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ABSTRACT 

Floor-Fractured Craters (FFCs) are complex impact structures 
characterized by fractures, mesas, and knobs on their floors. 
They appear extensively on Mars, exhibiting diverse morphologies 
indicative of multiple geological processes including tectonic, 
volcanic, glacial, and fluvial mechanisms. This study presents a 
high-resolution geomorphological analysis of Hala crater, an 18 
km-diameter FFC located within the Gorgonum Chaos Basin, in 
Terra Sirenum. Utilizing high-resolution imagery from HiRISE, 
CaSSIS, and topographic data from HRSC-derived DTMs, we 
compile a geomorphological map at a scale of 1:25,000. Detailed 
morphometric analyses reveal the crater is anomalously shallow 
compared to neighbouring structures, implying significant infill 
processes possibly influenced by magmatic intrusion and localized 
uplift events. The alignment of fractures within the crater notably 
correlates with regional tectonic stresses from the Sirenum Fossae 
system, suggesting substantial structural control. Periglacial 
landforms further illustrate extensive modification by ice-related 
processes during the Amazonian. 
Overall, our detailed geomorphological mapping highlights a complex 
interplay of impact-driven, tectonic, volcanic, and periglacial processes 
that have shaped the crater’s interior. This analysis contributes to our 
understanding of the geological history of FFCs. 

KEYWORDS: floor-fractured crater, cryosphere, tectonic, 
magmatic intrusion.

INTRODUCTION

Floor-Fractured Craters (FFCs) are impact craters 
characterized by the presence of fractures, mesas, and knobs 
on their floors. First identified on the Moon in the 1970s, 
these craters have been observed on multiple planetary 
bodies. Schultz (1976) conducted one of the earliest 
systematic studies, classifying lunar FFCs based on their 
morphological characteristics. Their frequent association 
with basaltic maria suggests a possible volcanic origin. On 
Mars, however, the formation mechanisms of FFCs appear 
more complex. A global survey using Viking and MOLA data 
(Korteniemi et al., 2006) revealed a widespread distribution, 
and several hypotheses even involving volatiles, namely ice 
and liquid water, were proposed to explain their fracturing 
processes. In particular glacial (Morris & Underwood, 1978; 
Pechmann, 1980; Hiesinger and Head, 2000), fluvial (Sato 
et al., 2010; Zegers et al., 2010), volcanic (Wichman & 
Schultz, 1996; Jozwiak et al., 2012; Luzzi et al. 2021), and 
tectonic processes (Smrekar et al., 2004; Hanna & Phillips, 
2006) were alternatively proposed as shaping agents of these 
features. Given this diversity of possible mechanisms, it is 
likely that multiple geological processes interact to produce 
FFCs. 
While several studies have focused on classifying FFCs in 
different Martian regions (Bamberg et al., 2014; Korteniemi 
et al., 2006; Sato et al., 2010; Montigny et al., 2022), 
detailed cartographic analyses of individual craters remain 

scarce (Bamberg et al., 2014). In this work, we present a 
high-resolution geomorphological map of Hala crater, an 
18 km-diameter crater located within Gorgonum Chaos 
Basins, Eridania Basin, Terra Sirenum. This crater exhibits 
a blunt, degraded rim and a chaotic floor characterized by 
a polygonal fracture network that segments the surface into 
irregular blocks, some of which remain partially preserved. 
Our mapping integrates data from CTX (Malin et al., 2007), 
HiRISE (McEwen et al., 2007), CaSSIS (Thomas et al., 
2017), and HRSC-derived DTMs (Jaumann et al., 2007) to 
systematically document the spatial distribution of fractures, 
mesas, and floor materials. By identifying and classifying 
different morphological units, we aim to build a dataset that 
will help evaluate the potential role of the different processes 
in the development of floor fractures. In particular, we seek to 
investigate the relative contributions of ice-related processes 
and tectonic activity in shaping the observed fracture 
patterns.

