ponding to form the proposed 
mud lake. As the lake gradually dissipated, possible biomolecules could have been precipitated and concentrated 
within its sedimentary residue (the SHPD). Furthermore, while the SHPD is ~ 1.1 Ga, the pitted cones that 
superpose it could be younger, perhaps offering sedimentary deposits that were even more recently extruded, 
and hence, less exposed to the bio-damaging surface environments of Mars.

Landing site considerations
Preliminary landing target selections
Our proposed geologic scenario encompasses interlinked intrusive magmatism, voluminous groundwater melt 
generation and evacuation, followed by gas-charged mud decompression and eruptions (Fig. 8). We posit that 
the investigated pitted cones and dome-like features within Hydraotes Chaos floors (Fig. 5) largely represent 
mud volcanoes and diapirs, respectively. Furthermore, the morphological traits of these features can guide us to 
distinct outcrops of mud volcano deposits and diapiric extrusions. Analyzing these samples can elucidate forma-
tion conditions, geochemical interactions, and potentially reveal isotopic signatures of ancient environments. 
Residual brine precipitates and potential biosignatures may offer insights into their original composition and 
help us interpret the historic hydro-climatic factors influencing these structures’ evolution.

Our selection of potential mud volcanoes focuses on pitted cones bearing surrounding deposits fringed by 
irregular scarps (red arrows in Fig. 5b). This pattern aligns with water-charged mud breccia eruptions common 
to sedimentary volcanism (e.g., Fig. S7a). As for the selection of potential diapirs, we are particularly interested 
in domical structures with elevated fractured surfaces (blue arrow in Fig. 5c, Fig. S7b) and inward-tilting uncon-
formities surrounding concentric layers (blue arrow in Fig. 5d, Fig. S7c), traits consistent with emerging and 
eroded diapirs,  respectively119,120. Also, some domes are topped by sloping mesas extending to plains with distinc-
tive lobate edges (Fig. 6), suggesting that gas-infused diapirs may have surfaced as muddy upsurges. Regional 
diapir summit knobs (Fig. 5d) could be sediment-made venting structures for mud and  gas79,93.

Rationales for high biomarker preservation within the SHPD
We hypothesize that the SHPD, originating from a subsurface, Noachian stratum, could be a trove of pre-
served molecular biosignatures. Hence, we advocate for its prioritization as a prime target for astrobiological 
investigation.

Our investigation indicates that the age of SHPD emplacement, around 1.1 Ga, corresponds with Earth-
based timelines for the preservation of core structures of lipid biomarkers, suggesting it could potentially be a 
repository of preserved  biosignatures121–123. Moreover, numerous environmental factors at SHPD could have 
amplified biomarker preservation. Particularly, the cryogenic, desiccating Martian conditions, along with the lack 
of metamorphic activity, might have contributed to biomarker  longevity124. Corresponding terrestrial environ-
ments, which foster active ecosystems, are well-documented to maintain biomarker integrity over substantial 
geologic  timescales125–128.

However, we should note that organic matter residing within the upper 2–3 m of the Martian surface is 
subject to degradation from ionizing radiation, primarily solar energetic particles (SEPs) and galactic cosmic 
rays (GCRs). Degradation mechanisms include direct impacts that cleave bonds, or indirect effects arising from 
interactions with secondary gamma rays, oxidants, and radicals produced by the incoming charged  particles129,130.

Experimental and model-based projections suggest that organic molecules at depths of 0–10 cm will undergo 
degradation based on their mass. Molecules with atomic mass units (amu) less than 100 are expected to degrade 
within a timeframe of 1 Ga, whereas those exceeding 300 amu are projected to degrade within 0.3 Ga. However, 
within the depth range of 10 cm to 3 m, the overlying material provides sufficient shielding to significantly extend 
these molecular  lifetimes129,131,132.

Several factors, including mineral-organic interactions and desiccation, can slow the degradation  process130,133. 
The radiation exposure of sedimentary strata, from charged particles and secondary gamma radiation, is primar-
ily confined to the topmost 3 m. Hence, organics present below this threshold are anticipated to be effectively 
shielded from radiation  degradation129,131,134.

In the SHPD, possible ongoing wind erosion might expose preserved organics faster than radiolytic degra-
dation could alter them, thus improving the detectability of ancient organics. This elevates the site as a unique 
and highly promising target for astrobiological missions seeking Martian life’s molecular traces. We propose 
that in-situ sampling of the upper stratigraphy, using a rover or stationary  lander135, would further increase the 
chances of reaching organic-rich soil beds.

Our suggested location, a desiccated mud lake, may contain concentrated surface and near surface, ancient 
organics. The SHPD is likely in contrast to many other Martian sites, which lack such geologic history involving 
biosignature concentrating mechanisms. Some experts advocate geological sample return, rather than in-situ 
analysis, as the most effective approach for detecting Martian biosignatures, due to the potential for concentra-
tions to fall below the detection threshold of existing in situ sensing  technology136. This concern relates to the 



18

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17524  | https://doi.org/10.1038/s41598-023-39060-2

www.nature.com/scientificreports/

types of instrumentation previously deployed, considering their limitations in spatial resolution, sample size, and 
analytical instrument limits of  detection137–139. Consequently, future astrobiological missions should adhere to 
rigorous extraction protocols, drawing from terrestrial methodologies adapted for spaceflight conditions during 
sample return. These must consider the possible variations in organic dispersion by securing sizeable soil samples 
(~ 10 s of grams), utilizing low-temperature solvent extraction, eliminating inorganics, concentrating organics, 
and having a low-limit of detection  analyzer140.

Broader implications and significance
Reevaluating our understanding of the Martian buried hydrosphere through southern Cir-
cum-Chryse highland stratigraphic reconstructions
Previous studies indicate that the mesas in Hydraotes Chaos, and others scattered across the southern circum-
Chryse region’s chaotic terrains, are remnants of rifted highland areas that experienced significant subsidence 
during the Late  Hesperian16,18,39,85,141.

The mesa scarps preserve polygonal outlines, relics of the aforementioned subsidence phase (Fig. 8a). This 
retention pattern implies that these mesas are composed of relatively resistant materials, and notably, these 
materials likely did not contain substantial volumes of water ice, which could have led to periglacial and glacial 
modification of the scarps, as believed to have occurred in the Deuteronilus Mensae region of northern Arabia 
 Terra142.

The character of combined sedimentary volcanism and diapirism within Hydraotes Chaos suggests an under-
lying stratigraphy made up of a buried, ice-rich, gas-charged mudstone and an underlying evaporite layer (Fig. 8). 
In addition, our model postulates that this stratigraphic assembly underwent substantial sedimentary eruptive 
evacuation and extensive diapiric deformation during the Middle Amazonian (Fig. 8). As a result, the subfloor 
of Hydraotes Chaos may be highly heterogeneous, possibly featuring extensive overturned strata.

Our revised upper crustal stratigraphy places the southern circum-Chryse aquifers within a gas-laden, ice 
and salt-rich mudstone layer, overlying an evaporite stratum. This vision departs from Clifford’s model by sug-
gesting that, at least in this region, the confinement of groundwater was not due to an ice-saturated cryosphere 
but was influenced by the low permeability of mudstone/evaporites. In addition, our regional model stands in 
contrast to the global sedimentary hydrosphere proposed by Scheller et al.30, proposing that the subsurface water 
released during chaotic terrain collapse existed as ice and/or evaporite layers, rather than being bound within 
clay minerals.

Late Hesperian marine hydraulic equilibrium
Previous research indicates a hydraulic balance between an inland sea in southern circum-Chryse and the north-
ern ocean, potentially maintained through permeable structures in Hydraotes  Chaos45. If the proposed Hydraotes 
Chaos-underlying mudstones in this region extended far northward into the northern lowlands, partial ice melt 
could have created networks of water-filled conduits, sustaining this equilibrium. Additionally, or alternatively, 
this interconnection may have occurred within an underlying stratified evaporite layer.

