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ABSTRACT 

Tectonics on icy surfaces of the Solar System present a number of issues relevant for understanding 

the geologic evolution and the geodynamic processes of icy bodies. The recognized strong evidence 

of extensional tectonic regimes and the paucity of compressional structures leave unclear their 

structural balancing. This assumption opens the issue on the existence of a prevalent tectonic regime 

and a preferential style of deformation affecting the icy planetary surfaces. The present dissertation 

addresses this problem by improving our understanding on the tectonic regimes that deform the icy 

surfaces. The investigation is performed by the modeling of the tectonic setting of selected study 

areas in confined (closed) and unconfined (open) icy surfaces. These were identified in the icy 

satellites Ganymede and Enceladus (confined study cases), and in the northern polar cap of Mars 

(unconfined study case). Their comparison with their terrestrial analogs, identified in the Antarctic 

ice sheet, supports the investigation. 

The tectonic structures in the investigated regions are studied by a multidisciplinary structural 

geology approach that includes remote sensing, structural mapping, geomorphology, and quantitative 

(geo)statistical analyses. A total of three tectonic models are prepared and describe the kinematic 

evolution of the investigated icy surfaces. 

Ganymede model suggests transpressional tectonics in the Uruk Sulcus region, and the identification 

of regional groove systems proposed in the structural map of Ganymede grooves allow to recognize 

significant regional strike-slip tectonics affecting its surface. Transpression is also recognized by the 

model proposed in the South Polar Terrain of Enceladus, where block rotation tectonics characterizes 

the Tiger Stripes kinematics. The tectonic model proposed for the northern polar cap of Mars 

attributes the origin and evolution of the spiral troughs to the activity of low-angle normal faults that 

fade in a ductile detachment at depth. 
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These models allow to recognize two endmembers of tectonic styles affecting the icy planetary 

surfaces. Strike-slip and low-angle dip-slip faulting characterize their regional scale tectonics. These 

endmembers are framed into a preferential way of deformation that follows the thin-skinned model 

and contributes to preserve the overall flat topography of the icy surfaces. The obtained results open 

the discussion on the possible geodynamic implications related to the polar wander, the Coriolis force 

and the ice flow.  
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CHAPTER 1  

INTRODUCTION 

1.1 Tectonics of icy surfaces: scientific perspectives 

From the mid-1900s the consciousness that ice is a common component throughout the solar system 

was developed (Whipple, 1950; Kuiper, 1952). Ice is present since the birth of the solar system, and 

its distribution depends on how it originally formed from the solar nebula (Prockter, 2005). Many 

volatiles of ice occur in the solar system and the most familiar is the water ice that presents 

approximately 15 different crystalline forms where the water molecules become more densely packed 

as pressure is increased (from ice-Ih, present in the Earth, to high-pressure ice-VIII). It is present both 

as polar caps and as ground ice in permafrost regions of rocky bodies, such as the Earth and Mars, 

and as the main component, in the comets and in several outer system bodies and satellites. Icy worlds 

are sites of extreme scientific interest in planetary exploration from the geological and astrobiological 

point of view. Many of them present subsurface liquid water layers that are considered potential 

habitable environments to host life beyond the Earth. In this way, their icy surface characteristics 

provide information on their formation and evolution, and on the eventual underlying ocean. 

As the rocky surfaces, the icy ones present tectonic features. Brittle failure in Earth glacial 

environments is frequent as well as the abundance of tectonics in icy planetary surfaces. Tectonics in 

Solar System bodies is often referred to as “tectonism” to avoid the confusion with Earth plate-

tectonics. This dissertation refers to “tectonics” as deformational activity and processes that control 

structural evolution. In the Solar System, tectonics in rocky bodies is one of the most important 

processes that affect the surfaces. This also applies to the icy surfaces that require a separate 

description to understand what tectonics of icy surfaces reveals and which information it provides. 

Icy surface tectonics is relevant for the understanding of the geologic evolution and the geodynamic 

processes of an icy body. These present complex features that are often difficult to unravel, and their 
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formation relates to puzzling origin, that might be misinterpreted. When their tectonic origin is 

defined, this provides knowledge about what these features exhibit. Tectonic features in icy 

environments provide information on the internal setting and represent possible way of interchange 

between surface and deep layers (i.e. ocean when present; Prockter, 2005, Porco et al., 2006). They 

allow to infer the direction and (possibly) the amount of the driving stresses. The investigation of the 

ice deformation represents also a predictive means to identify the fracturing preferential ways for 

atmosphere-inner body exchanges.  

The Solar System icy surfaces exhibit evidence for tectonic features of extensional origin, rather than 

compressional origin that appears to be rare (Parmentier and Head, 1979). Almost every deformed 

icy surface show evidence for extensional tectonic feature, while minor evidence of strike-slip is 

observed, and compression features are rarely observed. This opens the debate to answer several 

questions connected with the problem of the balancing of the recognized extensional processes. The 

amount of extension should be somehow balanced, and the lack of compressional features and the 

strike-slip paucity make difficult the solution of this problem.  

In this way, this dissertation attempts to improve our understanding on the tectonic regimes that 

deform the icy surfaces. Is extension the main tectonic process or other regimes play a similar role to 

deform the icy surfaces? Are there other tectonic processes that were not yet recognized due to their 

complex interpretation? How the recognized tectonic styles contribute to balance the acting stresses? 

Which geodynamic processes could frame the recognized tectonic setting? 

From the general point of view, this project was born and focuses to verify whether icy surfaces 

develop preferential ways of deformation (dip- and strike-slip). Despite the amount of information 

gathered in the last 50 years of space exploration, many features of icy surfaces remain still 

unexplained. In this way, the tectonic setting modeling of deformed region in icy surfaces can be 

performed, and the structural geology approach to this issue is decisive. 
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This is the starting point for the formulation of the “Modeling the tectonic styles of icy planetary 

surfaces and their terrestrial analogs” project. This dissertation aims to unravel the tectonic setting 

observed at the regional scale in icy planetary surfaces. It addresses two topics: tectonic modeling of 

icy surface regions and comparison among the case studies.  

Results of this work will show how the local scale features are part of a larger scale mechanism that 

frames several tectonic styles. Resulting evidence of tectonic deformation is discussed, by taking into 

account possible processes of formation. The investigation begins from the modeling of study areas 

in the icy satellites Ganymede and Enceladus, then moves to modeling of the features of the northern 

ice cap of Mars, and finally to the comparison with terrestrial analogs in Antarctica. Thus, from the 

regional-scale investigation of surface features (Ganymede, Enceladus), to the buried structures by 

cross-sections (Mars). The tectonic styles found in icy surfaces represent the common thread that 

links the case studies, and the comparison represents the foundation that connects and frames this 

study. The proposed models allow to recognize two main tectonic styles formed in a preferential way 

of deformation that refers to thin-skinned tectonics in icy planetary surfaces. 

1.2 Ice properties 

In the Solar System the rocks and ices provide precise distribution, and their proportion variates with 

distance from the Sun. Their amount depends to the “frost line” that represents the line between the 

areas where rocks and metals condense (closer to the Sun) and where carbon and ice grains begin to 

condense (away from the Sun; Prockter, 2005). Many volatiles can exist in frozen form, and several 

types of ices have been found in the Solar System. The most familiar is water ice that often includes 

other volatiles such as methane, nitrogen, CO2, and noble gases in the lattice (Prockter, 2005). At the 

pressure and temperature variation, water ice reorganizes its structure. The terrestrial form of the 

water ice is the ice-I (or ice-Ih), and it undergoes phase transformations to denser phases at elevated 

pressures (Fig. 1). The rheological properties of high-pressure ice phases are not as well-known as 

the properties of ice-I. These are typically only found at depths of several hundred kilometers within 
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the largest icy satellites (ice-III, ice-V, ice-VI; e.g. Hussman et al., 2007), and are usually less directly 

relevant to near-surface tectonic processes. In this way, this dissertation will consider ice-I that will 

be simply mentioned as ice.  

Its density, lower than its molten equivalent (water), makes the surface eruption of water difficult 

(when subsurface liquid water layer/ocean occur). From the tectonics point of view, ice is rather 

similar to silicate materials, and a close parallelism between the behavior of ice and the behavior of 

rocks under stress exists (Chamberlin, 1936; Jaumann et al., 2009). At near surface conditions its 

behavior is brittle, while at greater depths it is ductile. At the surface, ice behavior resembles that of 

rocks on Earth. Indeed, many tectonic features observed on icy surfaces have terrestrial counterparts. 

Ice is intrinsically weaker than rock, in that it is less rigid (lower Young’s modulus around 1-11 GPa, 

Petrovic, 2003; Nimmo, 2004) and close to its melting point flows more readily than silicates 

(Chamberlin, 1936). Thus, viscous flow timescales are much shorter in icy surfaces than in their 

silicate equivalents, and a ductile layer may be shallower, with more influence on the surface, than in 

the terrestrial context (Collins et al., 2009; Watters and Schultz, 2010). An ice layer in the upper crust 

of an icy satellite can be modelled as a simple elastic layer that may be influenced by a near-surface 

ductile layer beneath. In this way, this thesis addresses the issue with the structural geology approach 

and relates the ice behavior under deforming stresses to the rock mechanical principles. 

 

Fig. 1: Phase diagram of pure water ice. The different 

high-pressure ice phases are shown. Most relevant for 

the icy satellites are ice-I, ice-II, ice-III, ice-V and ice-

VI (Hussman et al., 2007). 
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1.3 Investigated icy surfaces  

This dissertation focuses on investigating a series of study areas and to compare them. Icy surfaces 

are considered, not limiting the work on icy satellite crusts. The complete investigation concerns 

tectonic features in map-view and in section. In this way, several bodies present two distinct types of 

icy surfaces: confined and unconfined icy surfaces. Confined icy surfaces refer to “enclosed” systems 

where mass deformation has to be balanced in the same space, and the unconfined ones refer to “open” 

systems where space availability exists. Study areas of confined icy surfaces were selected in the icy 

satellites Ganymede and Enceladus, and the unconfined investigated icy surface is represented by the 

Mars north polar caps. These were compared with their terrestrial analogs in Antarctica. 

The icy satellites Ganymede and Enceladus belong to two systems, the jovian system and the 

saturnian one. These present a global (Ganymede) or regional (possibly Enceladus) liquid ocean 

underlying their icy crusts, deformed by internal activity (Ganymede) often tidally driven 

(Enceladus). These satellites present past (Ganymede) or present (Enceladus) tectonic activity that 

formed globally widespread (Ganymede) or localised (Enceladus) tectonic features. For these 

satellites, their icy composition and surface temperature makes difficult to get liquid ocean water up 

to the icy surface. This should either be forced upward through over pressurized cracks, or reduced 

density such as by gas bubbles, or else tectonic regimes that could contribute to the rising of internal 

material at the surface. 

Ganymede opens the investigation. This satellite presents a global ocean that underlies an icy surface 

globally deformed by tectonic features. The strike-slip regime of Uruk Sulcus is studied, with the 

mapping and classification of regional-scale systems of tectonic features that characterize the results 

of the ancient tectonics that affected its surface. 

Enceladus internal activity is centered at its south polar region, where plumes depart, and complex 

setting of tectonic features deforms its surface. Block rotation tectonics allows to unravel the south 

pole tectonic evolution. 
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These two case studies refer to the modeling of features in map-view in confined icy surfaces. The 

third one considers the third dimension, and is located in the unconfined Mars northern ice cap. The 

modeling of their structure at depth allows to understand the internal dynamics of the cap and the 

behavior that ice failure provides at depth.  

Although the tectonic features of the icy planetary surfaces have also rocky analogies on Earth, to 

better frame this issue the terrestrial analog is maintained in icy environment and it is represented by 

the Antarctica ice sheet. This is an unstable polar cap (formed at about 34 Ma) that presents dynamics 

and features similar to those observed both in the icy satellites and in the polar cap of Mars. 

All these study areas present in a different way brittle deformation that creates weakness features, 

fractures and faults. 

1.4 Tectonic modeling 

The investigation of the study areas allows to prepare tectonic models that represent the evolution of 

the region under consideration. These are developed by using the data from the Outer Solar System 

missions (e.g. Voyager, Galileo, Cassini), and the mission to Mars (e.g. Mars Reconnaissance 

Orbiter). By means of the original approach of remote sensing, structural geology, statistical, and 

quantitative analyses a total of three regional-scale tectonic models are proposed.  

Structural mapping and azimuthal analysis allow to recognize and classify tectonic feature 

populations into systems. The statistical analyses of their characteristics (e.g. the Length/Spacing 

ratio; L/S), their integration and relation with found lineament domains within the study area allow 

to relate systems to tectonic activity and to infer the tectonic styles that affect the areas. A new method 

of image processing (used for Enceladus south pole region) is proposed to confirm the recognized 

regimes. Balanced cross-sections (by Hybrid Cellular Automata methodology, HCA) allow to model 

the deep structure evolution of the tectonic features (used for the Mars case study and its Antarctic 

analog). In this way, the proposed evolutionary tectonic models describe both the dynamics and 

kinematics that create the investigated tectonic features. The three proposed tectonic models are then 
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compared. Several investigation scales relate to the same tectonic interpretation where each model 

shows several tectonic styles framed into a unique regional-scale event responsible of the local-scale 

tectonics. Ganymede and Enceladus models depict the evolution of the brittle deformation of their 

icy crusts; Mars model describes the cross-section evolution of the internal ice cap dynamics. 

Analogies with Antarctica are discussed to relate the results in icy surfaces with what known on Earth. 

The tectonic modeling allows to identify the main tectonic styles. Obtained result comparison allows 

to infer differences and analogies, and to recognize two endmembers that characterize icy surface 

tectonics. These are represented by strike-slip and low-angle dip-slip that suggest the preferential way 

of ice deformation exhibited by thin-skinned tectonics (Rodgers, 1949; Harris and Milici, 1977; 

Vendeville and Jackson, 1992; Lundin, 1992; Lankreijer et al., 1995; Pfiffner, 2017). Findings allow 

to infer geodynamic implications.  

1.5 Dissertation outline 

Part of this thesis is divided into a collection of articles. The flow of chapters represents the passage 

from the tectonics of the Outer Solar System icy surfaces to the terrestrial-type ice caps. 

The ice tectonic topics are investigated in detail to reach the conclusion that two tectonic style 

endmembers affect icy surfaces. Obtained results show that strike-slip regime is significant for the 

confined icy satellite crusts and low-angle dip-slip regime play a secondary role. On the other hand, 

in unconfined ice cap low-angle dip-slip structures prevail and follow flow directions accommodated 

by secondary strike-slip regimes. 

In Chapter 2 the case study Ganymede and its tectonic features are considered. Structural geology 

analysis is performed in a study area, called Uruk Sulcus, and in turn extended to the satellite surface 

in order to prepare the structural map of the tectonic features of Ganymede. This chapter includes the 

scientific papers “Evidence of transpressional tectonics on the Uruk Sulcus region, Ganymede” and 

“Structural geology of Ganymede regional groove system (60°N – 60°S)”. The first is a published 

article that presents the study of Uruk Sulcus region, deformed by transpressional kinematics. The 
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second represents a published paper, where the tectonic features of Ganymede surface are classified 

into regional systems and are object of further structural investigations. The last paragraph shows the 

structures recognized in the Rennick glacier in Antarctica that present analogies with Ganymede 

grooves setting. 