GEOLOGICAL CONTEXT

The Eridania basin (Fig.  1) consists of a series of 
interconnected, quasi-circular sub-basins, likely formed by 
ancient impact events and subsequently modified by volcanic 
activity and erosion in the early history of Mars (Pajola et al., 
2016b). Its extent has been previously defined by the 1,100 
m elevation contour that surrounds these sub-basins. Based 
on this topographic boundary, Irwin et al. (2004) inferred 
that the basin was once filled with water up to this level, as 
indicated by the origin of Ma’adim Vallis, a 3 km-wide outflow 
channel, at the same elevation. The absence of upstream 
tributaries suggests that Ma’adim Vallis formed at its full 
width, further supporting the hypothesis of a spillover event. 
A potential spillway at the edge of the basin reinforces the 
idea that the Eridania basin held a substantial body of water at 
the Noachian/Hesperian boundary. The unique hypsometry 
of the Eridania basin, as noted by Irwin et al. (2004), is 
characterized by an unusually concave topographic profile. 
This morphology suggests that the basin floor was protected 
by standing water or an ice-covered lake during the most 
intense period of erosive activity on Mars.
One of the key sub-basins, Gorgonum Chaos, is located in 
Terra Sirenum (Fig. 2A). It measures approximately 240 km 
in diameter, with a maximum depth of 400 m. The graben 
system of Sirenum Fossae, which extends radially from the 
Tharsis region, cuts through this basin from east to southwest 
(Wilson & Head, 2002). The floor of Gorgonum Chaos is 
dissected by numerous fluvial valleys and features irregular 
knobs and mesas, particularly in its northern and western 
regions (Wendt et al., 2013). Impact craters larger than 20 
km in diameter in this region show significant erosion and 
are largely infilled with sediments (Capitan & Van De Wiel, 
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2011). According to Howard & Moore (2004), the absence of 
large impact craters superposing the flat basin floor suggests 
that it was once covered by an ice-sheeted paleolake. This 
hypothesis is further supported by the presence of light-
toned materials, often associated with hydrated minerals or 
chlorides, which characterize the presumed paleolake floor 
(Adeli et al., 2015; Grant et al., 2010; Osterloo et al., 2010; 
Wendt et al., 2013; Pajola et al., 2016b). Using a crater 
production function (Ivanov, 2001) and absolute chronology 
models (Hartmann & Neukum, 2001), Michalski et al. (2017) 
estimated a minimum exposure age of 3.47 Ga for the 
Gorgonum deposits. These ages align with previous studies 
suggesting that the Eridania basin-forming impacts occurred 
more than 4 Ga ago, that a sea existed in the Late Noachian, 
and that resurfacing by subaerial volcanism took place in the 
Late Hesperian (Adeli et al., 2015). 
The studied crater is located on the eastern wall of the 
Gorgonum Chaos basin (Fig. 2A).

DATA

Data Used

This study is based on data retrieved from the Mars Orbital 
Data Explorer of the Planetary Data System Geoscience 
Node (ODEMars) and the Digital Terrain Model Reduced 

Data Record (DTMRDR) catalogues of the Lunar and 
Planetary Laboratory (LPL). The data utilized are as resume 
in Table 1.

METHODS AND TECHNIQUES

The morphological mapping of Hala crater was carried out 
using CTX, HiRISE, and CaSSIS images. CTX data were 
used to analyze the surrounding landscape, while HiRISE 
and CaSSIS images supported detailed mapping. Mapping 
was conducted in QGIS 3.36.0 at a mapping scale of 1:2000 
and using the equidistant cylindrical projection (also known 
as Plate Carrée, ID IAU_2015:49915) which introduces 
distortions toward the poles but is suitable for the study 
area.
The final map is presented at 1:25,000 scale (check the 
Supplementary material). The geomorphological mapping 
was carried out using both polygonal and linear shapefiles, 
depending on the nature of the features. Photogeological 
units and areal landforms, such as gully lobes, dune fields, 
and polygonal terrain, were mapped as polygons. Linear 
shapefiles were used to trace features such as gully channels, 
fractures, and tectonic lineaments. In some cases, features 
were also represented through hatch patterns to emphasize 
surface texture or distribution trends.

Fig. 1 - Eridania basin digital terrain model (128 pixel/degree) projected and color-coded from Mars Orbiter Laser Altimeter (MOLA). 
The black line indicates the 1100 contour line and the box highlighted Hala crater.
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Fig.  2 - A) Location of the Hala crater within the Gorgonum Chaos Basin. The background imagery is derived from the CTX V1 
Mosaic dataset (https://murray-lab.caltech.edu/CTX/). B) The topographic profile (3x vertical exaggeration) shows the inclination of 
the surface in which the crater has been formed. The black arrow indicates the studied crater, the other one on the right is the Triolet 
crater.
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The units were identified through photointerpretation 
on the base of tone, texture, structure, size, and shape. 
The landforms were classified based on the identified 
or hypothesized morphogenetic agent. For features with 
indeterminate or complex origins, a neutral black color was 
used. The cartographic representation was partly inspired 
by terrestrial geomorphological legend (Campobasso et al., 
2021) and partly modified to the specific requirements of 
this study, such as the impact features which have been 
mapped in pink and the not determinable features mapped 
in black. This approach ensured a clean, accurate, and 
interpretable map suitable for further landscape analysis.
The morphometrical analysis includes slope, elevation, 
object size, crater diameter, and crater depth measurements, 
as well as interpretation of lengths and orientation of linear 
features. Based on these data topographic cross-sections of 
the crater were generated, providing valuable stratigraphic 
insights. Rose diagrams of fractures and lineaments were 
produced using the Generic Mapping Tool, specifically the 
rose module (Wessel & Smith, 2013). 