Subsurface gas traps in Hydraotes Chaos: a hypothesis for hydrogen depletion and the exist-
ence of deep aquifer-bearing strata
The stratigraphic configuration in Hydraotes Chaos, characterized by mudstones superimposed on evaporites, 
mirrors terrestrial mega gas fields. On Earth, argillaceous materials and evaporites commonly serve as caprock 
materials for gas fields, gypsum salt rock exhibiting the most effective sealing  performance98. We propose that 
the mudstone’s impermeability could have facilitated the sequestration of volcanic effluents, including carbon 
dioxide and methane, potentially catalyzing clathrate genesis.

Later, magmatic intrusions or other pressure/thermal disturbances could have triggered clathrate dissociation 
and subsequent outgassing, potentially causing sedimentary volcanism. This process could also have created 
sealed gas pockets, which might have undergone repeated cycles of confined sublimation and condensation. 
Furthermore, we propose that the mechanism of volatile entrapment within the clay-rich and evaporitic stra-
tigraphy could explain the scarcity of hydrogen (~ 1.8 WEH, Fig. 3B)143 in Hydraotes Chaos’ regolith, attributed 
to low diffusion rates.

Conclusions and summary
The Martian chaotic terrains and outflow channels, subjects of study since the 1970s, are believed to signify 
substantial subterranean water sources. However, the identification of aquifer-released fluids in these channels 
presents a challenge due to the interference of eroded highland materials and, in higher latitudes, recent ice and 
aeolian mantles. In this investigation, we document a sedimentary deposit within the Hydraotes Chaos region 
and posit its formation as a result of Middle Amazonian groundwater and mud, released from an aquifer mostly 
underlying a deep basin within the chaotic terrain. We propose that the discharges into the basin rapidly, and 
without channelized flow, ponded into a lake  and that its sedimentary residue forms an extensive deposit con-
sisting of aquifer-released materials. 

We hypothesize that the sedimentary eruption could have been instigated by geothermal heat acting upon 
ancient, gas-charged mudstone deposits abundant in water-ice strata. This thermogenic activity would have 
segregated the water from the sediment, facilitating the formation of a series of interconnected chambers filled 
with water, or aquiferous chambers. With time, these chambers experienced structural failure, unleashing muddy 
water discharges, leading to widespread subsidence throughout the area, and consequently giving rise to a lake 
in the southeastern part of Hydraotes Chaos.



19

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17524  | https://doi.org/10.1038/s41598-023-39060-2

www.nature.com/scientificreports/

Following the drainage, subsidence came to a halt. However, we propose that the consequential unloading 
resulted in decompression of the gas-charged mudstone unit, instigating mud volcanic eruptions and ascension 
of diapirs into the subsided floors. Additionally, we propose that some of these diapirs could have emerged from 
a deeper evaporite layer, which could span a supra-regional extent.

Our age estimations of the mud lake point towards its formation around ~ 1.1 Ga, which is approxi-
mately ~ 2.3 Ga post the peak of outflow channel activity in the region. This time correlation implies that aquifers 
on Mars might have persisted for billions of years, potentially preserving habitability and stable biosignatures 
for significantly more extended periods than other water-related materials that were deposited at the surface 
earlier in the planet’s history.

Our investigations suggest that the southern circum-Chryse region, apart from exhibiting collapsed terrains 
and groundwater release landscapes typical of chaotic terrains and outflow channels, also contains aquifer-
released materials. These materials were likely sourced from a stratigraphy consisting of clay and evaporite 
deposits located beneath a dry, resilient layer, which subsequently disintegrated, culminating in the formation of 
the mesas observed in the chaotic terrain.Our investigation does not show evidence indicative of the long-held 
view of a regional hydrosphere confined and pressurized beneath an ice-saturated  cryosphere9.

Directions of future work
In this article, we document details on how Amazonian hydrogeology operated within the southern circum-
Chryse region of Mars. Most of the region’s previous work focuses on the occurrence of outflow channel forming, 
ocean-sourcing, catastrophic floods released from aquifers during the Late  Hesperian2,6. However, some other 
investigations reveal that the regional subsurface also underwent catastrophic floods episodically during the 
Amazonian  Period144,145, which has lasted ~ 3 Ga, essentially most of the Martian history. Our findings suggest 
that intrusive magmatism regionally reactivated a residual aquifer situated beneath Hydraotes Chaos, releasing 
mud flows, which ponded and covered the chaotic terrain’s lowest zones. The resulting sedimentary unit offers 
an outstanding site for seeking biosignatures released from the upper crustal aquifers. Some important questions 
remain, and these should be explored through further research. Addressing them would concern, for example, 
determining the connection of the Amazonian floods to Mars ponding history, in particular discerning whether 
the floods fed into the northern plains to form younger seas as suggested by Fairén et al.36. A detailed, focused 
mapping effort to determine the distribution of Amazonian groundwater sources and water-laid sediments would 
be important for increasing the targeting repertoire of aquifer-released sediments for astrobiological considera-
tions. Furthermore, the increased documentation would provide us with more information regarding the nature 
and diversity of the groundwater release mechanisms and the structural integrity and interconnectivity of the 
sources. For example, evidence of extensive catastrophic flooding during the Amazonian would be consistent 
with the development of conditions favorable to broad-scale hydrology, perhaps connected to warm paleocli-
matic  periods144,145. On the other hand, if the floods were localized, their trigger was likely an endogenic process 
such as intrusive  magmatism85,141,146.

Data availability
The datasets used and analyzed during research are released and publicly available from NASA.

Received: 31 July 2022; Accepted: 19 July 2023

References
 1. Michael, G. G. Planetary surface dating from crater size–frequency distribution measurements: Multiple resurfacing episodes 

and differential isochron fitting. Icarus 226, 885–890. https:// doi. org/ 10. 1016/j. icarus. 2013. 07. 004 (2013).
 2. Clifford, S. M. & Parker, T. J. The evolution of the Martian hydrosphere: Implications for the fate of a primordial ocean and the 

current state of the northern plains. Icarus 154, 40–79. https:// doi. org/ 10. 1006/ icar. 2001. 6671 (2001).
 3. Parker, T. J., Gorsline, D. S., Saunders, R. S., Pieri, D. C. & Schneeberger, D. M. Coastal geomorphology of the Martian northern 

plains. J. Geophys. Res. 98, 11061–11078. https:// doi. org/ 10. 1029/ 93JE0 0618 (1993).
 4. Parker, T. J., Saunders, R. S. & Schneeberger, D. M. Transitional morphology in west Deuteronilus Mensae, Mars: Implications 

for modification of the lowland/upland boundary. Icarus 82, 111–145. https:// doi. org/ 10. 1016/ 0019- 1035(89) 90027-4 (1989).
 5. Baker, V. R. et al. Ancient oceans, ice sheets and the hydrological cycle on Mars. Nature 352, 589–594. https:// doi. org/ 10. 1038/ 

35258 9a0 (1991).
 6. Tanaka, K. L. et al. Geologic map of Mars. Report No. 3292, 48 (Reston, VA, 2014).
 7. Horvath, D. G. & Andrews-Hanna, J. C. The hydrology and climate of Mars during the sedimentary infilling of Gale crater. Earth 

Planet. Sci. Lett. 568, 117032. https:// doi. org/ 10. 1016/j. epsl. 2021. 117032 (2021).
 8. Carr, M. H. Formation of Martian flood features by release of water from confined aquifers. J. Geophys. Res. Solid Earth 84, 

2995–3007. https:// doi. org/ 10. 1029/ JB084 iB06p 02995 (1979).
 9. Clifford, S. M. A model for the hydrologic and climatic behavior of water on Mars. J. Geophys. Res. Planets 98, 10973–11016. 