Chapter 3 concerns Enceladus tectonics. The paper “Tectonics of Enceladus South Pole: Block 

rotation of the Tiger Stripes” presents the kinematic model of the South Polar Terrain of the satellite, 

where recent tectonic activity is reported. Enceladus icy surface presents regional strike-slip that 

frames into block rotation tectonics. The second section show its Antarctic analog. 

Chapter 4 presents the results of “The tectonic origin of Planum Boreum spiral troughs, Mars”. In 

this paper, the depth of the northern ice cap of Mars is investigated by analysing radargrams. The 

internal dynamic model of the cap is presented. It proposes the structural origin of the spiral troughs 

of Mars north pole. This section supports the suggestion that the spiral troughs are structural features 

that testify the deformational history of the ice cap.  

In Chapter 5 the correlation of the mentioned study cases is discussed in order to identify differences 

and analogies. This comparison allows to propose two tectonic style endmembers characterized by 

the prevalence of thin-skinned tectonics in icy planetary surfaces. The discussion opens to possible 

geodynamic processes. 

Chapter 6 presents the conclusions and the perspective for further investigations in preparation of the 

future mission programs (e.g. ESA Jupiter Icy Moons Explorer and NASA Europa Clipper). 
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CHAPTER 2  

GANYMEDE 

2.1 Evidence of transpressional tectonics on the Uruk Sulcus region, Ganymede 

The material of this section has been published in the Tectonophysics journal: Rossi, C., Cianfarra, 

P., Salvini, F., Mitri, G., Massé, M. (2018). Evidence of transpressional tectonics on the Uruk Sulcus 

region, Ganymede. Tectonophysics, 749, 72-87. https://doi.org/10.1016/j.tecto.2018.10.026 

Abstract 
 

The surface of Ganymede is characterized by intense tectonic deformation. The two terrains, light 

and dark, show morphotectonic features, namely, grooves and furrows. These represent kilometric 

systems at the regional scale, interpreted as extensional structures (e.g., horst and graben systems). 

Currently, evidence of significant compression has not yet been recognized, leaving open the 

opportunity to clarify the tectonic balance of Ganymede’s surface. Debate still exists on the 

geodynamics responsible for surface deformation, and the investigation of these features contributes 

to understanding the internal processes. To understand the deformation that shapes the surface of the 

satellite, we explore the tectonic setting of the light terrain region of Uruk Sulcus. Using structural 

geology methodologies by remote sensing and systematic analysis of grooves, we recognize three 

groove systems within the sulcus and one furrow system in the neighboring dark terrain. Uruk Sulcus 

is also characterized by the presence of two domains of lineaments, subtle linear texture anisotropies 

related to the influence of tectonic processes on morphology. Comparison of the combined results 

from the analyses of the recognized groove systems with the lineament domains allowed us to infer 

the stress field responsible for their development in the studied area. According to these results, an 

evolutionary tectonic scenario for Uruk Sulcus is proposed: a tectonic corridor characterized by 

dextral transpression, with 58% of the internal compressional component approximately N-S oriented 

and responsible for localized, E-W extensional features among crustal blocks of the shear zone. 

 

1. Introduction 

Ganymede images of regional resolution obtained by the Voyager (1977) and Galileo (1989) missions 

show an icy surface globally subdivided into two region types, the dark terrain and the light terrain 

(Patterson et al., 2010), and deformed by landforms such as craters and linear structures. The linear 

structures correspond to kilometric, subparallel, linear to subcircular ridge and trough systems and 

are considered evidence of intense tectonic activity that deformed the lithosphere (Pappalardo et al., 

1998; Prockter et al., 1998; Prockter et al., 2000; Patterson et al., 2010). 

https://doi.org/10.1016/j.tecto.2018.10.026
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Despite some similarity, these structures are referred as furrows when they occur in the dark terrain, 

and the term grooves is limited to those structures that intensely etch the light terrain (Lucchitta, 1980; 

Bianchi et al., 1986; Murchie et al., 1990; Prockter et al., 1998; Prockter et al., 2000; Patterson et al., 

2010; Hargitai and Kereszturi, 2015). The investigation of these features prompted an interest in 

understanding their origin and geologic relationships, as well as their relationship with the internal 

processes of Ganymede. Furrows and grooves were interpreted as extensional morphotectonic 

structures (e.g., horst and graben faulting style, McKinnon and Melosh, 1980; Pappalardo et al., 1998; 

Pappalardo et al., 2004; Pizzi et al., 2017). However, compressive tectonic evidence has not yet been 

identified; therefore, the existence of compressional deformation on Ganymede’s surface is an open 

issue, as is the relationship between its internal dynamics and surface geology.  

We investigate possible evidence of compression within a strike-slip corridor, proposing a novel 

geological model. This study focuses on the area centered on the light terrain of Uruk Sulcus, a NW-

SE trending region (in the anti-Jovian northern hemisphere) where evidence of intense surface 

deformation has been imaged. Structural analysis of remote sensing images shows that the area is 

influenced by both extensional and contractional features within a regional transpressional 

framework. 

2. Geological setting 

Ganymede, with a radius of 2631.2 +/- 1.7 km (Anderson et al., 2001), is the largest moon in the Solar 

System. Its interior consists of an iron core several hundred kilometers in radius, covered by a silicate 

rocky mantle, and approximately 600 - 900 km of water and ice in the outer layer (Anderson et al., 

1996; Deschamps and Sotin, 2001; Schubert et al., 2001; Sohl et al., 2002; Hussmann et al., 2007). 

This outer water layer is subdivided into ice-I at the top, which overlies a subsurface liquid water 

ocean, and high-pressure ice (ice-III, -V and -VI) at the bottom (Hussmann et al., 2007). The existence 

of a subsurface ocean is also demonstrated by the presence of a magnetic field induced by convection 
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within an internal conducting fluid layer rich in electrolytes such as salts and acids (Sarson et al., 

1997; Kivelson et al., 2002; Schubert et al., 2004). 

The water ocean layer may occur at approximately 150 km depth (Kivelson et al., 2002; Bland et al., 

2009), below the outer ice-I shell. Ganymede also generates its own intrinsic magnetic field that is 

produced by convection in a viscous iron core (Schubert et al., 1996).  

The satellite surface has landforms related to tectonic activity, suggesting the existence of interior 

processes that can deform the lithosphere (Watters and Schultz, 2010). The surface is divided into 

two terrain types, identified by differences in albedo, crater density and surface morphology, namely, 

the dark and light terrains (Shoemaker et al., 1982; Bianchi and Casacchia, 1986; Pappalardo et al., 

2004; Patterson et al., 2010). The dark terrain occupies 35% of the surface and represents the older 

preserved surface of the satellite (Patterson et al., 2010). It is intensely cratered (Shoemaker et al., 

1982) and structurally etched by furrows, structures whose origin has been broadly discussed in 

literature (e.g., McKinnon and Melosh, 1980; Squyres, 1980; Hartmann, 1980; Shoemaker et al., 

1982; Casacchia and Strom, 1984; Hillgren and Melosh, 1989; Murchie et al., 1990; Schenk and 

McKinnon, 1991; Lucchitta et al., 1992; Schenk and Moore, 1995; Prockter et al., 2000; Jones et al., 

2003). Furrows form concentric ring arcs, a few tens to thousands of kilometers long, in isolated sets 

that crosscut other furrow sets at high angles (Prockter et al., 2000). They have been interpreted as 

grabens generated by stress resulting from the collapse of large ancient impacts (McKinnon and 

Melosh, 1980). Although they are not recognized as endogenic tectonic features, their characteristics 

may indicate the nature of the crust in which they formed, which should be relatively thin (McKinnon 

and Melosh, 1980; Casacchia and Strom, 1984). Furrows are the oldest features recognized on 

Ganymede, having been systematically overprinted by all craters (Passey and Shoemaker, 1982). 

Patterson et al. (2010) subdivided this terrain into three units, i.e., cratered, lineated and undivided. 

In this work, we investigate the dark lineated terrain that is supposed to represent an intermediate 

stage between dark and light terrain units. 
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The light terrain constitutes the larger part of the satellite surface (65%), and it is younger than the 

dark terrain, as proved by the significant lower crater density (Schenk et al., 1991). It presents as wide 

globe-encircling swaths characterized by a relatively higher albedo (Patterson et al., 2010). The light 

terrain is strongly deformed by sets of grooves, observed both at the regional (groove length > 100 

km and average spacing of 10 km) and the local scales (groove length between 50 and 100 km, and 

average spacing of 1 km) (Casacchia and Strom, 1984; Bianchi and Casacchia, 1986; Pappalardo and 

Greeley, 1995; Pappalardo et al., 1998; Prockter, 1998; Pappalardo et al., 2004; Patterson, et al. 2010). 

Grooves represent a significant component of light terrain tectonics. Thus, understanding their origin 

would aid in understanding deformation processes and the evolution of the satellite and its internal 

crustal processes. Various authors (Lucchitta, 1980; Golombek, 1982; Herrick and Stevenson, 1990; 

Pappalardo et al., 1998; Bland and Showman, 2007; Bland et al., 2009) recognized the grooves as 

evidence of extensional deformation on the surface of Ganymede. In particular, Pappalardo et al. 

(1998) inferred that the grooves within Uruk Sulcus appear to exhibit tilt-block normal faulting. These 

Authors interpreted the grooves to be the result of extensional tectonic processes, referred to as 

“necking instabilities” (Fink and Fletcher, 1981; Collins et al. 1998; Dombard and McKinnon 2001; 

Bland and Showman, 2007). Their model suggests that the morphotectonic features of Ganymede are 

similar to those of mid ocean ridges or rift valleys on Earth and are recognizable as normal faults that 

develop in response of extensional stress in a brittle/plastic lithosphere over a ductile substrate of 

warmer ice. In addition to extensional deformation, strike-slip motion is also observed to be a 

component of Ganymede tectonics (Pappalardo et al., 1998; Yin and Hansen, 2014; Seifert et al., 

2015; Cameron et al., 2016). Evidence of strike-slip displacement, indicating local transtension, has 

been often identified within several fault zones, which are organized into en-echelon segments and 

sigmoidal blocks (Pappalardo et al., 1998). Patterson et al. (2010) subdivided this terrain into four 

units, i.e., grooved, subdued, irregular and undivided. We investigate the light, grooved terrain that 
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presents a surface dominated by structural grooves and represents most of the light terrain of Uruk 

Sulcus. 

According to the literature, Ganymede’s tectonic setting results from several factors, including tidal 

heating and past phases of global expansion (Showman et al., 1997; Bland et al., 2009), internal 

processes (Schubert et al., 2001) and cryovolcanism, to a lesser extent (Pappalardo et al., 2004). These 

scenarios do not identify evidence for contractional strain, which would be expected to balance 

extension assuming a constant surface area. 

3. High-Resolution Mosaic Preparation 

We prepared two co-registered mosaics by integrating images from multiple platforms that have 

different spatial resolutions (Voyager 1 and 2, Galileo missions) to perform the morphotectonic 

analysis of Ganymede. A total of 59 Narrow Angle Camera (NAC) images from the missions Voyager 

1 and Voyager 2 (1977) were used to produce two new grayscale mosaics, which have different 

resolutions due to the variability of the original images in the different regions. 

The lower-resolution mosaic was prepared at a nominal resolution of 1006 m/pixel and was derived 

from interpolating images with resolutions ranging from 2468.06 to 1006.5 m/pixel. It covers the 

surface from approximately lat 56°N to lat 48°S and from long 122°E to long 109°W (Fig. 1, lower 

right, in yellow color).  

The higher-resolution mosaic was produced at a nominal resolution of 485.7 m/pixel and was 

obtained from interpolating images with resolutions ranging from 997.8 to 485.7 m/pixel. This 

implies that the pixel values were interpolated for regions where only lower-resolution images were 

available and allowed us to obtain the best suitable images for our morphotectonic study. The higher 

resolution mosaic covers a more limited area, between lat 43°N and lat 75°S and between long 122°E 

and long 115°W (Fig. 1, lower right, in dark yellow color). 

The images were extracted from the Planetary Data System (PDS) (http://pdsimage.wr.usgs.gov/) on 

the basis of overall quality, best available input resolution, and availability of high angles of sight and 

http://pdsimage.wr.usgs.gov/
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sun elevation. Precise geodetic adjustments and noise removal (e.g., null pixels or excessive variation 

in brightness among neighbor pixels) were performed for all images using the public-domain 

Integrated Software for Imagers and Spectrometers (ISIS), developed by the Astrogeology Program 

at the USGS and available at: https://isis.astrogeology.usgs.gov/. ISIS applications used in the present 

study include data processing tools for image geometry findings, map projection and mosaicking, 

mathematical and statistical operations, spatial filtering, radiometric calibration and photometric 

correction, and often have mission specific packages available (Gaddis et al., 1997). Following these 

procedures, we prepared the two NAC image mosaics at different resolutions.  

We extracted Solid State Imaging (SSI) images of the study area taken during the Galileo mission 

from the PDS 60. These images are characterized by a higher spatial resolution than the NAC images 

(ranging from 291 meters/pixel to 41.73 meters/pixel). The SSI images were processed using specific 

ISIS procedures to remove noise. A final shift correction for each SSI image was required to 

geographically match the NAC mosaic produced. The final mosaic was prepared by combining the 

two co-registered NAC mosaics with the SSI images. The merging was performed by selecting pixels 

from the highest resolution image available in each location. The final mosaic is illustrated in Fig. 1. 

It covers an area of 28,000,350 km2, and is centered at 6° 05’ 00.8” S, 164° 30’ 20” W.  

The Uruk Sulcus study area is the NW-SE trending light terrain, which is approximately 400 km wide 

and 2500 km long and occurs in the northern sector of this mosaic. The Uruk Sulcus structure 

envelops slices of dark lineated terrain. The mosaic also includes part of the dark terrain of the Galileo 

Regio, located NE of Uruk Sulcus. To better understand the regional kinematics deforming Uruk 

Sulcus, furrows from nearby sectors were included in the study, wherever the higher-resolution 

mosaic was available. 

https://isis.astrogeology.usgs.gov/
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Fig. 1: High resolution mosaics of the anti-Jovian hemisphere of Ganymede. Voyager images with resolution 

ranging from 2468.06 to 1006.5 m/pixel and overlapping Galileo images (ranging from 291 meters/pixel to 

41,73 m/pixel) were used. The northern part of the mosaic includes the study area: the NW-SE trending light 

terrain of Uruk Sulcus, which is approximately 400 km wide and 2500 km long. The NE sector of the mosaic 

includes the dark terrain of the Galileo Regio. In the lower right, the merge of the two mosaics is represented 

in false color yellow (lower resolution) and dark yellow (higher resolution) and the Galileo images are shown 

above the mosaic (light blue). The high-resolution version is available in the data repository. 
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4. Structural Analysis - Method 

Grooves in Uruk Sulcus and furrows in the adjacent lineated dark terrain (Patterson et al., 2010) were 

identified (Fig. 2 shows examples of these structures). A total of 1679 elements were mapped on the 

mosaic (Fig. 3).  

These structures were grouped into separate groove and furrow systems based on their characteristics 

and their spatial and crosscutting relationships (Fig. 4). Systems were identified by recognizing bands 

of grooves/furrows with similar appearance and orientation. This initial classification was then 

extended to the elements in the surroundings bands that had homogeneous characteristics. This 

process was propagated in a forest-fire model (Turcotte, 1997) until all elements were classified. 