RESULTS

Topography and morphometric analysis

Hala crater appears shallower than the nearby Triolet crater 
(Fig.  2B), despite the latter being smaller in diameter. To 
assess the possibility of later infilling, we calculated the post-
modification crater depth and morphometric parameters 

such as depth and width for the associate knobs and mesas 
(Fig. 3, Table 2, adapted from Bamberg et al., 2014). 
According with Bamberg et al. (2014), for craters with 
diameters ranging from 7 to 100 km (in our case is 18 km), 
the following formula can be used to estimate the post-
modification crater depth: 

dr = 0.357 ∙ D0.52

where dr is the crater depth from the rim crest and D is the 
crater diameter (both in kilometers). The depth of knobs 
(dK) displays the height difference between crater rim and 
averaged knob elevation. The depth of fractures (dF) is 
the difference between the average knob depth and the 
fractures’ averaged measured incision. The observed crater 
depth (dOb) is the average between the dK and the dF. The 
thickness of infilling (TI) is the difference between the dr and 
dK and it is the highest amount of infilling. 

Table 1 - The table resumes the data used in this work (instrument, ID, source and the way in which we use them to 
analyse the crater). 

Instrument ID Source Use in this study

HRSC (High-Resolution 
Stereo Camera)

h0538_0000_da4 https://ode.rsl.wustl.edu/mars/ Topographic base for the analysis; generation of slope 
maps, elevation profiles, and mesa tilting measurements; 
extraction of crater morphometric parameters; support 
for structural interpretation.

CTX (Context Camera) J08_048113_1425_
XN_37S169W

https://ode.rsl.wustl.edu/mars/ Regional geomorphological context; mapping of 
surrounding terrain; first-order identification of floor units 
and aeolian features; base layer for figure mosaics.

HiRISE (High-
Resolution Imaging 
Science Experiment)

PSP_007196_1425, 
PSP_002871_1425, 
ESP_036324_1425, 
ESP_024575_1425, 
ESP_048759_1425, 
ESP_048904_1425, 
PSP_007842_1425, 
PSP_007051_1425, 
ESP_057713_1425, 
ESP_048113_1425, 
ESP_048904_1425

https://ode.rsl.wustl.edu/mars/ Detailed geomorphological mapping; identification of 
small-scale landforms (gullies, polygons, pingo-like 
mounds, block fields, TARs); measurement of block 
sizes and fracture expression; cross-validation of unit 
boundaries.

CaSSIS (Colour and 
Stereo Surface Imaging 
System)

MY35_012371_220_0,
MY35_011456_321_0,
MY35_011543_321_0

https://observations.cassis.unibe.ch/ Color-based discrimination of units (albedo and spectral/
color differences); support in distinguishing bright 
material (Bm) and platy material (Pm); confirmation of 
textural contrasts observed in CTX/HiRISE.

Table 2 - The table shows the results of the morphometric 
parameters of the crater.

Feature Value (km)

Crater diameter (D) 18.0

Post-modification crater depth (dr) 1.60 

Crater depth (dOb) 0.35

Depth of knobs (dK) 0.43 

Depth of fractures (dF) 0.26 

Thickness of infilling (TI) 1.16
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BLOCKS AND MESAS FEATURES

The blocks in which the crater floor is divided can be 
classified into three types based on their shape. The 
first type, located in the northern part of the crater floor, 
consists of a flat-topped mesa with polygonal edges and 
a smooth texture. Furthermore, they are tilted toward the 
crater rim of about 3-4° (Fig.  4A-B). The second type, in 
the central area of the crater, resembles a knob, featuring 
a pointed summit, significant material deposition along its 
slopes, and less defined edges. The last type, located in the 
southeastern part of the crater floor, is characterized by 
small, lower, and closely spaced knobs.

CONTENT DESCRIPTION

Photogeological units 

Based on the imagery data of HiRISE and CTX, we 
prepared a geomorphological map of Hala crater. The 
units are distinguished by their location within the crater in 
Wall Units and Floor Units. The Floor units group includes 
the Debris Bedrock (Deb) which is located mainly in the 
southern and eastern part of the floor, the Layered Unit 
(Lay) which occupies the southwestern part of the floor, 
the Filling unit (Fil), which represents the part of the crater 
floor with the filling material, the Mesa Unit (Mes), located 
in the top of the mesa, the Rocky unit (Roc) located under 
the Mes, the Loose material unit 1 (Lm1), which covers 
the slope of mesa, the bright polygonised material (Bm), 
which covers only a small portion of the floor and it is 
visible in the crater ejecta and the platy material (Pm), 

which occupies the rim of crater and the mesa scarps. 
The Wall Units are the Preimpact subsurface unit (Pis), 
widespread along the crater walls, and Loose material 2 
(Lm2).  