https:// doi. org/ 10. 1029/ 93JE0 0225 (1993).
 10. Tanaka, K. L., Skinner, J. A. Jr., Hare, T. M., Joyal, T. & Wenker, A. Resurfacing history of the northern plains of Mars based on 

geologic mapping of Mars Global Surveyor data. J. Geophys. Res. Planets https:// doi. org/ 10. 1029/ 2002J E0019 08 (2003).
 11. Carr, M. H. Water on Mars. Nature 326, 30–35. https:// doi. org/ 10. 1038/ 32603 0a0 (1987).
 12. Chapman, M. G. & Tanaka, K. L. Related magma–ice interactions: Possible origins of Chasmata, Chaos, and surface materials 

in Xanthe, Margaritifer, and Meridiani Terrae, Mars. Icarus 155, 324–339. https:// doi. org/ 10. 1006/ icar. 2001. 6735 (2002).
 13. Moore, J. M. et al. The circum-Chryse region as a possible example of a hydrologic cycle on Mars: Geologic observations and 

theoretical evaluation. J. Geophys. Res. Planets 100, 5433–5447. https:// doi. org/ 10. 1029/ 94JE0 8205 (1995).
 14. Harrison, K. P. & Grimm, R. E. Regionally compartmented groundwater flow on Mars. J. Geophys. Res. Planets https:// doi. org/ 

10. 1029/ 2008J E0033 00 (2009).
 15. Skinner, J. A. J. & Tanaka, K. L. In 33rd Lunar and Planetary Science Conference Abstract #1878 (Lunar and Planetary Institute, 

2002).

https://doi.org/10.1016/j.icarus.2013.07.004
https://doi.org/10.1006/icar.2001.6671
https://doi.org/10.1029/93JE00618
https://doi.org/10.1016/0019-1035(89)90027-4
https://doi.org/10.1038/352589a0
https://doi.org/10.1038/352589a0
https://doi.org/10.1016/j.epsl.2021.117032
https://doi.org/10.1029/JB084iB06p02995
https://doi.org/10.1029/93JE00225
https://doi.org/10.1029/2002JE001908
https://doi.org/10.1038/326030a0
https://doi.org/10.1006/icar.2001.6735
https://doi.org/10.1029/94JE08205
https://doi.org/10.1029/2008JE003300
https://doi.org/10.1029/2008JE003300


20

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17524  | https://doi.org/10.1038/s41598-023-39060-2

www.nature.com/scientificreports/

 16. Rodriguez, J. A. P. et al. Outflow channel sources, reactivation, and chaos formation, Xanthe Terra, Mars. Icarus 175, 36–57. 
https:// doi. org/ 10. 1016/j. icarus. 2004. 10. 025 (2005).

 17. Rotto, S. & Tanaka, K. L. Geologic/geomorphologic map of the Chryse Planitia region of Mars. Report No. 2441 (1995).
 18. Rodriguez, J. A. P. et al. Control of impact crater fracture systems on subsurface hydrology, ground subsidence, and collapse, 

Mars. J. Geophys. Res. Planets https:// doi. org/ 10. 1029/ 2004J E0023 65 (2005).
 19. Andrews-Hanna, J. C. & Phillips, R. J. Hydrological modeling of outflow channels and chaos regions on Mars. J. Geophys. Res. 

Planets https:// doi. org/ 10. 1029/ 2006J E0028 81 (2007).
 20. Rodriguez, J. A. P. et al. Martian outflow channels: How did their source aquifers form and why did they drain so rapidly?. Sci. 

Rep. 5, 13404. https:// doi. org/ 10. 1038/ srep1 3404 (2015).
 21. Zegers, T. E., Oosthoek, J. H. P., Rossi, A. P., Blom, J. K. & Schumacher, S. Melt and collapse of buried water ice: An alternative 

hypothesis for the formation of chaotic terrains on Mars. Earth Planet. Sci. Lett. 297, 496–504. https:// doi. org/ 10. 1016/j. epsl. 
2010. 06. 049 (2010).

 22. Kargel, J. S. et al. Martian hydrogeology sustained by thermally insulating gas and salt hydrates. Geology 35, 975–978. https:// 
doi. org/ 10. 1130/ g2378 3a.1 (2007).

 23. Komatsu, G. et al. A Chaotic Terrain Formation Hypothesis: Explosive Outgas and Outlow by Dissociation of Clathrate on Mars 
(2000).

 24. Rodriguez, J. A. P. et al. Headward growth of chasmata by volatile outbursts, collapse, and drainage: Evidence from Ganges 
chaos, Mars. Geophys. Res. Lett. https:// doi. org/ 10. 1029/ 2006G L0262 75 (2006).

 25. Luzzi, E. et al. Caldera collapse as the trigger of Chaos and fractured craters on the Moon and Mars. Geophys. Res. Lett. 48, 
e2021GL092436. https:// doi. org/ 10. 1029/ 2021G L0924 36 (2021).

 26. Malin, M. C. & Edgett, K. S. Mars global surveyor Mars orbiter camera: Interplanetary cruise through primary mission. J. 
Geophys. Res. Planets 106, 23429–23570. https:// doi. org/ 10. 1029/ 2000J E0014 55 (2001).

 27. Frey, H. V. Impact constraints on, and a chronology for, major events in early Mars history. J. Geophys. Res. Planets https:// doi. 
org/ 10. 1029/ 2005J E0024 49 (2006).

 28. Rodriguez, J. A. P. et al. The oldest highlands of Mars may be massive dust fallout deposits. Sci. Rep. 10, 10347. https:// doi. org/ 
10. 1038/ s41598- 020- 64676-z (2020).

 29. Carter, J., Poulet, F., Bibring, J.-P., Mangold, N. & Murchie, S. Hydrous minerals on Mars as seen by the CRISM and OMEGA 
imaging spectrometers: Updated global view. J. Geophys. Res. Planets 118, 831–858. https:// doi. org/ 10. 1029/ 2012J E0041 45 
(2013).

 30. Scheller, E. L., Ehlmann, B. L., Hu, R., Adams, D. J. & Yung, Y. L. Long-term drying of Mars by sequestration of ocean-scale 
volumes of water in the crust. Science 372, 56–62. https:// doi. org/ 10. 1126/ scien ce. abc77 17 (2021).

 31. Sefton-Nash, E., Catling, D. C., Wood, S. E., Grindrod, P. M. & Teanby, N. A. Topographic, spectral and thermal inertia analysis 
of interior layered deposits in Iani Chaos, Mars. Icarus 221, 20–42. https:// doi. org/ 10. 1016/j. icarus. 2012. 06. 036 (2012).

 32. Harrison, K. P. & Grimm, R. E. Tharsis recharge: A source of groundwater for Martian outflow channels. Geophys. Res. Lett. 
https:// doi. org/ 10. 1029/ 2004G L0205 02 (2004).

 33. Rodriguez, J. A. P. et al. Groundwater flow induced collapse and flooding in Noctis Labyrinthus, Mars. Planet. Space Sci. 124, 
1–14. https:// doi. org/ 10. 1016/j. pss. 2015. 12. 009 (2016).

 34. Baker, V. R. & Milton, D. J. Erosion by catastrophic floods on Mars and Earth. Icarus 23, 27–41. https:// doi. org/ 10. 1016/ 0019- 
1035(74) 90101-8 (1974).

 35. Kreslavsky, M. A. & Head, J. W. Fate of outflow channel effluents in the northern lowlands of Mars: The Vastitas Borealis forma-
tion as a sublimation residue from frozen ponded bodies of water. J. Geophys. Res. Planets 107, 4–25. https:// doi. org/ 10. 1029/ 
2001J E0018 31 (2002).

 36. Fairén, A. G. et al. Episodic flood inundations of the northern plains of Mars. Icarus 165, 53–67. https:// doi. org/ 10. 1016/ S0019- 
1035(03) 00144-1 (2003).

 37. Tanaka, K. L., Skinner, J. A. & Hare, T. M. Geologic map of the northern plains of Mars. Report No. 2888, 32 (2005).
 38. Rodriguez, J. A. P. et al. Evidence for Middle Amazonian catastrophic flooding and glaciation on Mars. Icarus 242, 202–210. 

https:// doi. org/ 10. 1016/j. icarus. 2014. 06. 008 (2014).
 39. Rodriguez, J. A. P. et al. Did the martian outflow channels mostly form during the Amazonian Period?. Icarus 257, 387–395. 

https:// doi. org/ 10. 1016/j. icarus. 2015. 04. 024 (2015).
 40. Rodriguez, J. A. P. et al. Tsunami waves extensively resurfaced the shorelines of an early Martian ocean. Sci. Rep. 6, 25106. https:// 

doi. org/ 10. 1038/ srep2 5106 (2016).
 41. Rodriguez, J. A. P. et al. Evidence of an oceanic impact and megatsunami sedimentation in Chryse Planitia, Mars. Sci. Rep. 12, 

19589. https:// doi. org/ 10. 1038/ s41598- 022- 18082-2 (2022).
 42. Sholes, S. F. & Rivera-Hernández, F. Constraints on the uncertainty, timing, and magnitude of potential Mars oceans from 

topographic deformation models. Icarus 378, 114934. https:// doi. org/ 10. 1016/j. icarus. 2022. 114934 (2022).
 43. Carr, M. H. & Head, J. W. Martian surface/near-surface water inventory: Sources, sinks, and changes with time. Geophys. Res. 