We quantitatively analyzed these elements in two ways. 

- As multiple elements, where each structure was represented as a series of contiguous straight 

segments characterized by azimuth and length. Each structure is segmented to form a unique 

configuration. 

- As single straight segments, where structures were characterized as simple elements by connecting 

the two vertices with the minimum length and azimuth needed. 

Groove and furrow morphologies were quantitatively characterized by sinuosity, location, azimuth, 

length, and spacing and were stored in a GIS database (ArcGis software). All of the analyses were 

performed using DAISY3 software (Salvini, 2004; freely distributed at 

http://host.uniroma3.it/progetti/fralab). 

                        

 

 

http://host.uniroma3.it/progetti/fralab
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Fig. 2: Examples of grooves and furrows of the identified systems on the produced NAC mosaics. a) groove 

GUS1 – Identity number (ID) 4; b) groove GUS2 – ID 2; c) groove GUS3 – ID 154; d) furrow FUS – ID 88. 

The location of these areas is shown in Fig. 3. 
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Fig. 3: Features detected in the light and dark terrain within the mosaics produced. The black lines are groove 

features and the gray lines are furrows. The circular dashed line delimits the Epigeus palimpsest in the northern 

part of Uruk Sulcus. The dashed red squares indicate the location of Fig. 2a-d; the red square indicates the 

location of the Uruk Sulcus region shown in Fig. 4; the dotted blue square is the location of Fig. 9. 

 

 

4.1 Sinuosity 

The sinuosity quantifies the variability in the azimuth of a given linear structure. This undulation may 

be ascribed to either their dependence on a kinematic process, in which case the undulation refers to 

the variability of the movements along the element, or to their deformation after formation. The latter 

case may indicate it could be used as a relative age indicator. 
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The sinuosity (Si) was defined as the ratio of the real structure length to the distance between its 

vertices. The variation in sinuosity is thus defined as the difference between the length of the multiple 

elements (l𝑚) and the single straight segments (l𝑠), according to the equation: 

Si =
l𝑚−l𝑠

l𝑚
         (1) 

In our application we approximated the average sinuosity value of each system using the equation: 

Si𝑚 =
∑ l𝑚−∑ l𝑠

∑ l𝑚
        (2) 

4.2 Azimuth 

For each system, azimuthal analysis was performed using frequency and cumulative length to 

characterize the orientations of multiple elements and single segments. In this way, a total of four 

analyses characterized each system (two analyses for the multiple elements and two for the single 

segments). The azimuthal analysis was performed by a polymodal procedure that includes a best fit 

with a family of Gaussian curves, which represent the independent azimuthal groups within each 

system (Wise et al., 1985; Maggi et al., 2015; Cianfarra and Salvini, 2016a). In this way, each 

Gaussian peak corresponds to a preferential orientation with its statistical parameter, namely, their 

modes, and corresponding mean azimuths and standard deviations. The standard deviation values (sd) 

obtained are representative of the variation within each system. The sd value may be related to the 

relative age of the systems. During deformation of the Ganymede lithosphere, it can be reasonably 

assumed that a ductile component occurs (more or less linearly) with time (e.g., Turcotte and 

Schubert, 2002). This assumption implies that the longer an area is deformed, the more it is deformed 

by the ductile component. The occurrence of this component will induce rotation/scattering of the 

linear elements formed by (early) brittle deformation processes (e.g., Riedel, 1929; Tchalenko, 1970). 

Therefore, it is inferred that brittle element groups, such as furrows and grooves families, will have 

relatively large sd, which indicates that the larger rotations and scattering are produced by the action 

of successive diffused and minor deformation. Conversely, younger systems are characterized by 
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relatively lower sd values. This condition can be quantified, in a polymodal distribution, with the 

computation of NorH/sd (Cianfarra and Salvini, 2014, 2015a; Lucianetti et al., 2017) for each 

azimuthal distribution (Gaussian curves) identified. The NorH/sd value represents the ratio between 

the relative height, or Normalized Height NorH, and the standard deviation, sd, of the Gaussian 

distribution that represents the corresponding population. A low NorH/sd, accordingly, indicates a 

relatively younger system. This ratio allows us to propose a relative chronological sequence among 

the systems identified. This process includes the Gaussian fitting of azimuthal distribution to its 

NorH/sd of elements calculated in the circular spot areas within the main zone of each system. These 

areas are circular within each system and selected so that the spatial rotation of the system is 

negligible with respect to its scattering (sd). In this way, we avoid biasing the analysis by adding the 

system regional rotations to the sd computation. In this study, the radius of each spot area was 140 

km. 

4.3 Length-Spacing ratio  

To describe the spatial distribution texture of the systems, we introduce the Length/Spacing (L/S) 

parameter (derived from the Height/Spacing, H/S, in Salvini, 2013; Cianfarra and Salvini, 2016a). In 

structural geological analysis, the H/S parameter is the ratio between the height of a given fracture 

and its spacing from its neighbor. The term height is related to the term joint that is traditionally used 

to refer to extensional fractures in layered rocks. In this way, the height indicates the length of the 

fracture normal to the layering. In the H/S theory, the meaning of the term height includes the fracture 

dimension normal to the spacing, and thus the term height is maintained. This ratio represents a non-

dimensional parameter that describes the fracture intensity at any scale as it is related to the applied 

stresses. This parameter can be used to quantitatively represent the expected fracturing history 

experienced by a rock and produced by tectonic stresses. Fracturing in rocks develops through time. 

Each new fracture forms by stress in between a pair of existing fractures, which halves the distance 



Chapter 2 - Ganymede    

 

 

26 

 

between the new fracture and its adjacent fracture but doubles the total number of fractures. The mean 

value of the H/S ratio is linearly proportional to the amount of “work” associated with stress in brittle 

failure (Salvini, 2013).  

In the case of icy shell of planetary bodies, the stresses on the lithosphere are produced by (relative) 

flow in the underlying liquid ocean through friction in the boundary surface, even if, compared to a 

rocky lithosphere, this coupling produces sensibly smaller stresses. In both cases the result is the 

deformation of the upper lithosphere layer, as the grooves and furrows in Ganymede. 

The dimensions of the grooves and furrows were described by their lengths. This method was derived 

from the comparison with the lithosphere thickness, considered approximately 10 km (Golombek, 

1982; Cameron et al., 2013), significantly smaller than the average length of the structures, at a ratio 

of approximately 1:5 (Tab. 1). This value implies that these structures involve the whole lithosphere. 

Their limited sinuosity (Tab. 1) suggests that these structures relate to sub-vertical tectonic features 

(i.e., fractures). Therefore, their length is proportional to the work associated with the tectonic activity 

occurring during their formation. A higher density of grooves/furrows is related to higher intensities 

of tectonic activity, either due to stronger stresses or a longer duration of stress application. This 

density is very difficult to quantify since it depends on the length range of the observed fracture and 

does not consider any fractures smaller than the image resolution, nor those larger than the image. 

The relationship between stress and deformation can be considered scale-independent (e.g. Turcotte 

and Schubert, 2002, pp. 80-94), and we collect data within a length range, which is an objective way 

to parametrize the fracture intensity and normalize values with the adimensional ratio 

Length/Spacing. In our application we used the length, L, of the structures and computed its ratio 

with the spacing, S. Spacing is defined as the distance between two straight lines that approximate 

two adjacent, nearly parallel structures from the same system. Fig. 5 shows examples of S measured 

in the various configurations. 
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We used the L/S parameter to characterize the relative stress/rheology properties of the Ganymede 

lithosphere in the regions where the systems are located at the time of their formation (Cianfarra and 

Salvini, 2016a). We computed the frequency of L/S values of the grooves/furrows, and we generated 

a frequency histogram to identify mean values for each system. We considered the stress-brittle 

deformation relationship scale-invariant (Turcotte, 1997) in the Ganymede lithosphere within the 

range of our observations. The comparison in the L/S adimensional parameters identified can 

represent differences in the state of brittle deformation of the lithosphere, including variation in its 

elastic thickness. Its variation can be inferred by considering that the stress on a material (i.e., a plate) 

depends also on its shape (i.e., thickness; Turcotte and Schubert, 2002). Therefore, a thinner 

lithosphere will behave in a more brittle manner, as well as undergo stronger solicitation. Therefore, 

we used the L/S parameter to indicate the amount of the brittle deformation experienced by the 

corresponding lithosphere and to infer lithospheric thickness variations. A more greatly deformed 

lithosphere, as measured by the L/S parameter, may result from a more brittle response of the 

lithosphere (i.e., thinner or lower brittle yield), a higher stress intensity, or a longer duration of stress 

activity. 
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Fig. 4: Groove/furrow systems within the Uruk Sulcus area. Three groove systems were recognized. The NW-

SE blue system that frames and dissects the sulcus is GUS1; the NNE-SSW trending yellow system, occurring 

in the NE part of the sulcus is GUS2; the NE-SW trending red system, occurring in localized sigmoidal areas, 

is GUS3. A NE-SW trending furrow system, FUS, borders the E edge of the sulcus and is represented by the 

green color. The location of this region is shown in Fig. 3. 
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Tab. 1: System parameters. N is the number of features composing the systems, Sim is the mean feature 

sinuosity, NorH/sd is the ratio between the normalized height and the standard deviation of the Gaussian 

distribution of the main group analyzed in spot areas within each system, S is the Spacing, and mean L/S the 

average Length/Spacing value. 

 

Systems GUS1 GUS2 GUS3 FUS 

N 306 104 276 190 

Mean length (m) 93770 63730 45818 32025 

Azimuth N56°-58° 

W 

N15°-17°E N34°-

37°E 

N47°-55° 

E 

NorH/sd 8.7 12.4 12.3 11.9 

Sim 

(Σ lm-Σ ls) / Σ lm 

0.04 0.01 0.01 0.02 

Mean L/S 12.1 8.9 62.5 6.2 

 

 

 

                 

Fig. 5: Sketch illustrating the criteria used to measure the spacing S for the L/S parameter. Greysh color 

represent the Ganymede lithosphere overlying the mantle with pink color. Black lines indicate 

grooves/furrows. L is the linear length of elements (i.e., the distance between edges). Spacing was defined as 

the distance between two straight parallel lines approximating the groove/furrow. The sketch represents the 

various cases: a) spacing S measured between two nearly parallel elements; b) spacing S measured between 

two slightly parallel elements; c) spacing S measured between two partially offset, near parallel elements; d) 

no spacing is measured in this case, due to the excessive divergence between the two elements. 
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5. Structural analysis - Results 

Our analysis allows us to group grooves and furrows into four main systems, named GUS1 (Grooves 

of Uruk Sulcus), GUS2, GUS3, and FUS (Furrows of Uruk Sulcus). In Table 1 are listed the 

parameters that characterize each system.  

5.1 GUS1 - Main systems of Grooves of Uruk Sulcus 

The main groove system, GUS1 (n=306; mean length= 93,770 km), frames the structure of the Uruk 

Sulcus (Fig. 4). It contains the longest grooves in the region (Fig. 2a), which range from tens to 

thousands of kilometers. This system develops along the sulcus boundaries and forms narrow bands 

that crosscut the sulcus. The longest GUS1 grooves delineate the well-defined NE and SW 

boundaries. At the southern side, the GUS1 grooves rotate to assume an approximately E-W 

orientation, following the sulcus boundary. Within the sulcus, GUS1 is characterized by the presence 

of bands of generally shorter grooves (length less than 100 km). The GUS1 grooves define the edges 

of the sulcus and eight main narrow bands trending approximately WNW-ESE that crosscut the sulcus 

(Fig. 6). These bands delimit zones that often form sigmoidal structures characterized by the grooves 

belonging to GUS3 and are arranged in a right-stepping, en-echelon geometry. Fig. 6 shows the 

bands’ subdivisions and the sigmoidal areas where the GUS3 grooves are delimited. The bands a, g 

and h characterize the boundaries of the sulcus. The bands b, c, d and f delineate the sigmoids S1-6. 

The computed sinuosity factor for GUS1 is 0.04. This is the highest value among the systems and 

shows that grooves of this system are the most curved. The azimuthal analysis (Fig. 7a, e and Tab. 2) 

shows GUS1 trends approximately N56°-58° W, although this direction depends on whether a single 

segments or multiple elements are analyzed. The slight differences observed may be related to the 

asymmetry of the groove sinuosity. In the multiple element analysis, the sinuosity is responsible for 

the larger scattering (sd=19°-20°) compared to that of the single segment analysis (sd=9°-11°). The 

azimuthal analysis of the spot area of GUS1 gives a NorH/sd value of 8.7 (Table 1), which indicates 
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a large azimuthal scattering (sd) and suggests the presence of a relatively older generation of features. 

The spatial density of the GUS1 grooves, measured by the L/S analysis histogram, has a rather 

asymmetric distribution and a mean value of 12.1 (Fig. 8a).  

5.2 GUS2 - Second system of Grooves of Uruk Sulcus 

Grooves of GUS2 (n=104; mean length= 63,730 km, Fig. 2b) show a morphology similar to those of 

GUS1 (Fig. 4), although they present a lower sinuosity. Their NNE-SSW orientation is distinctly 

different from the orientation of the GUS1 grooves. The GUS2 system occurs in the NW side of the 

sulcus, centered at 14°51’N, 170°34’W (Fig. 4), and it is surrounded by the other systems. It develops 

along several bands up to 500 km long. To the east, it is delimited by the GUS1 grooves that form the 

NE boundary of the sulcus. To the south, the GUS2 grooves are truncated by the second band of 

GUS1. In this location, they terminate against the GUS1 grooves, except along their westernmost 

portion, where they crosscut the GUS1 grooves. To the west, the GUS2 grooves crosscut GUS1 and 

limit the GUS3 grooves along a well-defined, rather straight boundary. In the southeastern-most 

portion, a small part of GUS2 is surrounded by GUS1 bands. Contacts between the GUS1 and GUS2 

grooves are always at a high angle (> 60°). The sinuosity factor computed for GUS2 is 0.014. This 

value is lower than that measured for GUS1. The azimuthal analysis of the grooves (Fig. 7b, f and 

Tab. 2) shows the main direction of GUS2 is approximately N15°-17°E, for both single segments and 

multiple elements. The single segments analyses show a secondary peak in the approximately NNW-

SSE direction that corresponds to a slight rotation of the groove swarm in the central part of the GUS2 

area. This relates to the branched structure of the GUS2 system. This is also indicated by the multiple 

element analysis by the larger standard deviations computed. The NorH/sd value of GUS2 is 12.4. 

This value may indicate that the GUS2 grooves are younger than those of GUS1. The L/S analysis 

histogram of the GUS2 grooves shows a relatively skewed distribution with a mean value of 8.9 (Fig. 

8b). This suggests a brittle behavior similar to that inferred for the GUS1 area.  
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5.3 GUS3 - Third system of Grooves of Uruk Sulcus 

Grooves of GUS3 (n=276; mean length= 45,818 km, Fig. 2c) are easily recognizable by their thin 

and straight morphology and are relatively close spaced. Their trend scatters around a NE-SW 

direction and they are confined into 6 main sigmoidal areas named S1-S6 within the sulcus (Fig. 6). 