Floor units

Debris bedrock (Deb): this unit covers the southern, center 
and western part of the floor (Fig 5A). It is characterized by 
an alternance of light and dark tone of grey. The texture is 
rough and coarse, and the partial covering by the infilling 
material of the floor results in a spotted pattern. In this way 
the unit appears and disappears below the covering of the 
Lm2 unit. it is organized in small, rounded blocks (about 1 
m in the major axis), which spread all over the floor.
Layered unit (Lay): the unit covers the south-eastern part of 
the floor. It presents a rough texture and a darker tone of grey 
with respect to the infilling material of the floor (Fig. 5B). 
The unit appears as hard rock, covered by aeolian material 
and retains some random impact craters. Fractures cut the 
rock mass into smaller blocks (Fig. 5C). 
Filling Unit (Fil) is located all over the floor of the craters 
(Fig.  5D). It appears with light grey tone, smooth texture, 
and organized along linear and parallel pattern. It partially 
covers Deb and Lay units.
Mesa Unit (Mes): this unit is located on the top of the mesas 
(Fig. 6A -B). It has a light grey tone and a rough texture. We 
can observe the presence of impact craters, loose material 
organized in small dunes, and some circular/elliptical 
structures organized in parallel pattern. The thickness of 
the unit is very small (no more than 1 m). 
Rocky unit (Roc): this unit outcropped on the central and 
southern knobs and stratigraphically lies below the mesa 

Fig. 3 - The image shows the 
profile of the studied FFC and 
the main features which have 
been measured. The fractures 
are indicated with arrows, and 
they separated the knobs.
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Fig. 4 - A) The image shows three mesas where dashed red lines indicate the direction of tilting. B) The image shows a HRSC 3D 
model of the crater. The dashed red lines outline the tilted mesa of the picture A. The vertical exaggeration of the 3D model is 3x.
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and platy material units. It has a dark tone of grey, and a 
rough texture. The outcrops appear as a solid rock (Fig. 6C), 
that under erosion produces rounded blocks accumulating 
at the crater floor. 
Loose material 1 (Lm1) unit covers all the slope of the 
mesas. The material appears as light grey tone, with a 
smooth texture (Fig. 6D). Occasionally, the cover is uniform 
and smooth, likely composed of fine-grained material, while 
in some places it produces cones made up of coarser debris. 
Platy material (Pm) unit is located on the rim of the crater 
and on the northern mesas’ edges. It is characterised by 
dark to bright grey tones and organised in flat polygonal 
blocks (detail in Fig. 7A), varying in size from 3 to 8 metres 
along the longest axis. The unit emerges from beneath the 
Mesa unit, fractures into polygonal blocks that slide down 
and accumulate at the bottom of the mesa.
Bright material unit (Bm): this unit outcropped in the 
equator facing wall of the crater and randomly also on the 
ejecta. The portion inside the crater has a smooth texture 
and a light grey tone (Fig. 7B). The bright unit outside the 
crater have a polygonised surface and occupy mainly the 
western side of the outer rim.

Wall units

Preimpact subsurface unit (Pis) – This unit is located 
all along the inner slope of the crater, in particular in the 
equator facing wall. It presents a rough texture, dark tone 
of grey and it is organized mainly in leopard spots which 
follow the crater rim (Fig. 8A). The outcropping rock in situ 
appears as solid and angular and it is not present the blocky 
erosion, evident in the mesa bedrock. 
Loose material 2 (Lm2) unit (Fig. 8B) is mainly located in the 
equator facing wall. The tone is made by an alternance of 
light and dark grey, the texture is smooth, and the material 
organized in talus cones. 

MORPHOLOGY

Gravity induced landforms

Rockfall

Within the crater several rockfalls have occurred (Fig. 9A), 
resulting in the accumulation of coarse material at the 

Fig. 5 - A) The image shows a portion of the Deb unit. It is layered and seems composed of blocks, which are visible at the HiRISE 
resolution. B) The Lay unit presents layering, and a structure more massive than the Deb unit. It is located close to the bottom of 
the crater wall, mainly in the southern and western sectors of the crater. C) Another view of the Lay unit, with the clear layering. The 
surface presents some impacts structures and aeolian landforms. D) The image shows the Fil unit, which covers the floor of craters. 
It presents alternation of fine graded material and some random blocks.
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bottom of the slopes. The deposits are characterised by 
boulders of different size (an average of 3.5 m) located 
both along the crater walls and at the feet of the blocks 
constituting the chaotic floor. Where visible, we mapped 
the tracks left by fallen boulders that rolled, and bounced 
down the slopes 

Deep-seated gravitational slope deformations (DGSSDs)

The DSGSDs are located in the south pole facing wall and 
on one of the central mesas (Fig. 9B). DSGSDs are a set of 
slow and complex gravity-driven deformational processes, 
involving entire slopes (or large portions of them) over long 

Fig. 6 - A) Mes unit which shows impact structures and aeolian landforms. B) The image shows one example of the Mes unit variability, 
which presents elongated and concave structures, filled with fine grained sediments. C) A detailed view of the Roc unit, which starting 
outcrop in the central blocks of the crater. D) The image shows Lm1 unit, which is located on the slope of blocks and mesa.  