Lett. 42, 726–732. https:// doi. org/ 10. 1002/ 2014G L0624 64 (2015).
 44. Vos, E., Aharonson, O. & Schorghofer, N. Dynamic and isotopic evolution of ice reservoirs on Mars. Icarus 324, 1–7. https:// 

doi. org/ 10. 1016/j. icarus. 2019. 01. 018 (2019).
 45. Rodriguez, J. A. P. et al. The 1997 Mars pathfinder spacecraft landing site: Spillover deposits from an early Mars Inland sea. Sci. 

Rep. 9, 4045. https:// doi. org/ 10. 1038/ s41598- 019- 39632-1 (2019).
 46. Ori, G. G. & Mosangini, C. Complex depositional systems in Hydraotes Chaos, Mars: An example of sedimentary process 

interactions in the Martian hydrological cycle. J. Geophys. Res. Planets 103, 22713–22723. https:// doi. org/ 10. 1029/ 98JE0 1969 
(1998).

 47. Malin, M. C. et al. Context camera investigation on board the Mars reconnaissance orbiter. J. Geophys. Res. Planets https:// doi. 
org/ 10. 1029/ 2006J E0028 08 (2007).

 48. Dickson, J. L., Kerber, L. A., Fassett, C. I. & Ehlmann, B. L. A global, blended CTX mosaic of Mars with vectorized seam map-
ping: A new mosaicking pipeline using principles of non-destructive image editing. Lunar Planet. Sci. Conf. 49, 2480 (2018).

 49. Christensen, P. R. et al. Mars global surveyor thermal emission spectrometer experiment: Investigation description and surface 
science results. J. Geophys. Res. Planets 106, 23823–23871. https:// doi. org/ 10. 1029/ 2000J E0013 70 (2001).

 50. Edwards, C. S. et al. Mosaicking of global planetary image datasets: 1. Techniques and data processing for thermal emission 
imaging system (THEMIS) multi-spectral data. J. Geophys. Res. Planets https:// doi. org/ 10. 1029/ 2010J E0037 55 (2011).

 51. Fergason, R. L., Hare, T. M. & Laura, J. HRSC and MOLA Blended Digital Elevation Model at 200m v2. Astrogeology PDS 
Annex, U.S. Geological Survey. http:// bit. ly/ HRSC_ MOLA_ Blend_ v0. (2018).

 52. McEwen, A. S. et al. Mars reconnaissance orbiter’s high resolution imaging science experiment (HiRISE). J. Geophys. Res. Planets 
https:// doi. org/ 10. 1029/ 2005J E0026 05 (2007).

 53. Travis, B. J., Bland, P. A., Feldman, W. C. & Sykes, M. V. Hydrothermal dynamics in a CM-based model of Ceres. Meteorit. Planet. 
Sci. 53, 2008–2032. https:// doi. org/ 10. 1111/ maps. 13138 (2018).

 54. Bland, P. A. & Travis, B. J. Giant convecting mud balls of the early solar system. Sci. Adv. 3, e1602514. https:// doi. org/ 10. 1126/ 
sciadv. 16025 14 (2017).

https://doi.org/10.1016/j.icarus.2004.10.025
https://doi.org/10.1029/2004JE002365
https://doi.org/10.1029/2006JE002881
https://doi.org/10.1038/srep13404
https://doi.org/10.1016/j.epsl.2010.06.049
https://doi.org/10.1016/j.epsl.2010.06.049
https://doi.org/10.1130/g23783a.1
https://doi.org/10.1130/g23783a.1
https://doi.org/10.1029/2006GL026275
https://doi.org/10.1029/2021GL092436
https://doi.org/10.1029/2000JE001455
https://doi.org/10.1029/2005JE002449
https://doi.org/10.1029/2005JE002449
https://doi.org/10.1038/s41598-020-64676-z
https://doi.org/10.1038/s41598-020-64676-z
https://doi.org/10.1029/2012JE004145
https://doi.org/10.1126/science.abc7717
https://doi.org/10.1016/j.icarus.2012.06.036
https://doi.org/10.1029/2004GL020502
https://doi.org/10.1016/j.pss.2015.12.009
https://doi.org/10.1016/0019-1035(74)90101-8
https://doi.org/10.1016/0019-1035(74)90101-8
https://doi.org/10.1029/2001JE001831
https://doi.org/10.1029/2001JE001831
https://doi.org/10.1016/S0019-1035(03)00144-1
https://doi.org/10.1016/S0019-1035(03)00144-1
https://doi.org/10.1016/j.icarus.2014.06.008
https://doi.org/10.1016/j.icarus.2015.04.024
https://doi.org/10.1038/srep25106
https://doi.org/10.1038/srep25106
https://doi.org/10.1038/s41598-022-18082-2
https://doi.org/10.1016/j.icarus.2022.114934
https://doi.org/10.1002/2014GL062464
https://doi.org/10.1016/j.icarus.2019.01.018
https://doi.org/10.1016/j.icarus.2019.01.018
https://doi.org/10.1038/s41598-019-39632-1
https://doi.org/10.1029/98JE01969
https://doi.org/10.1029/2006JE002808
https://doi.org/10.1029/2006JE002808
https://doi.org/10.1029/2000JE001370
https://doi.org/10.1029/2010JE003755
http://bit.ly/HRSC_MOLA_Blend_v0
https://doi.org/10.1029/2005JE002605
https://doi.org/10.1111/maps.13138
https://doi.org/10.1126/sciadv.1602514
https://doi.org/10.1126/sciadv.1602514


21

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17524  | https://doi.org/10.1038/s41598-023-39060-2

www.nature.com/scientificreports/

 55. Palguta, J., Schubert, G. & Travis, B. J. Fluid flow and chemical alteration in carbonaceous chondrite parent bodies. Earth Planet. 
Sci. Lett. 296, 235–243. https:// doi. org/ 10. 1016/j. epsl. 2010. 05. 003 (2010).

 56. Travis, B. J. & Schubert, G. Keeping Enceladus warm. Icarus 250, 32–42. https:// doi. org/ 10. 1016/j. icarus. 2014. 11. 017 (2015).
 57. Gulick, V. C. & Baker, V. R. Origin and evolution of valleys on Martian volcanoes. J. Geophys. Res. Solid Earth 95, 14325–14344. 

https:// doi. org/ 10. 1029/ JB095 iB09p 14325 (1990).
 58. Mangold, N. et al. The origin and timing of fluvial activity at Eberswalde crater, Mars. Icarus 220, 530–551. https:// doi. org/ 10. 

1016/j. icarus. 2012. 05. 026 (2012).
 59. Wilson, S. A., Howard, A. D., Moore, J. M. & Grant, J. A. A cold-wet middle-latitude environment on Mars during the Hesperian-

Amazonian transition: Evidence from northern Arabia valleys and paleolakes. J. Geophys. Res. Planets 121, 1667–1694. https:// 
doi. org/ 10. 1002/ 2016J E0050 52 (2016).

 60. Kraal, E. R., Asphaug, E., Moore, J. M., Howard, A. & Bredt, A. Catalogue of large alluvial fans in martian impact craters. Icarus 
194, 101–110. https:// doi. org/ 10. 1016/j. icarus. 2007. 09. 028 (2008).

 61. Hauber, E. et al. Asynchronous formation of Hesperian and Amazonian-aged deltas on Mars and implications for climate. J. 
Geophys. Res. Planets 118, 1529–1544. https:// doi. org/ 10. 1002/ jgre. 20107 (2013).