Five of these grooves are E-W elongated and enveloped by the GUS1 groove bands. These five areas 

have different dimensions. The three northern ones (area ≈ 10000 km2, S2-4) are smaller than the two 

southern ones (area ≈ 60000 km2). The northernmost elongated zone terminates abruptly against the 

GUS2 groove zone, S5-6). The sixth area is located in the northernmost part of the sulcus and is 

delimited by the GUS2 grooves to the east and the GUS1 grooves to the south (S1). To the north, this 

area is delimited by the Epigeus palimpsest (Jones et al., 2003), which obliterates Uruk Sulcus 

structures due to its large dimensions. The computed sinuosity factor for GUS3 is 0.01. This is the 

lowest observed sinuosity value among the systems and indicates that the GUS3 grooves have a rather 

straight trace, which suggests the brittle response is stronger in the lithosphere where the systems 

occur. The azimuthal analysis of GUS3 (Fig. 7c, g and Tab. 2) shows its features mainly trend 

approximately N34°-37°E. The scattering calculated from the multiple elements analyses ranges 

between 12° and 13°, while the scattering calculated from the single segments analyses ranges 

between 15° and 8°. This scattering reflects the different azimuths of the grooves in the six areas, 

which contrast with the rather homogeneous strike they present in each area. This configuration may 

reflect the influence the shape and orientation of the sigmoidal areas has on their development. The 

NorH/sd of GUS3 shows a value of 12.3 that indicates a relative age similar to that of GUS2. The L/S 

analysis of GUS3 shows values significantly higher than those of the other systems (L/S mean value= 

62.5, Fig. 8c).  

These values indicate that the lithosphere where GUS3 occurs presents a more brittle response to 

deformation than that of the other systems. By assuming a similar lithosphere rheology and thickness 
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among the three systems, the presence of local, horizontal stress conditions is closer to the lithosphere 

strength within the sigmoidal areas and produced by their deformation during dislocation.  

5.4 FUS - Furrow system of Uruk Sulcus 

Zones of dark lineated terrain (Patterson et al., 2010) are adjacent and enveloped within the Uruk 

Sulcus in its eastern side (Fig. 2d). Furrows in these zones (n=109; mean length= 32,025 km) are 

characterized by a rather high density, which is different from the average value in the dark terrain. 

They occur in three areas enveloped by GUS1 grooves along the NE boundary of the sulcus. The 

most central area is centered at 160°30’W, 8°51’N, the outermost area is centered at 160°30’W, 

6°11’N, and the southernmost area is centered at 158°11’W, 6°11’N (Fig. 4). The furrows have an 

average NE-SW trend and terminate nearly orthogonally against the GUS1 grooves. These furrows 

are characterized by a relatively thin appearance, associated with a poorly sinuous trajectory. These 

furrows are generally shorter than the grooves (mean furrow length is 32025 m, Tab. 1). The 

computed sinuosity factor for the FUS is 0.02. This value indicates that the furrows have a rather 

straight geometry that resembles the GUS3 grooves. The azimuthal analysis of FUS (Fig. 7d, h and 

Tab. 2) shows its elements are mainly oriented approximately N47°-55°E, similarly to those in GUS3. 

In N the multiple elements analysis, the directions are split into a main peak at N55°E and a secondary 

peak around N34°E. These two directions merge in the single segment analysis into a unique peak at 

N48°E. Their sd are relatively small, with values of approximately 6°-10°, which indicates a rather 

constant azimuth. The NorH/sd value for FUS is 11.9, similar to the values from the GUS2 and GUS3 

systems, which suggests these systems have a similar age. The L/S analysis of FUS produces the 

lowest values in the Uruk Sulcus (L/S mean value= 6.2, Fig. 8d). This distribution of FUS suggests 

the dark terrain lithosphere has a more homogeneous brittle response than the light terrain lithosphere. 
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Fig. 7: Azimuthal analysis of the recognized groove/furrow systems represented as multiple elements of a) 

GUS1, b) GUS2, c) GUS3 and d) FUS and single segments of e) GUS1, f) GUS2, g) GUS3 and h) FUS. The 

wind-rose diagrams are subdivided into two semicircles, which show the analysis by frequency (the uppermost 

diagram) and the analysis by cumulative length (the lowermost diagram). Tab. 2 shows the Gaussian 

parameters of the azimuthal analyses. 

Fig. 6: Location of the GUS1 bands (a-h). Bands a, g and h represent the 

sulcus boundaries, and bands b-f delimit the sigmoidal area from S1 to S6. 
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Fig. 8: Length/Spacing analyses of the groove systems a) GUS1, b) GUS2 and c) GUS3, and the furrow system 

d) FUS. Histogram of the L/S by frequency analysis in the data that range from 0-200 is shown. Purple curve 

represents the smoothed histogram (with an interval of 11.1) to ease the visualization of the frequency. 

 

6. Lineament domain analysis 

Planetary surfaces are characterized by the presence of linear topographic features. These are evident 

on available kilometric-resolution images and, despite the observation that they seldom correspond 

to known geologic elements, have been used to infer the geodynamic setting of tectonized regions. 

Two detection methodologies are used for the identification of linear features in the images. The first 

is the visual observation of the images that have a high angle of sight. Linear feature identification is 

based more on their tonal contrast than on their straightness. This technique has been widely used in 

the studies of the Earth as well as of other bodies (e.g., Jordan and Schott, 2005; Masoud and Koike, 

2011; Giordano et al., 2013; Gabrielsen and Braathen, 2014; Scheiber et al., 2015; Cremonese et al., 

2016). The grooves and furrows were identified using this method. 
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The second technique identifies linear features by emphasizing their straightness. This necessitates 

visually inspecting the image with a low angle of sight to enhance this characteristic. Linear features 

belonging to this group are often faint and poorly visible, and special techniques have been suggested 

for their identification (Wise, 1982; Wise et al., 1985). Automatic techniques have been developed to 

identify these features and were applied in this work (Salvini, 1985).  

These different methodologies allow the identification of two classes of linear features, with a partial 

overlap corresponding to tonal-contrasted and straight features. In this way some of the 

grooves/furrows belong to both classes. The two classes reflect different geological conditions. The 

former represents the effects of the tectonic activity on planetary surfaces and are referred to as 

lineaments. Lineaments of the latter class cluster around preferential orientations to form lineament 

domains that occupy well-defined spatial regions. These lineaments result from alignments of 

morphological features in the topography, whose shape is influenced by preferential erosion 

directions induced by upper crustal stresses/kinematic conditions. These do not correspond to a single 

morphology, but instead are the result of the presence of a series of well-aligned features that belong 

to different valleys and reliefs. This characteristic requires identification using the special technique 

described above. 

The lineament class can be used to infer the stresses and kinematics of the planetary surfaces (Wise, 

1982; Wise et al., 1985; Cianfarra and Salvini, 2014; Cianfarra and Salvini, 2016b; Lucianetti et al., 

2017). The former class corresponds to the grooves and furrows in the present study. 

In this way the identification of groove and furrow systems was integrated with the lineament domain 

analysis to elucidate the tectonic and geodynamic setting of the lithosphere of Uruk Sulcus. This 

comparison allowed us to characterize the geodynamic meaning of the recognized groove/furrow 

systems. Lineaments relate either to crustal stresses, dynamic lineaments, or to movements within 

shear zones, as evidenced by the kinematic lineaments along regional strike-slip faults (Cianfarra and 

Salvini, 2015). Both dynamic and kinematic lineament domains occur on planetary surfaces. In most 



Chapter 2 - Ganymede    

 

 

38 

 

cases one domain largely prevails over the other, depending on the geodynamic setting. Regional 

kinematic zones, marked by the presence of (kinematic) lineament domains, often produce internal 

stress conditions in which a second, subordinate dynamic lineament domain develops. In these 

regions, kinematic lineaments are comparatively longer and more scattered than the dynamic 

lineaments. The latter are related to stress fields that are generally better iso-oriented than the 

kinematics pathways, which result from local (i.e., more variable) relative movement directions.  

6.1 Method 

Following Wise et al. (1985) and Cianfarra and Salvini (2015), we performed an automatic lineament 

domain analysis of the study area. We identified 2501 lineaments within the Uruk Sulcus central area, 

spanning 292 215 km2, from latitude 18° 50’ N to latitude 6° 40’ N. The lineament domain azimuthal 

analysis was limited to the central area of Uruk Sulcus since it is a representative area for the 

comparison between groove/furrow systems and lineament domains. This selection avoids the bias 

introduced by spatial variation in the stress/kinematic directions along the sulcus. This rotation is 

evident in the groove/furrow system map in Fig. 4.  

The lineament detection was performed on the NAC higher-resolution mosaic. A small portion of the 

investigated section is not covered by the higher-resolution mosaic, and for this section, the analysis 

was performed by integrating the lower-resolution mosaic. The mosaic image was subdivided into 45 

partly overlapping subsets of 9500 km2, corresponding to a  ̴ 220x220-pixel image. We carried out a 

lineament detection process on each subset. All identified lineaments were cumulated for the total 

data analysis to determine the regional tectonic setting. The lineament detection was performed using 

the SID software (in-house version 1.83) that allows to us identify lineaments as pixel alignments by 

a systematic search for all possible segments in a discrete image. Initial image processing was needed 

to enhance the presence of lineaments on the image and to remove image speckle (Salvini, 1985; 

Cianfarra and Salvini, 2015; Lucianetti et al., 2017). This processing includes image smoothing by a 
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3x3 kernel to reduce high frequency pixel DN scattering, followed by the use of directional edge half-

filters (i.e., directional first derivative) that produce a set of images, according to N-S, NW-SE- W-E 

and NE-SW directions filtering (for the present study). Each image was then filtered by a Laplacian 

edge-enhancing filter, a threshold filter used to eliminate minor contrasts, and eventually, scattered 

and isolated pixels were removed by Life filtering (Cianfarra and Salvini, 2014, 2015). Eventually, 

lineaments detected in each image were cumulated to produce the final lineament domains of the 

image. The lineament identification by SID was performed by tuning the parameters that describe the 

geometric characteristics using a converging trial and error method. This process is iterated until a 

satisfactory result is achieved: the number of detected lineaments is statistically meaningful enough 

to perform a polymodal Gaussian fit, the azimuthal trends are clearly evident, the results are robust, 

i.e., results are persistent with slight variations in SID parameters. The minimum length of the 

detectable lineaments was 16,975 m, which corresponds to 35 pixels in the mosaic image. The 

maximum length was 48,500 m and corresponds to 100 pixels in the image. SID was set to identify a 

lineament if the corresponding portion of the image contained a density of pixels above a given 

threshold value (a minimum of 2 pixels within a running interval of 3 pixels). Interruptions in this 

density were allowed up to a maximum of 1 pixel. Each single sequence of meaningful pixel density 

was at least 5 pixels long. Lineaments were detected by a dynamic pattern recognition process 

consisting of the identification of specific portions of the image that have pixel patterns corresponding 

to the specified parameters. The search was conducted for all possible azimuths, with a resolution 

comparable to the orientations possible for the dimension of the given image and for a position with 

the resolution of the single pixel. 
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6.2 Result and interpretation 

A total of 2501 lineaments with an average length of 49.45 km were automatically identified within 

the investigated area (Fig. 9a).  

Following the methodology used for the groove/furrow systems analysis, the azimuthal analysis of 

the total lineament data was performed by frequency and by cumulative length and the results are 

illustrated in Fig. 9b. Both analyses provided very similar results and show the presence of two 

lineament domains with different scattering. The main domain has preferential orientations 

approximately N57.6°-56.2°W (by frequency and by cumulative length, respectively), and represents 

the NW-SE domain. The other domain is the NNE-SSW domain with mean azimuths of N19.7°-

21.1°E. The two domains differ in their scattering: the NW-SE domain has standard deviations of 

27.6° and 24.4°, while the NNE-SSW domain has a lower scattering, as shown by its standard 

deviations of 15.0° for both analyses. The two domains slightly differ also in the length of their 

lineaments (Fig. 9b). The difference in standard deviations allows us to identify the kinematic versus 

dynamic origin of the NW-SE and NNE-SSW lineament domains, and to frame them into a 

lithospheric geodynamic model (sketches in Fig. 10, following Cianfarra and Salvini 2014). The 

model of Cianfarra and Salvini (2014) describes, over the various transtension/transpression 

conditions within a shear zone, the angle between the kinematic movement (e.g., a strike-slip fault) 

and the internal brittle/failure regime (e.g., Riedel; 1929; Tchalenko and Ambraseys, 1970; Fossen, 

2010; Cianfarra and Salvini, 2016b). This is illustrated by the associated extensional fractures. This 

angle is measured clockwise from the shear zones’ boundaries to the internal fractures and varies 

from 0° in purely extensional regimes (Fig. 10a), to angles smaller than 45° in transtensional regimes 

(Fig. 10b), to 45° in purely strike-slip regimes (Fig. 10c), to angles larger than 45° in transpressional 

regimes (Fig. 10d), to 90° in purely compressional regimes (Fig. 10e). According to this model, the 

NW-SE domain represents the kinematic path along the Uruk Sulcus and reveals its parallel strike-

slip component. On the other hand, the NNE-SSW orientation is parallel to the stress within the Uruk 
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Sulcus corridor. The internal angle measured of 77° indicates a right lateral transpression with 58% 

of the compressional component (Fig. 10; Rossetti et al., 2000; Cianfarra and Salvini, 2015). The 

large scattering of this domain reflects the kinematic conditions within the sulcus. The NNE-SSW 

domain is related to the dynamic setting within the sulcus and indicates horizontal maximum 

compression parallel to the lineament domain, i.e., NNE-SSW, with the maximum horizontal 

extension occurring in the WNW-ESE direction. This stress is located within the sulcus and it forms 

an angle between the maximum horizontal stress and the kinematic path at approximately 77.3°, i.e., 

the angle between the two lineament domains. The angle between the shear corridor boundaries and 

the internal fracture direction is related to the internal extensional/compressional stress component 

induced by the relative kinematics of the shear zone blocks (e.g., Cianfarra and Salvini, 2014; 2015; 

2016b). This explains why the relative position of the internal stress orientation within the shear zone 

is representative of the sense of movement of the strike-slip component. The relative sense is 

computed as the relative movement of the block containing the inner lineaments from the sector of 

the obtuse angle towards the sector of the acute angle (Fig. 10; Cianfarra and Salvini, 2014). 

Uruk Sulcus hence represents a strike-slip corridor characterized by right-lateral transpressional 

movement.  