Fig. 7 - A) The image shows an example of Pm unit, which is located on the crater rim. It is also outcropped on the upper part of the 
northern mesa. B) A detailed view of the Bm unit, which presents a bright tone and a sort of polygonal texture. This part in particular 
is located on the proximal ejecta, but the unit outcropped also in the bottom of the crater wall, in the southern sector.
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time intervals (Panek & Klimes, 2017; Agliardi & Crippa, 
2022). Earth analogues are generally characterized by 
deformation rates on the order of millimetres per years, very 
small if compared with their enormous dimensions (Dramis 
and Sorriso-Valvo, 1994; Della Seta et al., 2017). DSGSDs 
of the crater are characterized by the typical morphological 
features such as double ridges, ridge-top depressions, 
trenches, and scarps (Pánek & Klimeš, 2017).

Aeolian landforms

Transversal Aeolian Ridges (TARs)

The crater floor fractures are infilled by fine grained filling 
material organised in linear structures, parallel to each 
other, which can be considered as Transversal Aeolian 
Ridges (TARs, Balme et al., 2008), (Fig.  10). They vary 
in size, with an average length of about 200 metres and 
width on the order of 40 metres and are all oriented SW-
NE. Often the parallel arrangement gives way to sinuous 
and more complex shapes derived from the coalescence of 
several dunes, due to interference between them. The DEM 

available does not have adequate resolution to allow us to 
detect the individual dunes in 3D and the lighting conditions 
make it difficult to distinguish the upwind and downwind 
side. In places they present in the south-eastern side 
transversal dune arranged linearly along the development 
of the dune. 

Fig. 8 - A) The image shows Pis unit which outcrops in the upper part of the crater wall. B) A close view of the Lm2 unit, which present 
an alternation of light and dark tone of grey.  

Fig. 9 - A) Falling track (indicated by the black arrow) of a boulder along the slope of a mesa (HiRISE ESP_048759_1425. B) The 
image shows the trench zone (red line) which identified a DSGSD located in a mesa within the crater (HiRISE PSP_002871_1425).

Fig.  10 - TARs in the southern part of the crater, which 
intersect the debris bedrock unit (CTX J08_048113_1425_
XN_37S169W).
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Periglacial landforms

Polygonal terrain

Polygonal patterned ground (Fig. 11) is observed along the 
outer rim of the crater. Each polygon exhibits well-defined 
quadrilateral shapes and a low surficial albedo. These 
features are consistent with thermal contraction polygons 
(Levy et al., 2009).  since the crater’s latitude is consistent 
with the presence of sufficient ground ice  to cement 
permafrost (Mellon et al., 2004), as well as with models 
predicting the distribution of seasonal thermal stresses 
sufficient to induce thermal contraction cracking (Mellon 
et al., 2008). The variable polygons size may be attributed 
to the varying intensity of thermal contraction and the 
distribution of exploitable defects within the subsurface 
(Plug & Werner, 2001). 

Block fields 

Block fields are observed along the crater rim, on the rims 
of the mesa-type structures in the central part of the crater, 

and near other minor escarpments (Fig. 12A). The individual 
blocks exhibit angular margins, are generally piled up, and 
in some areas appear remobilised, forming extensive block 
sheets. Their sizes range from a few meters to several 
decameters, and they can either form extensive fields or be 
concentrated along the edges of the escarpments.

Protalus rampart

We mapped several elongated structures, referred to as 
protalus ramparts (Hedding et al., 2010; Hauber et al., 
2011), distributed along the slope and exhibiting arcuate or 
irregular morphologies. These convex elongated landforms 
(Fig.  12B) occur along the walls of the central blocks 
oriented towards the south pole. 

Pingo - like

Along the north-eastern sector of the crater wall, facing 
towards the south pole, convex circular structures with an 
average diameter of about 20 metres are exposed. These 
features, interpreted as pingos, are characterised at their 
summit by a central depression (Fig. 13A-B), bordered by 
small escarpments.

Erosional and depositional landforms - Gully-system

Detachment niches (Alcove)

Under the name detachment niches, we mapped all features 
of varying size located along the inner rim of the crater 
(especially in the sector facing the south pole) and along 
the slopes bordering the central blocks (mesa) (Fig. 14A). 
These features are erosional landforms attributable either 
to deepening of the incisions or to regressive erosion/
retreatment of the headward that pervasively affects the 
northern slopes. 

Fig.  11 - Detail of the polygonal terrain. (HiRISE 
PSP_007196_1425).

Fig. 12- A) A detail image of the block field on the western edge of the crater (HiRISE ESP_048759_1425). B)  Protalus rampart at 
the bottom of mesa’s slope (highlighted in blue dashed line, HiRISE PSP_002871_1425).
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Channel

Linear structures depart from the detachment niches, 
branching out along the slope. These channels are always 
located on the inner walls of the crater and the walls of 

the central blocks exposed towards the south pole. From 
a morphological point of view, we can distinguish two 
types of channels. The first type is the classic incision, 
characterised by embankments of variable length 
(Fig.  14B). The second type (Fig.  14C) concerns more 

Fig. 13 A) The pingo-like landforms in detail, which present the typical depressed top (HiRISE PSP_007196_1425) B) Blue dots 
indicate the location of the pingo-like structures. They appear to be arranged in linear clusters oriented parallel to the local slope, 
indicating that their formation preferentially occurs along specific slope-aligned pathways, possibly controlled by pre-existing 
fractures or variations in subsurface permeability. (HiRISE PSP_007196_1425).