 62. Kite, E. S., Sneed, J., Mayer, D. P. & Wilson, S. A. Persistent or repeated surface habitability on Mars during the late Hesperian–
Amazonian. Geophys. Res. Lett. 44, 3991–3999. https:// doi. org/ 10. 1002/ 2017G L0726 60 (2017).

 63. Banks, M. E. et al. An analysis of sinuous ridges in the southern Argyre Planitia, Mars using HiRISE and CTX images and MOLA 
data. J. Geophys. Res. Planets https:// doi. org/ 10. 1029/ 2008J E0032 44 (2009).

 64. Piqueux, S. et al. Widespread shallow water ice on Mars at High Latitudesand Midlatitudes. Geophys. Res. Lett. 46, 14290–14298. 
https:// doi. org/ 10. 1029/ 2019G L0839 47 (2019).

 65. Yang, Y. & Aplin, A. C. A permeability–porosity relationship for mudstones. Mar. Pet. Geol. 27, 1692–1697. https:// doi. org/ 10. 
1016/j. marpe tgeo. 2009. 07. 001 (2010).

 66. Midttømme, K., Roaldset, E. & Aagaard, P. Thermal conductivity of selected claystones and mudstones from England. Clay 
Miner. 33, 131–145. https:// doi. org/ 10. 1180/ 00098 55985 45327 (1998).

 67. Johnson, J. W., Oelkers, E. H. & Helgeson, H. C. SUPCRT92: A software package for calculating the standard molal thermody-
namic properties of minerals, gases, aqueous species, and reactions from 1 to 5000 bar and 0 to 1000 °C. Comput. Geosci. 18, 
899–947. https:// doi. org/ 10. 1016/ 0098- 3004(92) 90029-Q (1992).

 68. Ojha, L., Buffo, J., Karunatillake, S. & Siegler, M. Groundwater production from geothermal heating on early Mars and implica-
tion for early Martian habitability. Sci. Adv. 6, eabb1669. https:// doi. org/ 10. 1126/ sciadv. abb16 69 (2020).

 69. Hsiao, D. & Hsieh, C. Improving mudstone materials in badland in southwestern Taiwan by increasing density and low-cement 
amount. Appl. Sci. 12, 2290 (2022).

 70. Zeng, Z.-X., Kong, L.-W. & Wang, J.-T. The deformation and permeability of Yanji mudstone under cyclic loading and unloading. 
J. Mt. Sci. 16, 2907–2919. https:// doi. org/ 10. 1007/ s11629- 019- 5550-4 (2019).

 71. Beget, J. E. Tephrochronology of Antislope Scarps on an Alpine Ridge near Glacier Peak, Washington U.S.A. Arctic Alpine Res. 
17, 143–152. https:// doi. org/ 10. 2307/ 15508 44 (1985).

 72. Wilson, L. & Mouginis-Mark, P. Dynamics of a fluid flow on Mars: Lava or mud?. Icarus 233, 268–280. https:// doi. org/ 10. 1016/j. 
icarus. 2014. 01. 041 (2014).

 73. Warner, R. C. et al. Rapid Formation of an Ice Doline on Amery Ice Shelf, East Antarctica. Geophys. Res. Lett. 48, e2020GL091095. 
https:// doi. org/ 10. 1029/ 2020G L0910 95 (2021).

 74. Fukushima, Y., Mori, J., Hashimoto, M. & Kano, Y. Subsidence associated with the LUSI mud eruption, East Java, investigated 
by SAR interferometry. Mar. Pet. Geol. 26, 1740–1750. https:// doi. org/ 10. 1016/j. marpe tgeo. 2009. 02. 001 (2009).

 75. Harding, R. & Huuse, M. Salt on the move: Multi stage evolution of salt diapirs in the Netherlands North Sea. Mar. Pet. Geol. 
61, 39–55. https:// doi. org/ 10. 1016/j. marpe tgeo. 2014. 12. 003 (2015).

 76. Gudmundsson, A. How local stresses control magma-chamber ruptures, dyke injections, and eruptions in composite volcanoes. 
Earth Sci. Rev. 79, 1–31. https:// doi. org/ 10. 1016/j. earsc irev. 2006. 06. 006 (2006).

 77. Thiele, S. T., Cruden, A. R., Micklethwaite, S., Bunger, A. P. & Köpping, J. Dyke apertures record stress accumulation during 
sustained volcanism. Sci. Rep. 10, 17335. https:// doi. org/ 10. 1038/ s41598- 020- 74361-w (2020).

 78. Sulpizio, R. & Massaro, S. Influence of stress field changes on eruption initiation and dynamics: A review. Front. Earth Sci. https:// 
doi. org/ 10. 3389/ feart. 2017. 00018 (2017).

 79. Komatsu, G. et al. Small edifice features in Chryse Planitia, Mars: Assessment of a mud volcano hypothesis. Icarus 268, 56–75. 
https:// doi. org/ 10. 1016/j. icarus. 2015. 12. 032 (2016).

 80. Brož, P. et al. New evidence for sedimentary volcanism on Chryse Planitia, Mars. Icarus 382, 115038. https:// doi. org/ 10. 1016/j. 
icarus. 2022. 115038 (2022).

 81. Umberta, T. & Michela, G. In Updates in volcanology (ed Nemeth Karoly) Ch. 3 (IntechOpen, 2012).
 82. Rajput, S. & Thakur, N. K. In Geological Controls for Gas Hydrate Formations and Unconventionals (eds Sanjeev Rajput & Naresh 

Kumar Thakur) 107–130 (Elsevier, 2016).
 83. Mars—A Warmer, Wetter Planet. J. S. Kargel. Springer-Praxis Books in Astronomy and Space Sciences. Praxis/Springer-Verlag, 

New York, 2004. $34.95 paper (557 pp.). ISBN 1-85233-568-8.
 84. Pichel, L. M., Huismans, R. S., Gawthorpe, R., Faleide, J. I. & Theunissen, T. Late-syn- to post-rift salt tectonics on wide rifted 

margins—Insights from geodynamic modeling. Tectonics 41, e2021TC007158. https:// doi. org/ 10. 1029/ 2021T C0071 58 (2022).
 85. Meresse, S., Costard, F., Mangold, N., Masson, P. & Neukum, G. Formation and evolution of the chaotic terrains by subsidence 

and magmatism: Hydraotes Chaos, Mars. Icarus 194, 487–500. https:// doi. org/ 10. 1016/j. icarus. 2007. 10. 023 (2008).
 86. Dapremont, A. M. & Wray, J. J. Igneous or mud volcanism on Mars? The case study of Hephaestus Fossae. J. Geophys. Res. Planets 

126, e2020JE006390. https:// doi. org/ 10. 1029/ 2020J E0063 90 (2021).
 87. Hemmi, R. & Miyamoto, H. Distribution, morphology, and morphometry of circular mounds in the elongated basin of northern 

Terra Sirenum, Mars. Prog. Earth Planet. Sci. 4, 26. https:// doi. org/ 10. 1186/ s40645- 017- 0141-x (2017).
 88. Hemmi, R. & Miyamoto, H. High-resolution topographic analyses of mounds in Southern Acidalia Planitia, Mars: Implications 

for possible mud volcanism in submarine and subaerial environments. Geosciences 8, 152 (2018).
 89. Oehler, D. Z. & Allen, C. C. Evidence for pervasive mud volcanism in Acidalia Planitia, Mars. Icarus 208, 636–657. https:// doi. 

org/ 10. 1016/j. icarus. 2010. 03. 031 (2010).
 90. Atwood-Stone C. & McEwen A.S. Measuring dynamic angle of repose in low gravity environments using Martian sand dunes. 

44th Lunar Planet Sci Conf, abstract #1727 (2013).
 91. White, D. E. Violent mud-volcano eruption of Lake City Hot Springs, Northeastern California. GSA Bull. 66, 1109–1130. https:// 

doi. org/ 10. 1130/ 0016- 7606(1955) 66[1109: VMEOLC] 2.0. CO;2 (1955).
 92. Motyka, R. J., Hawkins, D. B., Poreda, R. J. & Jeffries, A. Geochemistry, isotopic composition, and the origin of fluids emanating 

from mud volcanoes in the Copper River basin, Alaska. Alaska Div. Geol. Geophys. Surv. Publ Data File 86, 87. https:// doi. org/ 
10. 14509/ 1209 (1986).