 

Fig. 9: Lineament domains detection (see text for details on the applied methodology). a) Lineaments 

automatically identified (red color) within the central area of Uruk Sulcus (total data: 2501 lineaments). The 

location of this analysis is shown in Fig. 3. b) Azimuthal analysis subdivided into two semicircles showing the 

analysis by frequency (upper) and the analysis by cumulative length (lower). 
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Fig. 10: Strike-slip conditions according to the clockwise angle between the shear zone and the internal 

fractures. The upper part of the figure (modified from Cianfarra and Salvini, 2014) shows the schema of the 

variation in the internal fracture angle θ within a shear zone according to the stress component (arrows): a) 

extension (θ = 0°), b) transtension (θ < 45°), c) strike-slip (θ = 45°), d) transpression (θ > 45°), e) compression 

(θ = 90°). a) and e) show dynamic conditions represented by the dashed boundaries (in blue color) and the 

internal fractures (in black color) that both constitute dynamic elements; b), c) and d) show tectonic conditions 

in which kinematic elements are represented by the boundaries and the dynamic elements by the internal 

fractures. The lower part of the figure shows different angles produced by different stress fields. These are 

shown in the diagram, where the x-axis shows the variation in the internal angle, and the y-axis shows the 

percentage of the extensional/compressional component. The angle changes with the variation in the internal 

stress field. A pure strike-slip framework forms internal fractures with an angle of 45° to the shear zone. If a 

compressional component is added to a strike-slip corridor (transpression), this internal angle increases, until 

pure compression occurs. On the other hand, when an extensional component is present (transtension), this 

angle decreases, until a pure extensional setting occurs. According to the sign of the measured angle, it is 

possible to know the sense of movement of the strike-slip corridor. When negative, the strike-slip sense is left-

lateral. When positive, it is right-lateral. The angle found within Uruk Sulcus of 77° indicates a right-lateral 

transpression with a compressional component of 58%. 
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7. Discussion 

Grooves and furrows represent the brittle deformation that characterizes Ganymede’s surface. Their 

mapping and analysis allowed the identification of three groove systems in Uruk Sulcus, called 

GUS1, GUS2 and GUS3 and one furrow system, FUS in the dark lineated terrain involved in the 

sulcus tectonics (Fig. 4). The geometry of the systems compared with that of the lineament domains 

shows that the Uruk Sulcus is a strike-slip corridor that localizes the identified systems, which are 

produced by kinematic and internal stress conditions. The sulcus developed from a NW-SE, right-

lateral transpression with a significant internal compressional component of 58% (Fig. 10) and a 

maximum horizontal (compressional) direction around NNE-SSW (Fig. 9b). The principal system, 

GUS1, delineates the sulcus (Fig. 4) and occurs in the internal sinuous bands that identify sigmoidal 

structures (Fig. 6; Ramsay, 1980; Van der Pluijm and Marshak, 1997). These are arranged in an en-

echelon geometry, with right-step horizontal duplexing generated by the transpressional component 

(Fig. 4). The GUS1 bands rotate parallel to the corridor edges as they approach them to form the 

sigmoidal geometry described. This indicates that these bands have the same right-lateral sense of 

movement as the corridor. The development of these transpressional structures could be compared 

with the pressure-solution seams in S/C rock fabric (e.g., Fossen, 2010), where possible 

melting/sublimation could have occurred during the compression related to the strike-slip kinematics. 

GUS1 represents the morphological expression of the NW-SE kinematics along the sulcus and its 

tectonic origin is highlighted by the corresponding main lineament domain. The kinematic 

arrangement described is produced by the right-lateral sense of shear along the sulcus by the 

transpressional component. This arrangement is further supported by the presence of GUS2, which 

represents the morphotectonic effect of the internal stress condition and is delineated by the NNE-

SSW stress-related lineament domain. GUS2 grooves represent extensional structures parallel to the 

maximum horizontal stress with extension occurring in a WNW-ESE direction. The angle between 

GUS1 and GUS2, which corresponds to the angular relationship between the lineament domains, 
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further demonstrates the transpressional right-lateral sense of movement. Internal to the sigmoidal 

structures, GUS3 has a similar angle as GUS1 and GUS2, which indicates it has a similar 

transpressional component. GUS3 represents the extensional morphotectonic expression of local 

surface stress conditions and indicates WNW-ESE extension and NNE-SSW main horizontal 

compression within the sigmoidal structures.  

It is possible to associate a variation in the lithospheric behavior, either related to thickness, stress 

intensity, or duration, with the L/S values of the systems as reported in Tab. 1. The mean L/S value 

of 62.5 for GUS3 is significantly higher than those of the other systems. This value indicates that the 

lithosphere where GUS3 is localized, internal to the sigmoidal structures, might have been subjected 

to a thinning process related to the extension produced by significant stretching of the sigmoids. 

Alternatively, this value might indicate a higher deformation rate within the sigmoidal structures that 

would have induced a more brittle response, resulting in higher L/S values. The relative decrease in 

the mean L/S values among GUS1, GUS2 and FUS, respectively, might reflect a minor 

stress/deformation accumulation in their corresponding sectors. The combination of these two effects 

may well explain the values found. We assume that the duration of the tectonic event is the same 

within the sulcus region. 

The present-day spatial distribution of the groove systems recognized frames the proposed 

interpretation well. The GUS2 and GUS3 grooves are extensional features that developed normal to 

the maximum extensional horizontal stress component, also locally described by Pappalardo et al. 

(1998). In comparison with the results described by other authors, the GUS2 could be associated with 

the structures induced by extensional necking instability of the lithosphere (Fink and Fletcher, 1981; 

Collins et al. 1998; Dombard and McKinnon 2001; Bland and Showman, 2007), and GUS3 might 

represent the more brittle regions (as also demonstrated by the L/S analysis) where second generations 

of normal faults occur. On the other hand, the GUS1 grooves are mostly compressional features that 

are not involved in the extensional regime of the necking instability model (Collins et al., 1998). The 
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NE sector of the corridor (Fig. 4) shows the effects of the NNE compression and WSW extension, 

produced by the right-lateral transpression along the corridor (GUS2). These effects are obliterated 

in the central and SE sectors by the development of the sigmoidal structures that are characterized by 

a self-similar transpressional right-lateral geometry and the development of internal structures 

(GUS3) produced by the NE compression and NW extension. The relative movement among the 

sigmoidal structures relates to the right-lateral shear along the corridor and is responsible for their 

horizontal duplexing in the SE sector. For this reason, the FUS furrows, present in the NE-central 

sector of the corridor, might have an analogous interpretation to the GUS2 and GUS3 extensional 

grooves and prove the transpressional character of the NE edge of the corridor. On the other hand, a 

transtensional scenario would have produced different groove/furrow orientations with respect to the 

corridor. Fig. 11 summarizes the expected scenarios within a corridor in the various strike-slip 

environments and was prepared by combining the kinematic and dynamic deformations that are 

expected to develop. Fig. 11a describes the scenario for a right-lateral transpression and fits the 

present geometry of the Uruk Sulcus well. Fig. 11b shows the framework that develops within a right-

lateral transtensional corridor, which exhibits the development of internal block rotation and the 

formation of extensional features within the blocks, which form a small angle with the corridor. Fig. 

11c illustrates the case for a pure right-lateral shear zone, which exhibits the internal development of 

extensional features with an angle of 45° to the corridor. Fig. 11d-f represent the symmetrical 

configurations for left-lateral environments. 
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Fig. 11: Possible scenarios for different strike-slip environments that develop in a NW-SE corridor and its 

related internal structures. The black lines represent the dynamic conditions and the blue lines represent the 

kinematic conditions. The first row shows a right-lateral setting (a, b, c), and the second row shows a left-

lateral setting (d, e, f). The arrows represent the stress fields associated with the strike-slip movement: a) Right-

lateral transpression develops circa E-W sigmoidal structures with dextral movement and the internal extension 

develops NE-SW structures; b) Right-lateral transtension develops approximately NNE-SSW directed 

principal structures with sinistral movement and the internal extension develops NW-SE secondary structures; 

c) Pure right-lateral strike-slip with the associated internal stress field; d) Left-lateral transpression develops 

circa N-S sigmoidal structures with sinistral movement and the internal NW-SE extension develops NE-SW 

structures; e) Left-lateral transtension develops WSW-ENE principal structures with dextral movement and 

the internal stress field develops NW-SE structures; f) Pure left-lateral strike-slip with the associated internal 

stress field. Model a, right-lateral transpression, well represents the Uruk Sulcus internal setting inferred 

(derived from Harding, 1974). 

 

The different geometries of the sigmoidal structures from NW to SE possibly replicates their spatial-

temporal development (Fig. 12). Following the initial emplacement of the corridor with the 

development of GUS1 along its edges (Fig. 12b) and the corresponding development of GUS2 related 

to the induced stress condition (NW sector, Fig. 12c), the persistence of the right-lateral shear caused 

the sulcus structure to evolve by creating internal shear bands (GUS1). These isolated sigmoidal 

structures move relative to one another and duplex within the corridor (central sector, Fig. 12d). These 
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movements further increase the internal stress conditions and lead to the development of GUS3, 

similar to the early stage development of GUS2, and possibly obliterate the preexisting GUS2 grooves 

(central-SE sector, Fig. 12e). The persistence of these relative movements brings about the complete 

duplexing of the sigmoidal structures (SE sector, Fig. 12e-f).  

The presence of the FUS furrows in the central-NE sector of the corridor may represent an incipient 

widening of the shear zone, involving nearby sectors of portions of dark terrain. These sectors seem 

lighter than dark terrain regions in Galileo Regio (Fig. 2d) and are characterized by FUS orientation 

and L/S values (L/S= 6.2, Tab. 1) comparable with those of GUS1 and GUS2. In these dark terrain 

areas, FUS furrows occur at a density higher than those of Galileo Regio (Fig. 3). This may represent 

the effect of the transpressional stress condition that developed or reactivated FUS following the 

involvement of the dark terrain within the corridor. In this way, the higher density of furrows in FUS 

indicates a possible reactivation, more recent than that which created the other furrows of Galileo 

Regio. Since the dark terrain portions were included in the corridor, the transpressional kinematics 

induced conditions of internal stress similar to those developed within the sigmoidal structures 

(GUS3) and FUS develops or reactivates normal to the NW-SE extension. This might represent a 

rejuvenation of these older dark terrain areas towards their possible future transformation into light 

terrain as proposed by Patterson et al. (2010). 

This evolutionary model suggests an early development of the GUS1 system compared to the GUS2 

and GUS3 systems. This is demonstrated by the higher values of NorH/sd calculated for the GUS2 

and GUS3 systems (12.4 and 12.3 respectively, Tab. 1) relative to the GUS1 system (8.7, Tab. 1). 

The observed progressive decrease in the mean L/S value from GUS1 to GUS2 and FUS reflects the 

different exposure time of their corresponding sectors to the tectonic evolution of the corridor and fit 

the temporal sequence of the model well. 
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Fig. 12: Evolutionary tectonic model of Uruk Sulcus region. a) Present day configuration; b) Initial right-lateral 

strike-slip originating at the corridor edges (GUS1); c) Right-lateral transpression development associated with 

NE-SW extensional structures (GUS2) at high angles with the corridor edges (77°) testifying to the presence 

of a compressional component; development of the internal sigmoidal structures (GUS1) with dextral en-

echelon geometry and inclusion of dark terrain portions within the corridor; d) Shifting and duplexing of the 

sigmoidal structures (GUS1) with dextral movement and continuous inclusion of dark terrain and 

formation/reactivation of furrows (FUS); e) Development of the NE-SW system (GUS3) self-similar to GUS2 

and related to an extensional stress field within the compressed/stretched sigmoidal structures; density increase 

in furrows (FUS) within the dark terrain involved in the sulcus; f) Detail of the extensional-related grooves 

(GUS3) generated by the dynamics within a sigmoid.  
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8. Conclusions 

Ganymede grooves/furrows represent important evidence of tectonic processes that shape the surface 

of the satellite. The combination of their analysis with the study of the lineament domains allows us 

to propose an evolutionary tectonic model of the Uruk Sulcus, and reveals its right-lateral 

transpressional framework that is derived from both kinematic compression and internal dynamic 

extension. This tectonic activity generates the main groove system GUS1 that forms the boundary of 

the shear zone and produces duplexed sigmoidal structures. Within the corridor, ~ E-W extension 

produces two groove systems, GUS2, in a localized area of the corridor, and GUS3 in the sigmoidal 

structures confined by GUS1. Their high angular relationship (77°) with GUS1 implies a 

compressional component of 58% within the strike-slip corridor.  

Our results suggest that the transpressional kinematics involves portions of dark terrain where the 

FUS furrow system contains a higher density of furrows than that of Galileo Regio. This system 

results from the reactivation of older furrows and indicates a possible rejuvenation of the dark terrain 

portions associated with the corridor tectonics. 

The L/S analysis proved to be an effective tool to study brittle behavior, including thickness 

variations, of planetary lithospheres even when characterized by underlying liquid ocean. The 

variation in lithospheric behavior, shown by the L/S values of the systems in the Uruk Sulcus region 

(Tab. 1), may suggest that the GUS3 area lithosphere is thinner, when similar tectonic conditions 

occur, and/or more deformed than that of the other systems. 

The Uruk Sulcus represents the proper site to explore the time/spatial relationships between dark and 

light terrains. A systematic analysis of the sulci of Ganymede might validate this hypothesis and will 

be improved by imaging from future missions, such as the Jupiter Icy Moons Explorer (ESA) mission 

and the Europa Clipper (NASA). These missions, with their high resolution and radar images, will 

provide surface and 3D subsurface data pertaining to the grooves and furrows of Ganymede, as well 

as to features on other icy satellites. 



Chapter 2 - Ganymede    

 

 

50 

 

Ganymede’s surface shows several shear zones identified by corridors both at the regional and global 

scale. The strike-slip tectonics seem to play a key role in the satellite’s structural evolution, in the 

possible transition from dark to light terrain and in the understanding of the stress that generates the 

grooves and furrows (e.g., Seifert et al., 2015). Ongoing work on global structural mapping, based on 

both Voyager and Galileo images, combined with geodynamic investigations, is in progress to further 

improve the understanding of the tectonics of Ganymede. 
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2.2 Structural geology of Ganymede regional groove systems (60°N – 60°S) 

The material of this section has been published in Journal of Maps: Rossi, C., Cianfarra, P., Salvini, 

F. (2019). Structural geology of Ganymede regional groove systems (60°N-60°S). Journal of Maps. 

https://doi.org/10.1080/17445647.2019.1685605. The ‘Structural geology of Ganymede regional 

groove system (60°N – 60°S)’ map is attached at the end of the thesis. 

Abstract 

Brittle deformation on Ganymede surface is represented by tectonic linear landforms, the grooves. 

These are regional scale, elongated structures that show well-defined morphology from straight to 

curvilinear. High density of grooves occupies most of the younger light terrain of the satellite, i.e. the 

grooved terrain. We map these structures on the USGS Voyager and Galileo Mosaic of Ganymede in 

order to unravel their spatial distribution and tectonic setting. A total of 14707 grooves were 

identified, digitized and statistically analysed. A quantitative structural geology approach was used 

to classify these structures, taking into account their azimuth and including regional rotation. This 

procedure allowed to recognize a total of four groove families, named according to their main 

orientation, the NE, WNW, NW, and N-S super-systems. The presented structural map represents a 

tool to study the stress conditions associated to the groove formation and evolution. This map also 

aims to contribute to the scientific preparation of the upcoming mission programs and future 

exploration of Ganymede.  