Fig. 14 - A) The image shows the alcoves located in the north-easter crater wall. B) The first type of channels identified within the 
crater, which recall classic structures of gullies. C) A detailed view of the second type of channels. They present a more complex history 
of reactivation, which form terraces at different level. D) One example of complex lobe located in the northern slope, associated with 
first type of channel.
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complex incisions, with possible terraced surfaces at its 
margins. The terraces indicate that there were several 
periods of channel incision and therefore several periods of 
activity. These types of channels are located in the south-
east-facing walls in the north-western portion of the crater 
(HiRISE PSP_002871_1425). The material deposited is 
organized as single lobes or complex lobes (Fig. 14D). The 
latter in particular present structures which indicated more 
reactivation of the processes such as truncated channels 
and superimposed lobes. 

Structural landforms

Fractures/faults

The lineaments mapped in this category are defined as 
alignments of point, linear or area elements that can be 
identified over extensive areas and attributed to geological 
processes. In Fig. 15A the main lineaments recognised in 
the study area are highlighted. They are traced by observing 
the alignments of different features such as gully incisions, 
truncated lobes, channels, crater rim and floor fractures. 
Patterns resulting from this particular distribution of gently 
curved or straight lines are common and have a structural 
significance. We measured the orientation of these 
lineaments with respect to the north, and we plotted the 
results in a rose diagram (Fig. 15B). The diagram highlighted 
that the longest fractures present within the crater have a 
predominance of ENE-WSW direction which is consistence 
with the direction of the Sirenum Fossae graben. However, 
the degree of dispersion of the lineaments as well as the 
polygonal pattern of the blocks indicate even local effect 
unrelated to regional tectonism but partially controlled by 
the structural pattern.

Poligenetics landforms

Weathered bedrock 

Along the slopes of the crater facing the south pole, 
convex circular structures (~15 meters in diameter) have 
been observed (Fig.  16). These features are arranged 
longitudinally along the crater wall and are associated with 
the presence of gullies. Similar structures have also been 
identified on the south-facing walls of some central blocks 
within the crater floor. These landforms are interpreted as 
the result of weathering and exfoliation processes affecting 
pre-existing fractures in the substrate.

Longitudinal incision

Complex landforms include linear structures (Fig. 17) that 
are parallel to each other, narrow, and elongated along the 
slope, with an average length of ~10 meters and a width of 
~1 meter. These features are particularly evident along the 
inner rim of the crater, on the south-facing slope near the 
pole, and on some south-facing walls of the central blocks. 
Morphologically, they closely resemble karren formations 
found in terrestrial karst environments (Bögli, 1960) or 
columnar basalts, which form as subaerial cooling structures 
in basaltic lava flows. However, we consider these analogues 
strictly morphological, not genetic. From a morphogenetic 
point of view, a periglacial origin is more consistent with 
their spatial distribution, slope-parallel alignment, and 
occurrence in mid-latitude terrains. Similar “sorted stripe”-
like linear textures have been described in Hellas Planitia 
(Hubbard et al., 2011) and Promethei Terra (Bertoli et al., 
2024), where they are interpreted as surface expressions of 
freeze–thaw processes affecting ice-rich regolith.

Fig.  15 - A) The image shows all the lineations recognized in the crater (CTX J08_048113_1425_XN_37S169W). B) The rose 
diagram shows the preferential direction of the fracture within the crater. The direction is weighted with the length (in meters).
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Recurrent Slope Linea

The polygenetic landforms also include dark features, 
primarily located along the west- and southwest-facing 
walls of the crater. These features range in length from 6 
to 300 meters, with an average width of ~2 meters. In the 
literature, they have been described as Recurrent Slope 
Lineae (RSL; McEwen et al., 2011), which are relatively dark 
linear markings on steep slopes with low albedo, suggesting 
minimal coverage by bright dust. RSL typically originate 
from bedrock outcrops (McEwen et al., 2011). Fig. 18A-B 
illustrate the temporal evolution of these features on the 
southern wall, showing images taken ten years apart.