 93. Schmidt, G. et al. Protracted hydrogeological activity in Arabia Terra, Mars: Evidence from the structure and mineralogy of the 
layered deposits of Becquerel Crater. J. Geophys. Res Planets 127, e2022JE007320. https:// doi. org/ 10. 1029/ 2022J E0073 20 (2022).

 94. Wolfe, S. A., Morse, P. D. & Behnia, P. Spatial distribution of pingos in the Tuktoyaktuk coastlands and adjacent areas, Northwest 
Territories; Geological Survey of Canada. Open File 8787, 1. https:// doi. org/ 10. 4095/ 328305 (2021).

https://doi.org/10.1016/j.epsl.2010.05.003
https://doi.org/10.1016/j.icarus.2014.11.017
https://doi.org/10.1029/JB095iB09p14325
https://doi.org/10.1016/j.icarus.2012.05.026
https://doi.org/10.1016/j.icarus.2012.05.026
https://doi.org/10.1002/2016JE005052
https://doi.org/10.1002/2016JE005052
https://doi.org/10.1016/j.icarus.2007.09.028
https://doi.org/10.1002/jgre.20107
https://doi.org/10.1002/2017GL072660
https://doi.org/10.1029/2008JE003244
https://doi.org/10.1029/2019GL083947
https://doi.org/10.1016/j.marpetgeo.2009.07.001
https://doi.org/10.1016/j.marpetgeo.2009.07.001
https://doi.org/10.1180/000985598545327
https://doi.org/10.1016/0098-3004(92)90029-Q
https://doi.org/10.1126/sciadv.abb1669
https://doi.org/10.1007/s11629-019-5550-4
https://doi.org/10.2307/1550844
https://doi.org/10.1016/j.icarus.2014.01.041
https://doi.org/10.1016/j.icarus.2014.01.041
https://doi.org/10.1029/2020GL091095
https://doi.org/10.1016/j.marpetgeo.2009.02.001
https://doi.org/10.1016/j.marpetgeo.2014.12.003
https://doi.org/10.1016/j.earscirev.2006.06.006
https://doi.org/10.1038/s41598-020-74361-w
https://doi.org/10.3389/feart.2017.00018
https://doi.org/10.3389/feart.2017.00018
https://doi.org/10.1016/j.icarus.2015.12.032
https://doi.org/10.1016/j.icarus.2022.115038
https://doi.org/10.1016/j.icarus.2022.115038
https://doi.org/10.1029/2021TC007158
https://doi.org/10.1016/j.icarus.2007.10.023
https://doi.org/10.1029/2020JE006390
https://doi.org/10.1186/s40645-017-0141-x
https://doi.org/10.1016/j.icarus.2010.03.031
https://doi.org/10.1016/j.icarus.2010.03.031
https://doi.org/10.1130/0016-7606(1955)66[1109:VMEOLC]2.0.CO;2
https://doi.org/10.1130/0016-7606(1955)66[1109:VMEOLC]2.0.CO;2
https://doi.org/10.14509/1209
https://doi.org/10.14509/1209
https://doi.org/10.1029/2022JE007320
https://doi.org/10.4095/328305


22

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17524  | https://doi.org/10.1038/s41598-023-39060-2

www.nature.com/scientificreports/

 95. Soare, R. J., Burr, D. M. & Wan Bun Tseung, J. M. Possible Pingos and a periglacial landscape in northwest Utopia Planitia. Icarus 
174, 373–382. https:// doi. org/ 10. 1016/j. icarus. 2004. 11. 013 (2005).

 96. Burr, D. M., Tanaka, K. L. & Yoshikawa, K. Pingos on Earth and Mars. Planet. Space Sci. 57, 541–555. https:// doi. org/ 10. 1016/j. 
pss. 2008. 11. 003 (2009).

 97. Montgomery, D. R. et al. Continental-scale salt tectonics on Mars and the origin of Valles Marineris and associated outflow 
channels. Geol. Soc. Am. Bull. 121, 117–133 (2006).

 98. Jia, S., Wen, C., Fu, X., Liu, T. & Xi, Z. A caprock evaluation methodology for underground gas storage in a deep depleted gas 
reservoir: A case study for the X9 Lithologic Trap of Langgu Sag, Bohai Bay Basin, China. Energies 15, 4351 (2022).

 99. Grunau, H. R. A worldwide look at the cap-rock problem. J. Pet. Geol. 10, 245–265. https:// doi. org/ 10. 1111/j. 1747- 5457. 1987. 
tb009 45.x (1987).

 100. Guoyi, H. et al. Cap rock characteristics of medium and large gas fields in China. Nat. Gas Geosci. 20, 162–166 (2009).
 101. Strömgård, K.-E. Stress distribution during formation of boudinage and pressure shadows. Tectonophysics 16, 215–248. https:// 

doi. org/ 10. 1016/ 0040- 1951(73) 90013-9 (1973).
 102. Bamberg, B., von Hagke, C., Virgo, S. & Urai, J. L. Spacing and strain during multiphase boudinage in 3D. J. Struct. Geol. 161, 

104636. https:// doi. org/ 10. 1016/j. jsg. 2022. 104636 (2022).
 103. Schreiber, B. C. & Helman, M. L. Criteria for distinguishing primary evaporite features from deformation features in sulfate 

evaporites. J. Sediment. Res. 75, 525–533. https:// doi. org/ 10. 2110/ jsr. 2005. 043 (2005).
 104. Astakhov, V. I., Kaplyanskaya, F. A. & Tarnogradsky, V. D. Pleistocene permafrost of West Siberia as a deformable glacier bed. 

Permafrost Periglac. Process. 7, 165–191. https:// doi. org/ 10. 1002/ (SICI) 1099- 1530(199604) 7:2% 3c165:: AID- PPP218% 3e3.0. 
CO;2-S (1996).

 105. Jennings, S. J. A. & Hambrey, M. J. Structures and deformation in glaciers and ice sheets. Rev. Geophys. 59, e2021RG000743. 
https:// doi. org/ 10. 1029/ 2021R G0007 43 (2021).

 106. Murton, J. B. et al. Stratigraphy and glaciotectonic structures of permafrost deformed beneath the northwest margin of the 
Laurentide ice sheet, Tuktoyaktuk Coastlands, Canada. J. Glaciol. 50, 399–412. https:// doi. org/ 10. 3189/ 17275 65047 81829 927 
(2004).

 107. Marion, G. M., Catling, D. C. & Kargel, J. S. Br/Cl partitioning in chloride minerals in the Burns formation on Mars. Icarus 200, 
436–445. https:// doi. org/ 10. 1016/j. icarus. 2008. 12. 004 (2009).

 108. Vaniman, D. T. et al. Gypsum, bassanite, and anhydrite at Gale crater, Mars. Am. Mineralogist 103, 1011–1020. https:// doi. org/ 
10. 2138/ am- 2018- 6346 (2018).

 109. Rapin, W. et al. An interval of high salinity in ancient Gale crater lake on Mars. Nat. Geosci. 12, 889–895. https:// doi. org/ 10. 
1038/ s41561- 019- 0458-8 (2019).

 110. Travis, B. J., Feldman, W. C. & Maurice, S. A mechanism for bringing ice and brines to the near surface of Mars. J. Geophys. Res. 
Planets 118, 877–890. https:// doi. org/ 10. 1002/ jgre. 20074 (2013).

 111. Tosca, N. J. & McLennan, S. M. Chemical divides and evaporite assemblages on Mars. Earth Planet. Sci. Lett. 241, 21–31. https:// 
doi. org/ 10. 1016/j. epsl. 2005. 10. 021 (2006).

 112. Marion, G. M., Kargel, J. S. & Catling, D. C. Modeling ferrous–ferric iron chemistry with application to martian surface geo-
chemistry. Geochim. Cosmochim. Acta 72, 242–266. https:// doi. org/ 10. 1016/j. gca. 2007. 10. 012 (2008).