 

1. Introduction 

Planetary missions successfully have been exploring the Outer Solar System for the last decades 

(e.g. Pioneer, Voyager, Galileo and Cassini-Huygens programs, Smith et al., 1979a; Fimmel et al., 

1980; Young, 1998; Matson et al., 2003). Their discoveries provided information on the gas giant 

planets and their moons. Ganymede is one of the icy satellites of the Jovian System and represents a 

primary target for planetary exploration. It is a candidate for habitability as a potential world that 

hosts life (Prieto-Ballesteros et al., 2012; Grasset et al., 2013; Vance et al., 2018). It is the largest 

satellite in the Solar System with a radius of 2631.2 ± 1.7 km (Anderson et al., 2001) and presents 

the lowest moment of inertia (0.3115±0.0028, Anderson et al., 1996; Schubert et al., 2004; 

Hussmann et al., 2007) as provided by gravity data and confirmed by geophysical models (e.g. Kirk 

and Stevenson, 1987). This implies a highly differentiated internal structure constituted by a metal 

rich core and a silicate mantle surrounded by a water-ice crust (Anderson et al., 1996; Deschamps 

and Sotin, 2001; Schubert et al., 2001; Sohl et al., 2002). The icy crust is composed by ice-Ih, ice-
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III, ice-V, and ice-VI. A liquid water layer is inferred to be located between ice-Ih and the high-

pressure ice layers (i.e. ice-III; Hussmann et al., 2007). This water layer constitutes a subsurface 

ocean (Fanale et al. 1977; Kirk and Stevenson 1987; Ojakangas and Stevenson 1989; Moore and 

Schubert 1996; Khurana et al. 1998; Carr et al. 1998; Pappalardo et al. 1999; Kivelson et al. 2000), 

that is supposed to contribute to the formation of the intrinsic magnetic field of Ganymede, induced 

by the presence of conducting fluid and salty layer (Sarson et al., 1997; Sohl et al., 2002; Kivelson 

et al., 2002; Schubert et al., 2004). The magnetic field of this satellite may also relate to a dynamo 

mechanism in the metallic core (Schubert et al., 1996).  

The surface of Ganymede is subdivided into two main terrains (Fig. 1). These are the dark and the 

light terrains (Smith et al., 1979b; Shoemaker et al., 1982; Patterson et al., 2010; Collins et al., 

2013) and show distinct surface characteristics including different albedo, crater density and 

morphotectonic structures (Lucchitta, 1980; Parmentier et al., 1982; Bianchi et al., 1986; Murchie et 

al., 1990; Prockter et al., 1998, 2000; Patterson et al., 2010; Collins et al., 2013). The dark terrain 

covers 35% of the surface and it is characterized by relatively low albedo material (0.26±0.05 

according to Helfenstein et al., 1997) and high crater density, whose measurement suggests an age 

of around 4 Gyr (Zahnle et al., 1998, 2003; Nimmo and Pappalardo, 2004). They are characterized 

by large-scale, arcuate fracture systems termed furrows, that have been hypothesized to be impact-

related as the remnants of a system of concentric rings and radial fractures produced by large 

impacts occurred in the early history of Ganymede, when its icy crust was thinner (McKinnon and 

Melosh, 1980; Casacchia and Strom, 1984; Schenk and McKinnon 1987, Murchie et al., 1990; 

Prockter et al., 1998). Furrows are mainly cut by younger landforms, craters, and by the light terrain 

regions. The dark terrain shows local areas, the lineated units according to Patterson et al. (2010) 

and Collins et al. (2013), where linear fractures lie in between the dark and the light terrains. These 

units represent possible key area to understand the relation and transition between the two terrains 

(Prockter et al., 2000; Rossi et al., 2018).  
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The other 65% of the satellite surface is covered by the light terrain and is characterised by higher 

albedo (0.42±0.04, Helfenstein et al., 1997). It shows lower crater density that provides a younger 

age of around 2 Gyr (Zahnle et al., 2003; Nimmo and Pappalardo, 2004). Craters within the light 

terrain are almost completely obliterated by the presence of numerous morphotectonic lineated 

landforms, termed grooves (Fig. 2). The light grooved terrain of Ganymede (Lucchitta, 1980; 

Patterson et al., 2010) represents one of the most tectonically disrupted surfaces of the Solar 

System. The high density of morphotectonic structures within the light terrain, together with the 

lower crater counting, confirms the more recent activity of this terrain. A map of the Ganymede 

grooves has been proposed by Collins et al. (2000). 

In this work we investigate and map the pattern of Ganymede regional grooves with the preparation 

of a structural map for a better comprehension of their characteristics and relationships. Results 

show that groove structures behave as regional swarms/systems with their own characteristics and 

structural meaning. In this way, the proposed map considers the sets of regional grooves and shows 

their regional, organized clustering into systems. 

The map represents a base that can be used to investigate the tectonic mechanisms affecting the 

satellite light terrain as well as to clarify the operating geodynamic processes. We unravel the most 

recently active regions of Ganymede, that are the light terrain deformed by grooves. The main 

differences between grooves and furrows are age, spacing, morphology, and supposedly origin 

(Patterson et al., 2010; Rossi et al., 2018). The furrow impact origin took place before the period of 

grooved terrain formation, as evidenced by the abrupt transection relationships of the two terrains 

(McKinnon and Melosh, 1980). Due to their external cause, furrows were ignored in the preparation 

of the final map and their investigation is beyond the goals of the presented structural map, that 

focuses on the more recent tectonic processes and on the internal geodynamic factors ruling the 

present-day groove characteristics and geometries.  
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Grooves play a key role for the possible connection between surface and the subsurface ocean and 

represent the evidence of tectonic activity that deformed the satellite surface during its geologic 

evolution. 

 

Fig. 1: Ganymede Voyager and Galileo Global Mosaic, Mercator projection. The dashed yellow lines define 

the boundaries of the leading (LH in figure) and the trailing (TH) hemispheres at the W and E, respectively. 

 

 

 

Fig. 2: Grooved terrain. The red arrows show groove examples. 
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1.1 Grooves of Ganymede 

Grooves are common, rather linear, structural elongated landforms occurring on the surface of several 

small bodies of the Solar System as Phobos, Phoebe, Gaspra, Ida, Eros (Morrison et al., 2009; Watters 

and Schultz, 2010). Their morphology varies from linear surface depressions to curvilinear and/or 

rows of coalesced pits, with lengths spanning from 5 km to over 50 km. Typically they are 100-200 

km long and nearly less than 100 m deep (Watters and Schultz, 2010). It is assumed that grooves of 

the mentioned bodies are subsurface fractures likely produced from extensional tectonic processes 

(Thomas, 1989; Prockter et al., 2002; Watters and Schultz, 2010). It is generally assumed that grooves 

are associated with internally-driven tectonics on larger satellites such as Europa, Ganymede, 

Enceladus, Tethys, and Mimas (Pappalardo, 2006; Morrison et al., 2009; Watters and Schultz, 2010).  

Planetary-wide grooved terrains have been firstly observed on the Ganymede surface (Lucchitta, 

1980; Parmentier, 1982; Shoemaker et al., 1982). Grooves of Ganymede (Fig. 2) represent the brittle 

deformation of the light terrain of the satellite. They occur, as observed at the regional scale, clustered 

into sets of grooves with length > 100 km and average spacing of about 10 km (Lucchitta, 1980; 

Casacchia and Strom, 1984; Bianchi et al., 1984; Pappalardo and Greeley, 1995; Pappalardo et al., 

1998; Collins et al., 2000; Pappalardo et al., 2004; Patterson et al., 2010; Collins et al., 2013). They 

often cluster in nearly parallel ordered patterns. 

The stress fields and the tectonic processes that generate grooves remain still unclear. Authors (e.g. 

Lucchitta, 1980; Parmentier, 1982; Shoemaker et al., 1982; Squyres and Croft, 1986; Philpott, 1988; 

Pappalardo et al., 1998; Collins et al., 1998; Bland and Showman, 2007; Pizzi et al., 2017) interpret 

the global assemblage of Ganymede grooves as extensional zones similar to the Earth continental 

rifts, resulting from the global expansion that affected the satellite crust in the past. In addition to 

normal faulting, strike-slip motion was observed within small regions of grooved terrain (Lucchitta, 

1980; Murchie and Head, 1988; Pappalardo et al., 1998; Collins et al., 1998; Pappalardo and Collins, 
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2005; Cameron et al., 2018). More recently, a regional scale shear component is suggested to play a 

key role for the evolution of large grooved terrain regions (Seifert et al., 2015; Cameron et al., 2018; 

Rossi et al., 2018). Several regions imaged by the Galileo spacecraft were investigated applying 

structural geological methodologies. Dardanus Sulcus is centered at 17.5° S, 342.5° E and both 

extension and right-lateral strike-slip tectonics originated its grooves (Cameron et al., 2013; Seifert 

et al., 2015; Cameron et al., 2016; 2018). Arbela Sulcus (21.1° S, 10.2° E) was formed, similarly to 

Dardanus Sulcus, by an extension event dissecting the upper crust (Giese et al., 2001; Head et al., 

2002; Berquin et al., 2013) with a left-lateral shear component (Head et al., 2002; Cameron et al., 

2018). Events of tectonic deformation suggesting extensional and strike-slip regimes were proposed 

also for Nun Sulci grooves (49.5° N, 43.6° E; Murchie and Head, 1988; Seifert et al., 2015; Cameron 

et al., 2018), Nippur/Philus Sulcus (36.9° N, 175° E), Byblus Sulcus (37.9° N, 160.1° E) and Anshar 

Sulcus (18°N, 162.1° E) (Cameron et al., 2018 and references therein). Tiamat Sulcus (3.4° N, 151.5° 

E) and Kishar Sulcus (6.4° S, 216.6° W) represent a labyrinth of intersecting grooves suggesting 

strike-slip shear (Murchie and Head, 1988; Bedle and Jurdy, 2005; Cameron et al., 2016; 2018) as 

well as in Harpagia Sulcus (11.8° S, 313.5° W; Head et al., 2002; Berquin et al., 2013). Uruk Sulcus 

is a broadly studied light terrain of Ganymede. Studies on a target site of this sulcus (0.8° N; 199.7° 

E) imaged within the sulcus at high-resolution by Galileo probe infer extension with normal faulting, 

graben and domino style mechanisms (Pappalardo et al., 1998). These Authors recognized also local 

transtensional shear within it. More recent investigations based on the Voyager imagery of Uruk 

Sulcus at regional scale allowed to recognize the consistent role of transpressional strike-slip 

kinematics along the region with significant compressional component (Rossi et al., 2018). 

Despite these numerous studies, the regional geological setting of most grooved terrain is still poorly 

known. In this way, a map of classified Ganymede grooves represents a tool to improve the 

knowledge on the tectonic evolution of the satellite. The map highlights the spatial organisation of 

these features, i.e. their spatial distribution, crosscutting relationship, and azimuthal clustering. This 
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mapping represents a tool to recognize the spatial distribution of these properties. Manually detected 

grooves of Ganymede were quantitatively classified into regional systems by a structural geology 

approach. This map represents the tool to further investigate the stress conditions associated to the 

groove formation and evolution. This information is relevant to the preparation of future space 

missions.  

2. Data 

Ganymede imagery derives from planetary missions across the Outer Solar System. The high-

resolution images used in this work belong to the Wide Angle Camera (WAC) and Narrow Angle 

Camera (NAC) onboard the twin Voyager 1 and 2, and the Galileo Solid State Imaging (SSI) camera 

that largely covered the satellite (a full set of these image data is available on http://pds.jpl.gov). 

The mapping was based on the remote sensing investigation of a monochrome base map of the 

satellite released by the United States Geological Survey (USGS) Astrogeology Science Centre 

(available on http://astrogeology.usgs.gov). This is the Ganymede Voyager and Galileo Global 

Mosaic, a Mercator projected map derived from the mosaicking of the best image quality and 

resolution coverage (from 20 km/pixel for gap fill to approximately 400 meters/pixel) supplied by 

NAC and SSI cameras (Fig. 1; Becker et al., 2001). Most of the best data of Voyager and Galileo 

were obtained within the leading hemisphere of Ganymede (Fig. 1). 

3. Structural mapping 

Regional grooves of Ganymede were mapped between 60°N and 60°S and digitized in a geographic 

information system (GIS) geodatabase.  

Image with low-resolution and high geometric distortion in some areas of the satellite prevented their 

use for mapping purposes. For this reason, grooves were mapped on approximately 36% of the light 

terrain (as mentioned, about 50% of the light terrain images were not acceptable for manual mapping). 
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The polar regions were excluded in this work due to the distortion limits of most of the available 

images for these. 

 A total of 14707 groove structures have been recognized and digitized between 60°N and 60°S (Fig. 

3). A lack of data occurs in the region included within 60°E and 80°E due to the low-resolution of 

the available images (resolution lower than 2000 m/pixel). This zone partly falls of the anti-Jovian 

hemisphere of Ganymede. 

Mapped grooves are considered as the topographic expression of trough structures. Their bottom is 

recognized thanks to the luminosity contrast resulting by the solar lighting conditions. Grooves with 

higher tonal intensity were digitized as polylines. These were quantitatively analysed according to 

the azimuth of their segments. Statistical analyses of the identified grooves allow to classify the 

majority of these structures into clusters of azimuthal families. 

 

 

Fig. 3: Grooves global mapping, Mercator projection. A total of 14707 groove structures are shown. 
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3.1 Azimuthal analysis 

The grouping of the families of grooves into regional systems is based on their azimuths and spatial 

distribution. Each groove is represented as a georeferenced series of contiguous segments (a total of 

50717 segments forming 14707 polylines) characterized by their azimuths and lengths. The 

preliminary azimuthal frequency analysis of the total segments is presented in Fig. 4. This process 

includes the polymodal analysis by best fit of the frequency histogram with a function sums of 

Gaussian curves (Daisy version 5.36.71; Salvini, 2019). This allows to recognize the presence of 

multiple preferred orientations (i.e. relative maxima in the histograms) and to characterize each 

azimuthal cluster with its statistical parameters: mean azimuth, standard deviation, and relative height 

(Wise et al., 1985; Cianfarra and Salvini, 2016a). Results show that groove segments cluster into 4 

preferred orientations, namely: N61°E, N68°W, N37°W, and N10°E (Fig. 4). Considering the rotation 

produced by the almost spherical geometry of Ganymede surface and to follow possible regional 

rotations within each group, the grooves classification was performed by the comparison of their 

azimuths within a spatial grid of circular areas. The grid resolution pace was 20° of latitude and 

longitude in a hexagonal shape. A diameter of 6000 km was chosen for each circular area to guarantee 

the partial overlap between adjacent circular analyses and to ease the detection of continuity among 

the analyses (Fig. 5). The specific approach we used in searching for groove swarms accomplishes 

for swarm rotations due to both the spherical shape of the surface and possible swarm rotation across 

the regions. This has been obtained by comparing the found Gaussian peak among the results of 

adjacent analyses. This procedure automatically takes care of both distortion/rotation. 

A total of 148 circles form the grid. For each circle the azimuthal frequency analysis of the segments 

of the internally falling grooves was performed to identify the preferred orientations within the 

considered circle. Azimuthal groups are presented in Fig. 5 in the form of oriented lines (i.e. Gaussian 

peaks) proportional to the relative importance in wind-rose diagrams centered at the grid nodes. These 

Gaussian peaks were then grouped by comparing their mean azimuth with the Gaussians of the 
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surrounding analyses. Among the unclassified Gaussians (obviously all of them in the first cycle) the 

largest Gaussian is identified by their relative height and corresponding number of segments and it 

becomes the seed of the system to be identified. Then its azimuth is compared with the azimuths of 

the Gaussians in the 6 surrounding analyses. In each of them, the Gaussian with the closest mean 

azimuth and having an angle to the seed smaller than a given reference value (5° for this analysis) is 

classified as belonging to the searched system. Then each newly classified Gaussian becomes a seed 

for the search of the system and the process is repeated in a recursive way (forest-fire process, 

Turcotte, 1997) until no contiguous analyses have Gaussians associable to the system (i.e. all the 

remaining unclassified Gaussians forming angles larger than the reference one) or all the analyses 

have been inspected. This process is repeated by identifying a new seed Gaussian to search for other 

systems until all Gaussians have been classified (Fig. 5). Spatial rotation of grooves systems is 

guaranteed by the tolerance of rotations between adjacent peaks to pertain to the same system 

(5°/6000 km in this study). The result of this analysis brought to the identification of 23 systems, 

formed within the 361 found Gaussians and is presented in Fig. 6 where the systems are colour coded. 