DISCUSSION 

The geomorphological map presented in this study 
provides a comprehensive and detailed representation of 
the landforms within Hala crater, located in the southern 

hemisphere of Mars. This mapping effort is particularly 
significant, as high-resolution geomorphological maps of 
FFCs remain scarce in planetary studies. By integrating 
morphological, morphometric, and structural data, this 
work offers new insights into the complexity of the crater’s 
interior and its post-impact evolution.
The map highlights the distribution and relationships 
among the main geomorphological units, differentiating 
between distinct materials and landforms that characterize 
the crater floor, central blocks, rim.
Starting from the impact itself, the presence of ice in the 
subsurface seems to have played an important role in the 
crater modification, probably right after the impact. In 
fact, the crater exhibits fluidized ejecta deposits (Fig. 19), 
classified as double-layered ejecta (DLE) deposits, which 
are commonly associated with impacts into volatile-rich 
substrates (Barlow et al., 2000). Several models suggest 
that these morphologies can form due to (i) impact into 
near-surface ice or volatile reservoirs (Carr et al., 1977; 

Fig.  16 - The image shows 
one example of the convex 
features, outcropping in 
the northern wall between 
two gullies. (HiRISE 
ESP_036324_1425).

Fig. 17 - A) The image shows 
an example of the longitudinal 
incisions (northern wall, 
HiRISE ESP_036324_1425).
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Mouginis-Mark, 1979), (ii) interaction between ejecta and 
the thin Martian atmosphere (Schultz & Gault, 1979), or (iii) 
a combination of both (Komatsu et al., 2007). 
Being the crater located within the Gorgonum Basin, which 
is thought to be an ancient paleolake, we could hypothesize 
that the impact had happened when there were still 
volatiles inside the basin, either in form of liquid water or 
ice deposits. This possibility will be analysed in the following 
work to this paper, which it will provide crater counting 
analysis. Following a morphological point of view and the 
state of degradation of the ejecta blanket and seeing that 
the ejecta have been cut by the regional tectonic, we could 
hypothesize that the impact is pretty old, and thus the 
volatiles presence was highly probable. 

The topographic analysis highlights a notable variation in the 
altimetry of the central blocks and unit distribution across the 
crater floor. Notably, four major units have been identified 
within the floor: (1) a mesa-forming unit (Mes unit), which 
retains evidence of stratified materials and presents clear 
indications of differential erosion; (2) a layered unit (Lay 
unit), which present stratified material located in the bottom 
of the crater slope, in the southern and western sector; (3) 
a platy unit (Pm unit), characterized by fragmented and 
disrupted materials; and (4) an exposed bedrock unit (Roc 
unit), associated with the highest knobs in the central and 
southern parts of the floor, where overlying deposits appear 
absent. This localized topographic prominence, combined 
with the absence of overlying deposits, suggests a possible 
uplift process that may be consistent with subtle doming 
(Walwer et al., 2021; Buczkowski et al., 2018). The mesa-
forming unit, particularly in the northern sector of the crater, 
exhibits a systematic tilting of stratified layers toward the 
north, indicating a tectono-structural reorganization of the 
crater interior. The dip angle of these layers (measured 
at approximately 3°-4°) supports the hypothesis of an 
upward push consistent with a localized magmatic doming 
event. This doming, potentially caused by the intrusion of 
magmatic material into the subsurface, is also suggested 
by the reduced depth of the crater compared to similar 
nearby structures, and by the presence of an exposed rocky 
unit (Roc). The Roc unit is characterized by high apparent 
competence, blocky texture, and limited evidence of 
sedimentary reworking, which are consistent with a lithified 
substrate. These morphological properties are compatible 
with a volcanic or intrusive origin. 
This uplift and tilting event may have fractured and 
displaced a pre-existing, stratified sedimentary or impact-
derived fill unit originally covering the crater floor. Remnants 
of this unit are still preserved atop the tilted mesas in the 
north (Mes unit), as well as in the southern and western 

Fig. 18 - Comparison between two HiRISE showing the RSL activity. A) The image PSP_007196_1425, taken on 08 February 2008, 
shows the upper portion of the southern wall. B) The image ESP_057713_1425, taken on 18 November 2018, shows the same area 
of A, but we can clearly see that many RSL are present.