 113. Wang, A., Jolliff, B. L., Liu, Y. & Connor, K. Setting constraints on the nature and origin of the two major hydrous sulfates on 
Mars: Monohydrated and polyhydrated sulfates. J. Geophys. Res. Planets 121, 678–694. https:// doi. org/ 10. 1002/ 2015J E0048 89 
(2016).

 114. McCubbin, F. M. et al. Hydrothermal jarosite and hematite in a pyroxene-hosted melt inclusion in martian meteorite Miller 
Range (MIL) 03346: Implications for magmatic-hydrothermal fluids on Mars. Geochim. Cosmochim. Acta 73, 4907–4917. https:// 
doi. org/ 10. 1016/j. gca. 2009. 05. 031 (2009).

 115. Hogenboom, D. L., Kargel, J. S., Ganasan, J. P. & Lee, L. Magnesium sulfate-water to 400 MPa using a novel piezometer: Densi-
ties, phase equilibria, and planetological implications. Icarus 115, 258–277. https:// doi. org/ 10. 1006/ icar. 1995. 1096 (1995).

 116. Niles, P. B. & Michalski, J. Meridiani Planum sediments on Mars formed through weathering in massive ice deposits. Nat. Geosci. 
2, 215–220. https:// doi. org/ 10. 1038/ ngeo4 38 (2009).

 117. Villanueva, G. L. et al. Strong water isotopic anomalies in the martian atmosphere: Probing current and ancient reservoirs. 
Science 348, 218–221. https:// doi. org/ 10. 1126/ scien ce. aaa36 30 (2015).

 118. Warr, O. et al. 86Kr excess and other noble gases identify a billion-year-old radiogenically-enriched groundwater system. Nat. 
Commun. 13, 3768. https:// doi. org/ 10. 1038/ s41467- 022- 31412-2 (2022).

 119. Gutiérrez, F., Deirnik, H., Zarei, M. & Medialdea, A. Geology, geomorphology and geochronology of the coseismic? Emad Deh 
rock avalanche associated with a growing anticline and a rising salt diaper, Zagros Mountains, Iran. Geomorphology 421, 108527. 
https:// doi. org/ 10. 1016/j. geomo rph. 2022. 108527 (2023).

 120. Hudec, M. R. & Jackson, M. P. A. Terra infirma: Understanding salt tectonics. Earth Sci. Rev. 82, 1–28. https:// doi. org/ 10. 1016/j. 
earsc irev. 2007. 01. 001 (2007).

 121. Eigenbrode, J. L. In Strategies of Life Detection (eds Oliver Botta et al.) 161–185 (Springer, 2008).
 122. Summons, R. E. et al. Preservation of Martian organic and environmental records: Final report of the Mars Biosignature Working 

Group. Astrobiology 11, 157–181. https:// doi. org/ 10. 1089/ ast. 2010. 0506 (2011).
 123. Georgiou, C. D. & Deamer, D. W. Lipids as universal biomarkers of extraterrestrial life. Astrobiology 14, 541–549. https:// doi. 

org/ 10. 1089/ ast. 2013. 1134 (2014).
 124. Wilhelm, M. B. et al. Xeropreservation of functionalized lipid biomarkers in hyperarid soils in the Atacama Desert. Org. Geochem. 

103, 97–104. https:// doi. org/ 10. 1016/j. orgge ochem. 2016. 10. 015 (2017).
 125. Lösekann, T. et al. Diversity and abundance of aerobic and anaerobic methane oxidizers at the Haakon Mosby mud volcano, 

Barents Sea. Appl. Environ. Microbiol. 73, 3348–3362. https:// doi. org/ 10. 1128/ AEM. 00016- 07 (2007).
 126. Tamborrino, L. et al. Formation of tubular carbonate conduits at Athina mud volcano, eastern Mediterranean Sea. Mar. Pet. 

Geol. 107, 20–31. https:// doi. org/ 10. 1016/j. marpe tgeo. 2019. 05. 003 (2019).
 127. Manna, S. K. et al. Exploration of heterotrophic bacterial diversity in sediments of the mud volcano in the Andaman and Nicobar 

Islands, India. Environ. Nanotechnol. Monit. Manag. 16, 100465. https:// doi. org/ 10. 1016/j. enmm. 2021. 100465 (2021).
 128. Lazar, C. S. et al. Microbial diversity gradients in the geothermal mud volcano underlying the hypersaline Urania Basin. Front. 

Microbiol. https:// doi. org/ 10. 3389/ fmicb. 2022. 10434 14 (2022).
 129. Pavlov, A. A., Vasilyev, G., Ostryakov, V. M., Pavlov, A. K. & Mahaffy, P. Degradation of the organic molecules in the shallow 

subsurface of Mars due to irradiation by cosmic rays. Geophys. Res. Lett. https:// doi. org/ 10. 1029/ 2012G L0521 66 (2012).
 130. Fox, A. C., Eigenbrode, J. L. & Freeman, K. H. Radiolysis of macromolecular organic material in Mars-relevant mineral matrices. 

J. Geophys. Res. Planets 124, 3257–3266. https:// doi. org/ 10. 1029/ 2019J E0060 72 (2019).
 131. Kminek, G. & Bada, J. L. The effect of ionizing radiation on the preservation of amino acids on Mars. Earth Planet. Sci. Lett. 245, 

1–5. https:// doi. org/ 10. 1016/j. epsl. 2006. 03. 008 (2006).
 132. Pavlov, A. A. et al. Rapid radiolytic degradation of amino acids in the Martian shallow subsurface: Implications for the search 

for extinct life. Astrobiology 22, 1099–1115. https:// doi. org/ 10. 1089/ ast. 2021. 0166 (2022).

https://doi.org/10.1016/j.icarus.2004.11.013
https://doi.org/10.1016/j.pss.2008.11.003
https://doi.org/10.1016/j.pss.2008.11.003
https://doi.org/10.1111/j.1747-5457.1987.tb00945.x
https://doi.org/10.1111/j.1747-5457.1987.tb00945.x
https://doi.org/10.1016/0040-1951(73)90013-9
https://doi.org/10.1016/0040-1951(73)90013-9
https://doi.org/10.1016/j.jsg.2022.104636
https://doi.org/10.2110/jsr.2005.043
https://doi.org/10.1002/(SICI)1099-1530(199604)7:2%3c165::AID-PPP218%3e3.0.CO;2-S
https://doi.org/10.1002/(SICI)1099-1530(199604)7:2%3c165::AID-PPP218%3e3.0.CO;2-S
https://doi.org/10.1029/2021RG000743
https://doi.org/10.3189/172756504781829927
https://doi.org/10.1016/j.icarus.2008.12.004
https://doi.org/10.2138/am-2018-6346
https://doi.org/10.2138/am-2018-6346
https://doi.org/10.1038/s41561-019-0458-8
https://doi.org/10.1038/s41561-019-0458-8
https://doi.org/10.1002/jgre.20074
https://doi.org/10.1016/j.epsl.2005.10.021
https://doi.org/10.1016/j.epsl.2005.10.021
https://doi.org/10.1016/j.gca.2007.10.012
https://doi.org/10.1002/2015JE004889
https://doi.org/10.1016/j.gca.2009.05.031
https://doi.org/10.1016/j.gca.2009.05.031
https://doi.org/10.1006/icar.1995.1096
https://doi.org/10.1038/ngeo438
https://doi.org/10.1126/science.aaa3630
https://doi.org/10.1038/s41467-022-31412-2
https://doi.org/10.1016/j.geomorph.2022.108527
https://doi.org/10.1016/j.earscirev.2007.01.001
https://doi.org/10.1016/j.earscirev.2007.01.001
https://doi.org/10.1089/ast.2010.0506
https://doi.org/10.1089/ast.2013.1134
https://doi.org/10.1089/ast.2013.1134
https://doi.org/10.1016/j.orggeochem.2016.10.015
https://doi.org/10.1128/AEM.00016-07
https://doi.org/10.1016/j.marpetgeo.2019.05.003
https://doi.org/10.1016/j.enmm.2021.100465
https://doi.org/10.3389/fmicb.2022.1043414
https://doi.org/10.1029/2012GL052166
https://doi.org/10.1029/2019JE006072
https://doi.org/10.1016/j.epsl.2006.03.008
https://doi.org/10.1089/ast.2021.0166


23

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17524  | https://doi.org/10.1038/s41598-023-39060-2

www.nature.com/scientificreports/

 133. Fox, A. C., Jakubek, R. S. & Eigenbrode, J. L. Changes in the Raman and fluorescence spectroscopic signatures of irradi-
ated organic-mineral mixtures: Implications for molecular biosignature detection on Mars. J. Geophys. Res. Planets 128, 
e2022JE007624. https:// doi. org/ 10. 1029/ 2022J E0076 24 (2023).