The further azimuthal analyses of found Gaussians allow to group the found systems to form 4 super-

systems, with azimuthal intervals: the NE super-system N61°E ± 17°, the WNW super-system  

N68°W ± 11°, the NW super-system N37°W  ± 11°, and the N-S super-system N10°E  ± 13°. 

Segments are then associated to the found systems in a similar procedure. Their azimuths are 

compared to the Gaussians from the analysis of the circular areas where the groove falls, and it is 

associated to the system having the smallest angle to the corresponding Gaussian mean azimuth and 

lower than a reference minimum (20° in this study). When the last requirement is not satisfied, the 

segment is associated to the null (0) system and remains unclassified. As a result, Grooves are 

associated to super-systems by associating to each groove the system that is best represented within 

its segments.  
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Fig. 4: Azimuthal analysis of all the mapped grooves. The Gaussian Parameters are reported: the number of 

Gaussian peaks (#), the percentage of occurrence (%), the Normalized Height (NorH), the Maximum height 

(MaxH), the azimuth, and the standard deviation (sd). The preferential Gaussian peaks represent the azimuthal 

interval for the classification into super-systems. 
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Fig. 5: Azimuthal grid analysis, Equidistant Cylindrical projection. Circles of the grid are represented as their 

mean dimension at the equator. In the circle centers are shown the classified Gaussians; in background the 

mapped grooves are represented. The legend explains the mean azimuth and the peak number (n) of each 

system of the grid analysis. 

 

 

 

 
 

Fig. 6: Identification of the 23 main systems associated to super-systems shown in Fig. 4. Color-coded legend 

is reported in Fig. 5; black lines represent unclassified groove elements. 
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4. Groove super - systems 

A total of 14707 grooves (i.e. polylines) were analysed and are shown in the map. The classified 

structures represent super-systems, groups of grooves that locally crosscut and intersect each other, 

and are globally arranged according to azimuthal/spatial clustering. At the regional scale they cluster 

to form 4 super-systems, distributed all over the investigated surface. Strong evidence of clear 

crosscutting relationships is difficult to identify among the found super-systems. Conversely, several 

local areas show a recognizable chronological sequence. The classification allows to identify a total 

of 4 super-systems, composed by 11402 grooves, and left unclassified 3305 ones. 

The largest super-system is the NE super-system (3992 grooves). It is represented in red colour in the 

map and shows a mean direction of N61°E. Its spatial density is higher between approximately 120°W 

and 50°E, where it presents the longer grooves. This region corresponds to Babylon Sulci and Phrygia 

Sulcus, where grooves of this super-system mainly cut the other ones.  

The second super-system is the WNW super-system (2898 grooves). It is represented in blue colour 

in the map and shows a mean direction of N68°W. It mainly occurs between 120°E and 120°W, 

corresponding to Tiamat Sulcus, Kishar Sulcus, Lagash Sulcus, Anshar Sulcus, Mashu Sulcus, 

Byblus Sulcus, Uruk Sulcus, and Nippur Sulcus. In these regions it presents the longer groove 

elements that mostly cut the other. Between 130°W and 120°W this super-system coexists with the 

NE one, and it is characterized by the similar crosscutting relationships of the NE super-system. 

The third super-system is the NW one (1182 grooves). It is represented with light blue colour in the 

map and shows a mean direction of N37°W. It is mainly spatially distributed where the WNW super-

system occurs. In this way, it is mostly present between 150°E and 120°W, groove clusters from this 

super-system are also present between 70°W and 50°W, and 45°E – 60°E, where they are cut by the 

grooves of the NE super-system. 
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The fourth super-system is the N-S (3330 grooves). It is represented with yellow colours in the map 

and shows a mean direction of N10°E. It mostly clusters between 90°W and 40°W, where it is mainly 

cut by the first super-system. Conversely, within 180° and 120°W it is mainly cut by the WNW super-

system. Grooves from this super-system as well as from the NW one are notably shorter than the 

grooves of the other super-systems (groove mean length is about 90 km). 

The unclassified grooves (3305 grooves, in black colour in the map) present an un-clustered 

organisation and are evenly distributed on Ganymede light terrain. 

5. Discussion 

Grooves of Ganymede group into organised azimuthal families with small internal rotation through 

the Ganymede surface. The performed classification allows to recognize groove azimuthal super-

systems developed at the global scale. Specific main orientations were identified and reflect the 

tectonic setting of the regions where they develop across the satellite surface. The chronological 

succession is difficult to be unravelled at the regional scale, and it was not possible to recognize a 

definitive relative chronological sequence of the found super-systems.  

The global geologic map of Ganymede (Collins et al., 2013) determined the relative age relationships 

among the recognized units based on cross-cutting relationships and divided the light material units 

into three relative age categories.  

The comparison of the found super-systems with these units and their proposed relative age (Collins, 

2009; Patterson et al., 2010; Collins et al., 2013) allows to roughly recognize a relative time sequence 

of the found super-systems. By taking into account that this comparison is between groove structures 

and terrains, we can assume that the NE and the WNW super-systems mostly occur in the youngest 

light material units; the NW and the N-S super-systems mostly occur within the intermediate units. 

The oldest units mainly correspond to the location of the N-S super-system.  
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On the other hand, the super-system spatial organisation provides information about the tectonics that 

caused them. The super-system framework distinguishes provinces that are characterized by different 

stress regimes. Grooves of super-systems are often distributed following recognizable geometries. 

The presence of longer and parallel grooves that bound areas with shorter grooves is common. These 

longer elements seem likely to act as main shear boundaries that confine elongated region of 

deformation characterized by the presence of shorter and closer elements. This resembles regional 

corridors on the Earth surface (Storti et al., 2003, Cianfarra and Salvini, 2014; Cianfarra and Salvini, 

2015; Cianfarra and Salvini, 2016b; Maggi et al., 2016; Cianfarra and Maggi, 2017; Pinheiro et al., 

2019). Several areas of Ganymede light terrain follow a similar corridor geometry associated to strike-

slip kinematics. At the regional scale, Authors (e.g. Rossi et al., 2018) recognized this setting within 

Uruk Sulcus area, that is suggested to be a strike-slip corridor. Babylon Sulci also may represent a 

similar example of this strike-slip setting (from 70°W to 30°W). There the NE super-system 

delineates longer and sub-parallel grooves that enclose shorter grooves with different directions. 

Other examples produced by the NE super-system are found within Phrygia Sulcus. This confirms 

the key role that the strike-slip tectonic regime plays at the regional scale, as already observed at the 

local one (Murchie and Head, 1988; Pappalardo et al., 1998; Giese et al., 2001; Head et al., 2022; 

Bedle and Jurdy, 2005; Berquin et al., 2013; Seifert et al., 2015; Cameron et al., 2018). Often the 

transition between the dark and the light terrains is characterized by the presence of isolated grooves 

of the super-systems (mainly the NE and the WNW one). Their length and well-defined evidence 

suggest a kinematic origin. This strengthens the importance of horizontal displacement between the 

terrains. 

The map reports two distinct regions where the NE and the WNW super-systems prevail. The NE 

super-system mainly occupies the so-called trailing hemisphere of the satellite, and the WNW one 

mostly develops in the leading hemisphere (Fig. 1). The NE and the WNW super-systems 

systematically cut the other super-systems. Their activity may partially relate to tidal process that 
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influence the spatial arrangement of the NE and WNW super-systems. The sub- and anti-Jovian 

hemispheres show a similar distinction (Fig. 1). It is observed a prevalence of the NE super-system 

within the sub-Jovian hemisphere, and a prevalence of the WNW super-system within the anti-Jovian 

one.  

Part of the anti-Jovian hemisphere of Ganymede lack significative information due to the low 

resolution of the available imagery. This precludes interpretation regarding the effects of tidal process 

in the anti-Jovian hemisphere.  

It is possible that tidal heating coexisted together with other geodynamic processes as convection 

(e.g. Hammond and Barr, 2014), near surface partial melt (e.g. Bland et al., 2009), and/or polar 

wandering (e.g. Murchie and Head, 1986; Mohit et al., 2004; Matsuyama et al., 2014).  

This map represents the base for future structural researches and exploration of the satellite. The 

distribution and characteristics of mapped grooves are strictly related to anisotropy of the terrain (both 

crustal thickness and rheology/composition) that will be significant for the programmed radar 

instrumentation (e.g. Radar for Europa Assessment and Sounding: Ocean to Near‐surface, REASON, 

Pettinelli et al., 2015; Radar for Icy Moon Exploration, RIME, Bruzzone et al., 2013). The identified 

groove azimuths will be useful to identify regions where to acquire the optimal data and to avoid 

intense clutter returns (Ilyushin et al., 2017). 

6. Conclusions 

The presented structural map of Ganymede regional groove systems shows the spatial arrangement 

of the regional grooves into super-systems. They represent the effect of the tectonics on the satellite 

and their mapping identifies distinct geometries that provide information on the tectonic setting. The 

map derives from a systematic investigation and represents an important tool to study groove pattern 

and clustering.  
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A total of 14707 grooves were identified and reported on the map. Azimuthal analysis allowed to 

classify a total of 11402 (77.5%) grooves into 4 super-system regionally distributed, that show an 

arrangement similar to the strike-slip corridors of the Earth. This classification leaves unclassified 

3305 (22.5%) scattered grooves. 

The two main super-systems, namely the NE and WNW ones, preferentially occupy the leading and 

the trailing hemispheres, respectively. Tidal deformation may be responsible for the symmetrical 

pattern of these super-systems. 

This map is a useful tool for future more detailed structural analyses to investigate the groove spatial 

distribution, the processes that led to their formation, and their possible fractal distribution (Lucchetti 

et al., 2017). 

The used statistical approach represents an effective method to classify stress-related structures. It 

may contribute and provide potential support to study the geodynamic processes of the satellite. 

Future missions that will provide a better quality of image coverage, allow to complete the mapping 

also of the polar regions and the low-resolution quadrant of the anti-Jovian hemisphere. This map 

improves the knowledge of the surface environment for the future exploration of Ganymede. 

SOFTWARE 

The structural map of Ganymede regional groove systems was prepared by using the QGIS software. 

Azimuthal analyses were performed by using the DAISY3 software developed by F. Salvini and 

freely distributed at: http://host.uniroma3.it/progetti/fralab. 
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2.3 Terrestrial analog of Ganymede 

Antarctica presents several structures formed by glacier flows. Their kinematics and their connection 

with the underlying topography create brittle deformation represented by crevasses. These are caused 

by the stress on the ice due to their moving over the underneath rocky terrain. Glaciers fracture with 

typical patterns that depict the glacier dynamics. The analysis of crevasse patterns can tell us about 

the ice-dynamical processes within the glacier. These frequently occur at the lateral margins of a 

glacier, where lateral stresses against the valleys walls resists flow, at steep sections, at the ice front, 

or at the head of the glacier (Colgan et al., 2016). Crevasses are used to make inferences on shear and 

deviatoric stresses in a glacier, and their patterns and types indicate the mode of flow of a glacier 

(Freers, 1968; Colgan et al., 2016). According to the dynamics, the crevasses form: longitudinal 

crevasses that are generally originated by shear stress and transversal crevasses that are generally 

originated by deviatoric stress. 

The Rennick Glacier in Antarctica (70°-72°S, 160°-162°E; Fig. 1) displays large amount of crevasse 

patterns that represent very good analog of Ganymede grooves. Fig. 2 shows a series of longitudinal 

crevasses formed by kinematic shear in the middle of the glacier. Two sets are recognized in figure. 

The main one is represented by curvilinear, equally spaced (approximately 15 m), and longer 

structures (more than 100 m long) that form corridor boundaries where the second set develops. This 

latter presents shorter structures (less than 30 m) with a typical “S” shape. The strike-slip regime in 

the middle of the glacier forms structure sets with similar tectonic setting of Uruk Sulcus region in 

Ganymede. The first structure set is analogous to the corridor boundaries that is formed by longer 

grooves, and the second one is analogous to the sigmoidal structures that formed within the sulcus. 

Fig. 3 shows a large amount of longitudinal crevasses (approximately over 200 m long) present in the 

middle of the Rennick Glacier. Their setting similarly reproduces what shown in the structural map 

of the regional groove system of Ganymede. 
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In Fig. 4 longitudinal crevasses depict a corridor pattern as the Uruk Sulcus corridor in Ganymede. 

The figure shows longer crevasses (more than 200 m long) that delimit the boundary of the corridor 

where shorter structures (less than 30 m long) form. 

Fig. 5 also shows longitudinal crevasses that constitute a corridor where internal and shorter crevasses 

form, as the GUS3 groove system recognized in Uruk Sulcus. 

 

 

 

Fig. 1: Antarctica, RADARSAT mosaic. The red arrow shows the location of the Rennick Glacier (70°-72°S, 

160°-162°E). 
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Fig. 2: Aerial view of longitudinal crevasses in the Rennick glacier, Antarctica. The black arrow shows the 

flow direction. PNRA XXXIV expedition. 
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Fig. 3: Aerial view of longitudinal crevasses in the Rennick glacier, Antarctica. The black arrow shows the 

flow direction. PNRA XXXIV expedition. 
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Fig. 4: Aerial view of longitudinal crevasses in the Rennick glacier, Antarctica. The black arrow shows the 

flow direction. PNRA XXXIV expedition. 
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Fig. 5: Aerial view of longitudinal crevasses in the Rennick glacier, Antarctica. The black arrow shows the 

flow direction. PNRA XXXIV expedition. 
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CHAPTER 3  

ENCELADUS 

3.1 Tectonics of Enceladus South Pole:  Block rotation of the Tiger Stripes 

The material presented in this paragraph has been submitted to Journal of Geophysical Research: 

Planets and is subject to further revisions. 

Abstract 

The South Polar Terrain (SPT) of Enceladus is place of eruptions of gas and water ice particle 

plumes that testify to internal activity. These are located along series of tectonic structures, i.e. the 

Tiger Stripes fractures (TSF) that are comprised of regularly spaced and linear depressions. The 

SPT is surrounded by sinuous chains of ridges and troughs (the marginal zone). To unravel the 

tectonics that affect the region and its evolution, we performed comprehensive structural mapping 

and quantitative analyses of these brittle deformation features from remotely-sensed images. The 

results are consistent with a block rotation model, whereby several tectonic regimes coexist. The 

TSF are left-lateral strike-slip faults that bound rigid blocks. The blocks rotate clockwise and are 

enclosed in a regional scale right-lateral kinematics expressed in the marginal zone. These two 

opposite and complementary kinematic regimes induce transtensional and transpressional 

deformations within the SPT. An evolutionary tectonic model is proposed for the past and future 

evolution of the SPT. This model confirms the role of tectonic-related kinematics in icy satellites 

and contributes to the preparation of future missions. 