Fig.  19 - The ejecta blanket of the crater and its lobes are 
outlined in red.
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sectors where the floor appears unaffected by doming (Lay 
unit). Concomitant or subsequent to the doming event, 
the intrusion of extensional tectonics associated with the 
Sirenum Fossae likely contributed to the fracturing and 
segmentation of the floor. In fact, the structural elements, 
particularly the fracture network within the crater floor, 
exhibit a strong alignment with regional tectonic features 
such as the Sirenum Fossae. This correlation suggests a 
broader structural control on the deformation observed 
within the crater, which is further evidenced by the tilted 
mesas and the presence of deep-seated gravitational 
slope deformations (DSGSDs) along the inner walls. In the 
terrestrial context, the DSGSDs are a particular category 
of large size mass movements, generally slow, that are 
often controlled by the inherited structural framework and 
affect entire mountain slopes with high relief energy. These 
deformations are particularly evident in the mesas, where 
elongated concave structures, like trenches, are observed. 
Following these major geological events, impact into a 
volatile-rich substrate, tectonic intrusion by Sirenum Fossae, 
and magmatic doming, the crater entered a prolonged 
phase of surface modification during the Amazonian. This 
phase is dominated by periglacial and cryonival processes, 
which further altered the landscape without substantially 
modifying the primary geological framework. Features such 
as pingo-like mounds, polygonal terrain, and block fields 
are the result of ice-related surface dynamics acting upon 
the previously deformed and uplifted floor materials. These 
landforms record the final reshaping stage of the crater’s 
evolution, characterized by freeze-thaw cycles, subsurface 
ice mobilization, and local mass wasting processes.
The observed landforms provide crucial evidence for the 
past and present surface dynamics within the crater. The 
presence of protalus rampart-like features (Hedding et 
al., 2010, Hauber et al., 2011) suggests the degradation 
of a once-extensive latitude-dependent mantle (LDM), 
reinforcing the notion that periglacial processes played 
a role in modifying the landscape. Latitude Dependent 
Mantle (LDM) is a layer composed of sand, dust, and rocks 
that are cemented by water ice, that covers at least 23% 
of martian surface (Kreslavsky & Head, 2002) and can 
be seen interacting with various surface features such as 
impact craters. Its origin is not yet agreed upon, but one of 
the theories connects it to the process of airfall deposition 
of ice-covered dust grains, which may be related to Mars’ 
obliquity changes (Laskar et al., 2004) and those likely 
had a significant influence in a global circulation of water. 
Additionally, the identification of polygonal terrains, 
pingo-like structures, and block fields further supports 
the involvement of ice-related mechanisms. In the Martian 
context, polygonal terrains are generally classified based on 
their size and morphology (Levy et al., 2009). The observed 
polygons fall within the S1 category, characterized by 

small-scale fractures ranging from 10 to 50 meters in 
diameter, often forming orthogonal or random patterns. 
The formation of these polygons is typically associated 
with thermal contraction cracking in permafrost, further 
reinforcing the idea that ice was once, or still is, present in 
the subsurface. 
On Earth, pingos are ice-cored mounds formed by the 
growth of ice lenses beneath the surface (Rowley et al., 
2015), typically found in periglacial/crionival environments 
in presence of permafrost. Similar features have been 
observed on Mars at comparable latitudes (Dundas et al., 
2008), further supporting the hypothesis that subsurface 
ice played a key role in shaping the crater’s morphology. 
These structures are located on a relatively flat surface at 
the base of the northeastern wall and appear to be aligned 
along specific channels, possibly indicating preferential 
pathways for subsurface ice accumulation and mobilization.
The periglacial landforms include also the Block Fields, 
which are diffusely present throughout the crater, both on 
the tops of the inner walls and on the slopes of the central 
blocks. On Earth, the Block Fields are formed by the action 
of cryoclastism (Frost Weathering) caused by freeze-thaw 
cycles, which leads to the formation of angular block fields. 
Even in the Martian context they are probably generated by 
the same phenomenon. In fact, the formation zone of these 
angular boulders is clearly visible, their accumulation along 
the slope and in some cases their rolling due to gravity. The 
boulder trails could be in some cases mobilized by either 
the marsquakes or temperature/climate-controlled melting 
of ice (Roberts et al., 2012). 

CONCLUSION

This study presents a detailed geomorphological map 
of Hala crater, a floor fractured crater located in the 
southern hemisphere of Mars, offering new insights into 
its surface morphology, unit distribution, and structural 
configuration. The high-resolution mapping which allowed 
the identification of the photogeological units, coupled with 
observed landforms such as polygonal terrains, pingo-like 
structures, gullies, and RSL, highlights the complexity of the 
crater’s post-impact evolution. The crater presents rampart 
ejecta, which is indicative of a possible impact in volatiles 
rich terrains. The variations in topography, including the 
highest-standing knobs in the central and southern portion 
of the crater floor, could be connected to localized doming 
processes, possibly linked with the presence of the Sirenum 
Fossae graben. Structural mapping has further revealed 
alignments with the Sirenum Fossae system, indicating 
the influence of regional tectonic activity in controlling the 
fracturing and deformation of the crater floor. One possible 
hypothesis involves a combination of scenarios, which 
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could explain the presence of volcanic material inside 
the crater which is identified as Rocky unit, the polygonal 
fracture which dissect the crater and the stratigraphy and 
topographic differences between the mesas. We propose 
the interaction of processes, which involves tectonic and 
volcanic events.
The presence of periglacial features suggests a history of 
ice-related modification during the Amazonian period. 
The map serves as a critical reference for future 
investigations into subsurface ice stability, climate 
evolution, and the broader geological context of FFCs on 
Mars. To further refine our understanding of the crater’s 
history and its relationship to the broader Eridania Planitia 
region, future investigations will focus on three key aspects. 
First, mineralogical analyses will provide insight into the 
composition of different units, helping to constrain past 
alteration processes and potential volcanic activity. Second, 
radar data will be used to detect and map subsurface ice 
deposits, shedding light on past and present cryospheric 
conditions. Finally, crater dating techniques will establish 
a more precise chronological framework, enabling a better 
understanding of the temporal relationships between impact 
processes, tectonic activity, and ice-related modifications.
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