 134. Hassler, D. M. et al. Mars’ surface radiation environment measured with the mars science laboratory’s curiosity rover. Science 
343, 1244797. https:// doi. org/ 10. 1126/ scien ce. 12447 97 (2014).

 135. Wilhelm, M. B.  et al. Abzu: Uncovering the Origin of Ancient Organics on Mars. Bulletin of the American Astronomical Society, 
53, 368 (2021).

 136. Azua-Bustos, A. et al. Dark microbiome and extremely low organics in Atacama fossil delta unveil Mars life detection limits. 
Nat. Commun. 14, 808. https:// doi. org/ 10. 1038/ s41467- 023- 36172-1 (2023).

 137. Freissinet, C. et al. Organic molecules in the Sheepbed Mudstone, Gale Crater, Mars. J. Geophys. Res. Planets 120, 495–514. 
https:// doi. org/ 10. 1002/ 2014J E0047 37 (2015).

 138. Eigenbrode, J. L. et al. Organic matter preserved in 3-billion-year-old mudstones at Gale crater, Mars. Science 360, 1096–1101. 
https:// doi. org/ 10. 1126/ scien ce. aas91 85 (2018).

 139. Scheller, E. L. et al. Aqueous alteration processes in Jezero crater, Mars—Implications for organic geochemistry. Science 378, 
1105–1110. https:// doi. org/ 10. 1126/ scien ce. abo52 04 (2022).

 140. Wilhelm, M. B. et al. In 2022 Astrobiology Science Conference (AGU).
 141. Rodriguez, J. A. P., Sasaki, S. & Miyamoto, H. Nature and hydrological relevance of the Shalbatana complex underground cav-

ernous system. Geophys. Res. Lett. https:// doi. org/ 10. 1029/ 2002G L0165 47 (2003).
 142. Chuang, F. C. & Crown, D. A. Geologic map of MTM 35337, 40337, and 45337 quadrangles, Deuteronilus Mensae region of 

Mars: U.S. Geological Survey Scientific Investigations Map 3079 (2009).
 143. Wilson, J. T. et al. Equatorial locations of water on Mars: Improved resolution maps based on Mars Odyssey Neutron Spectrom-

eter data. Icarus 299, 148–160. https:// doi. org/ 10. 1016/j. icarus. 2017. 07. 028 (2018).
 144. Fassett, C. I., Levy, J. S., Dickson, J. L. & Head, J. W. An extended period of episodic northern mid-latitude glaciation on Mars 

during the Middle to Late Amazonian: Implications for long-term obliquity history. Geology 42, 763–766. https:// doi. org/ 10. 
1130/ G35798.1 (2014).

 145. Forget, F., Haberle, R. M., Montmessin, F., Levrard, B. & Head, J. W. Formation of Glaciers on Mars by atmospheric precipitation 
at high obliquity. Science 311, 368–371. https:// doi. org/ 10. 1126/ scien ce. 11203 35 (2006).

 146. Leverington, D. W. A volcanic origin for the outflow channels of Mars: Key evidence and major implications. Geomorphology 
132, 51–75. https:// doi. org/ 10. 1016/j. geomo rph. 2011. 05. 022 (2011).

 147. Christensen, P. R., Gorelick, N. S., Mehall, G. L. & Murray, K. C. THEMIS Public Data Releases (Arizona State University, 2006).
 148. Qi Liu, Bing Liang, Weiji Sun, Hang Zhao. Experimental Study on the Difference of Shale Mechanical Properties. Advances in 

Civil Engineering, vol. 2021, Article ID 6677992, 14 pages, 2021. https://doi.org/10.1155/2021/6677992

Acknowledgements
The authors are grateful to three anonymous reviewers for their insightful comments. This research was funded 
by Mars Data Analysis Program (MDAP) grant number 80NSSC19K1490,  a 2020 NASA Ames research innova-
tion award, and a Maria Zambrano grant funded by the Spanish Ministry of Universities, European Union-Next 
GenerationEU. We are grateful to Alexander C. Cox for his proofreading and editing of the manuscript.

Author contributions
J.A.P.R. identified the evidence of Hydraotes Chaos containing a residue of Amazonian aquifer-released sed-
iments and connected the release mechanism to thermally differentiated icy rich materials. In addition, he 
deduced the highland mudstone-evaporite stratigraphic composition. B.T. conceived and interpreted the numeri-
cal simulations that demonstrate the geophysical characteristics of the aquiferous chambers and their evolution. 
He wrote the corresponding sections. J.K. contributed to the conception of evaporite segregation mechanisms 
and diapir generation, adding discussion of Earth analogs, and generated Fig. S5. M.W., D.B., and J.C. primarily 
contributed to the discussion concerning the biomarker preservation potential within the study region. M.Z. 
produced the sketches in Fig. 8 and helped interpret the region’s geologic evolution. D.B. carried out the surface 
age determinations for the interior plains. V. B. contributed to the geologic reconstructions. A.L. contributed 
feature mapping. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 39060-2.

Correspondence and requests for materials should be addressed to J.A.P.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1029/2022JE007624
https://doi.org/10.1126/science.1244797
https://doi.org/10.1038/s41467-023-36172-1
https://doi.org/10.1002/2014JE004737
https://doi.org/10.1126/science.aas9185
https://doi.org/10.1126/science.abo5204
https://doi.org/10.1029/2002GL016547
https://doi.org/10.1016/j.icarus.2017.07.028
https://doi.org/10.1130/G35798.1
https://doi.org/10.1130/G35798.1
https://doi.org/10.1126/science.1120335
https://doi.org/10.1016/j.geomorph.2011.05.022
https://doi.org/10.1038/s41598-023-39060-2
https://doi.org/10.1038/s41598-023-39060-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Exploring the evidence of Middle Amazonian aquifer sedimentary outburst residues in a Martian chaotic terrain
	Background and context
	Objectives of the study
	Geological analysis methods
	Tools and datasets
	Geomorphological mapping approach
	Numerical simulation setup
	Numerical simulation geological foundations
	Boundary conditions


	Geomorphological analysis of Hydraotes Chaos
	Integrated interpretation of findings
	Evidence of middle Amazonian evacuation of fluidized mud
	Geothermal processes generating aquiferous chambers within ice–rich mudstone stratigraphy

	Discussion on the significance of Amazonian sedimentary eruptions in Hydraotes Chaos
	Gas-charged mudstones and evaporites as sedimentary volcanism sources
	Considering mud volcano alternatives
	Probing evaporite-controlled diapirism and geological structure
	Evaporite emergence from aquiferous chambers. 


	Unraveling the link between subsurface conduit networks and regional hydrology patterns
	Emergent diapiric patterns as an alternative control mechanism for the origin of subsurface conduit networks

	Furthering our understanding of aquifer stability in southern circum-chryse
	Multi-billion year biosignature preservation, and concentration through aqueous releases
	Landing site considerations
	Preliminary landing target selections
	Rationales for high biomarker preservation within the SHPD


	Broader implications and significance
	Reevaluating our understanding of the Martian buried hydrosphere through southern Circum-Chryse highland stratigraphic reconstructions
	Late Hesperian marine hydraulic equilibrium

	Subsurface gas traps in Hydraotes Chaos: a hypothesis for hydrogen depletion and the existence of deep aquifer-bearing strata

	Conclusions and summary
	Directions of future work
	References
	Acknowledgements