 

 

1. Introduction 

Observations of massive water vapor and ice-crystal plumes emanating from the South Pole region 

of Enceladus are amongst the most striking discoveries of the Cassini mission (Hansen et al., 2006; 

Porco et al., 2006; Spencer et al., 2006). The plumes reveal internal activity that occurs in the liquid 

layer under the icy crust of this satellite of Saturn. They are evidence of the underneath ocean activity 

and their composition is a clue for understanding the interior of this body (Matson et al., 2007). The 

buried ocean of Enceladus represents an environment potentially suitable for the growing of life 

(Parkinson et al., 2008), similar to those of the extreme environments of the black smokers along 

terrestrial ocean rifts (Tobie, 2015). The internal activity produces surface deformation including 
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brittle tectonics. Several fractures and faults that regionally deform the icy crust play a key role in 

understanding the active tectonic and geodynamic processes of the satellite (Crow-Willard & 

Pappalardo, 2015; Lucchetti et al., 2017; Porco et al., 2006; Yin & Pappalardo, 2015). The main 

fractures of Enceladus are the Tiger Stripe Fractures (TSF), located in the South Polar Terrain (SPT) 

and sites of plume eruptions (Fig. 1; Crow-Willard & Pappalardo, 2015; Porco et al., 2006). The TSF 

and other fractures that characterize the SPT represent weakness zones and potential connections 

between the surface and the underlying ocean (Lucchetti et al., 2017; Souček et al., 2019). We explore 

here the tectonic setting of the SPT. By means of structural geology mapping based on remotely 

sensed data, coupled with statistical and quantitative analyses, we investigate the effects of the 

tectonics to unravel and reconstruct the kinematic process that deforms the SPT region. We propose 

a kinematic model that frames the spatial distribution of the observed evidence of brittle deformation 

and provides new constraints on the geodynamic processes responsible for Enceladus internal 

activity. 
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Figure 1. Enceladus South Polar Terrain (SPT), USGS Enceladus global mosaic orthographic projection. 

The Tiger Stripes Fractures (TSF) occur in the center of the region and are Alexandria Sulcus, Cairo Sulcus, 

Baghdad Sulcus, Damascus Sulcus, and the fracture zone “E”. The light-green dots represent the plume 

source locations (Porco et al., 2014). The red arrows indicate the location and the orientation of the ancient 

Tiger Stripes (Patthoff & McKinnon, 2011). The structural units are illustrated. The marginal zone edges: 

Leading-edge Margin (LEM), Trailing-edge Margin (TEM), Sub-Saturnian Margin (SSM), and Anti-

Saturnian Margin (ASM) (Yin & Pappalardo, 2015); the light squares show the transitional zone; the dashed 

square shows the TSF structural unit. 
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2. Geological and structural setting 

Enceladus is a satellite of Saturn with a radius of 252.1 ± 0.2 km (Porco et al., 2006). It is located in 

the external E ring of Saturn and contributes to replenish it with the eruptive material of the plumes 

emanating from its south polar region (Helfenstein & Porco, 2015; Porco et al., 2006, 2014). The 

plumes are composed of water vapour, ice particles, and organic compounds (Filacchione et al., 2016; 

Gioia et al., 2007; Helfenstein & Porco, 2015; Hendrix et al., 2010; Johnston & Montési, 2017; 

Matson et al., 2007; Porco et al., 2006; Potsberg et al., 2018; Roberts, 2016; Scipioni et al., 2017; 

Thomas et al., 2016). They are possibly produced by sublimation above or below ground (Porco et 

al., 2006), and indicate internal activity of the satellite affected by tidal heating (Beuthe, 2016; Čadek 

et al., 2016; Choblet et al., 2017; Schenk & McKinnon, 2009; Thomas et al., 2016; Tobie et al., 2008). 

The surface is mostly composed by water, organic compounds and CO2 (Porco et al., 2006). 

The satellite internal layering is subdivided into (1) a water ice shell characterized by 20-25 km 

average thickness that reduces to 5 km beneath the south pole (Čadek et al., 2016; LeGall et al., 2017), 

and exceeds 30 km in some equatorial regions (Lucchetti et al., 2017; Patthoff & Kattenhorn, 2011; 

Schenk & McKinnon, 2009); (2) a regional (Choblet et al., 2018; Collins and Goodman, 2007; Iess 

et al., 2014; McKinnon, 2015; Spencer & Nimmo, 2013) or global (Choblet et al., 2017; McKinnon, 

2015; Patthoff & Kattenhorn, 2011; Thomas et al., 2016) water ocean with ammonia (Porco et al., 

2006) 20-70 km thick (Johnston & Montési, 2017; Patthoff & Kattenhorn, 2011) and (3) a rocky core 

approximately 150-190 km thick (in radius; Čadek et al., 2016; Johnston & Montési, 2017; Roberts, 

2016; Tobie et al., 2008). 

Brittle deformation occurred during Enceladus history and formed regional-scale tectonic structures. 

A total of three main regions of deformation, each containing multiple structural units have been 

recognized. These are the South Polar Terrain (SPT), the Leading Hemisphere Terrain (LHT) and the 

Trailing Hemisphere Terrain (THT) (Crow-Willard & Pappalardo, 2015). They are arranged with 

similar morphological and structural setting where a belt of ridges and troughs circumscribe deformed 
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units. The region investigated in this work is the SPT region, where the cryovolcanic activity has been 

observed and with an age of 0.5 Ma (Crow-Willard & Pappalardo, 2015; Porco et al., 2006; Yin & 

Pappalardo, 2015) represents the youngest terrain of Enceladus surface. The SPT crust is 5 km thick, 

thinner than all other terrains (Čadek et al., 2016; Choblet et al., 2018; Helfenstein & Porco, 2015; 

Johnston & Montési, 2017; LeGall et al., 2017; Olgin et al., 2011). The origin of the activity occurring 

in this terrain is still an open question. Tidal heating (Beuthe, 2016; Choblet et al., 2017; Crow-

Willard & Pappalardo, 2015; Patthoff & Kattenhorn, 2011; Schenk & McKinnon, 2009; Scipioni et 

al., 2017; Thomas et al., 2016; Tobie et al., 2008) may coexist with other processes such as convection 

(Barr, 2008; Crow-Willard & Pappalardo, 2015), crystallization of the internal ocean (Johnston & 

Montési, 2017), hydrothermal activity (Čadek et al., 2019; Choblet et al., 2017, 2018; Hsu et al., 

2015), and polar wandering (Matsuyama & Nimmo, 2008; Nimmo & Pappalardo, 2006; Tajeddine et 

al., 2017). 

The SPT can be subdivided into three structural units (Fig. 1). These are (1) the marginal zone, a 

circumferential belt represented by chain of ridges that surrounds the region (Yin & Pappalardo, 

2015); (2) the Tiger Stripes; and (3) the zone that occurs between two edges of the marginal zone and 

the Tiger Stripes. This latter structural unit is called transitional zone in this study. 

2.1 The Marginal Zone 

The SPT, an area of about 70 000 km2 that extends from 50°S to the south pole, is circumscribed by 

the marginal zone, a complex pattern of sinuous subparallel ridges and troughs (Fig. 1). This chain is 

nearly rectangular in shape. It is formed by four different edge margins that are the Leading-edge 

Margin (LEM, between 60°W-160°W), the Trailing-edge Margin (TEM, between 40°E-120°E), the 

Anti-Saturnian Margin (ASM, between 120°E-160°W), and the Sub-Saturnian Margin (SSM, 

between 60°W-20°E) (Fig. 1; Yin and Pappalardo, 2015). Two arcuate arcs of morphotectonic 

features (Y-shaped cracks; Yin & Pappalardo, 2015) represent continuations along the TEM (Y-1 and 
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Y-2 in Fig. 1). The marginal zone is generally interpreted as a compressional zone (Crow-Willard & 

Pappalardo, 2015; Gioia et al., 2007; Johnston & Montési, 2017; Porco et al., 2006; Thomas et al., 

2007). Yin and Pappalardo (2015) proposed the coexistence of several tectonic regimes for this 

structural unit. They suggest flow-like tectonics where a basal detachment connects extension with 

compression from the LEM to the TEM, accommodated by strike-slip kinematics at the SSM (left-

lateral) and the ASM (right-lateral). Fig. 2 shows a schematic representation of the cross-section view 

of their model.  

2.3 The Tiger Stripe Fractures  

The Tiger Stripes represent one of the most interesting and puzzling features of Enceladus. These are 

four linear depressions, 130 km long, 500 m deep, 2 km wide, and about 35 km distant from each 

other (Gioia et al., 2007; Porco et al., 2006) with terminal tips in horsetail geometry. The TSF include 

Alexandria Sulcus (AX), Cairo Sulcus (CR), Baghdad Sulcus (BD), Damascus Sulcus (DM) 

(Helfenstein & Porco, 2015; Porco et al., 2006; Yin & Pappalardo, 2015). These fractures possibly 

play a key role in connecting the surface with the liquid ocean that is estimated to exist at a depth of 

5 km below this area (Čadek et al., 2016; Choblet et al., 2018; Helfenstein & Porco, 2015; Johnston 

& Montési, 2017; LeGall et al., 2017; Olgin et al., 2011). They are also locations of the plume 

punctual sources (Fig. 1, light-green dots; Helfenstein & Porco, 2015; Porco et al., 2006, 2014;). A 

possible fifth Tiger Stripe, referred as zone “E” (Yin & Pappalardo, 2015), is located between 

Damascus sulcus and the TEM, and is supposed to be currently inactive due to the lack of observed 

erupting plumes (Porco et al., 2006, 2014). The TSF offset fractures morphologically similar to the 

present-day tiger stripes. These are supposed to be ancient TSF that behaved analogously before 

becoming inactive, and suggest a long geological history of tiger-stripe-like activity in the SPT (Fig. 

1, red arrows; Patthoff & Kattenhorn, 2011). The areas delimited by the TSF present intensely folded 

terrain called the funiscular plains, reminiscent of pahoehoe lava flows (Fig. 2; Barr & Preuss, 2010; 
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Nahm & Kattenohrn, 2015; Spencer & Nimmo, 2013). The TSF have been interpreted either as 

extensional (Crow-Willard & Pappalardo, 2015; Gioia et al., 2007; Johnston & Montési, 2017; 

Thomas et al., 2007), or left-lateral strike-slip faults (Martin, 2016; Yin & Pappalardo, 2015). 

2.3 The Transitional Zone 

Southward of the marginal zone, the structural pattern changes. The transitional zone is spatially 

distributed within two areas located between the SSM and ASM edges and the tips of the TSF (Fig. 

1). The tectonic structures of this unit are shorter than those of the marginal zone. These structures 

have been interpreted as continuations of the TSF that intersect the marginal zone (Yin & Pappalardo, 

2015). 

 

Figure 2. Scheme of the cross-section view of Yin and Pappalardo (2015) model. A basal detachment lies 

under the SPT region and produces flow-like tectonics from the extensional LEM to the compressional TEM. 

Folding (funiscular plains; Barr & Preuss, 2010) is produced within the TSF structural unit. (Modified from 

Yin and Pappalardo, 2015). 

 

3. Structural analyses and results 

The tectonic structures of Enceladus SPT were mapped using a geographic information system (GIS) 

geodatabase, and statistically analysed by mean of DAISY3 (Salvini, 2019) and SID software for 

automatic identification (Salvini et al., 1999). The analyses include the spatial distribution and 

azimuthal analysis (e.g. Pinheiro et al., 2019), the measurement of the Length-Spacing ratio (L/S; 

Cianfarra & Salvini, 2016a; Rossi et al., 2018; Salvini, 2013), the lineament domain analysis 

(Cianfarra & Salvini, 2014, 2015; Lucianetti et al., 2017; Rossi et al., 2018; Wise et al., 1985), and 

an ad-hoc image filtering strategy to infer the relationships between the pixel Digital Numbers (DNs) 
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response to the morphological periodicity. From these analyses, we classified the tectonic structures 

into different systems (Rossi et al., 2018).  

3.1 Mapping 

A total of 354 linear-to-curvilinear structures related to high tonal variation were identified on the 

Enceladus Cassini global greyscale mosaic containing the Cassini Imaging Science Subsystem (ISS) 

images of the USGS astrogeology program (Bland et al., 2018). This base mosaic has a spatial 

resolution that ranges between 50 and 500 m/pixel. Regional-scale structures with high tonal intensity 

were digitized as polylines, that represent the main structures at the observed resolution, and were 

classified according to their spatial distribution into the structural units that characterise the SPT, i.e. 

the marginal zone, the transitional zone and the TSF unit. The structures were classified into 

azimuthal systems, by means of quantitative statistical analyses (Fig. 3). 

The marginal zone presents two systems. The first system occurs in the LEM-TEM edges (blue in 

Fig. 3) and it is characterised by sinuous structures; while the second system is present in the SSM-

ASM edges (green in Fig. 3) with more straight structures. The transitional zone presents two systems 

characterized by short and straight structures (purple and red color in Fig. 3). Their similar 

crosscutting relationship suggests that they formed by the same dynamics. The TSF system is 

characterized by long structures (orange color in Fig. 3). The TSF cut and offset with sinistral 

displacement the other structures and their termination with horsetail geometry describe a S-shape 

along the SSM and the ASM edges. 
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Figure 3. Enceladus SPT systems. The Marginal Zone systems are MZ1 represented in green color, 

and MZ2 in blue color. The Transitional Zone systems are TZ1 in purple color, and the TZ2 in red 

color. The TSF system is illustrated in orange color. 

 

3.2 Azimuthal analysis 

A spatial polymodal procedure of Gaussian best fit was performed for the azimuthal analysis of the 

identified linear structures. Independent azimuthal groups are represented by a family of Gaussian 

curves (e.g. Cianfarra & Salvini, 2016a; Maggi et al., 2015; Rossi et al., 2018; Wise et al., 1985).  

We computed the azimuth of each structure, digitized as polyline, with respect to a reference “false 

North”, defined as a line parallel to the SSM edge. Their azimuth was defined as the orientation of 

the element that connects the two polyline vertices with the minimum length (according to the 
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procedure used in Rossi et al., 2018). To characterize the orientations of these elements, the azimuthal 

analysis was performed by means of frequency and cumulative length. This allowed to recognize a 

total of five azimuthal systems in the SPT (Fig. 4). 
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Figure 4. Azimuthal analysis of the recognized SPT systems. The wind-rose diagrams are subdivided into 

two semicircles, which show the analysis by frequency (the uppermost diagram) and the analysis by 

cumulative length (the lowermost diagram). Azimuthal analysis of a) the Marginal zone, b) the transitional 

zone, and c) the TSF structural unit. The Gaussian Parameters are reported: the number of Gaussian peaks 

(#), the percentage of occurrence (%), the Normalized Height (NorH), the Maximum height (MaxH), the 

azimuth, and the standard deviation (sd). 

 

The results of the azimuthal analyses by frequency (upper part of the rose diagram) and by cumulative 

length (lower part of the rose diagram) are presented in Fig. 4. These results show that the marginal 

and transitional zones are characterized by two azimuthal systems each, while the TSF unit presents 

a single system. 

The marginal zone is composed of a total of 83 elements. The azimuthal analysis (Fig. 4a) shows 

three main Gaussian peaks in this unit. These show well-defined preferential orientations: NW-SE, 

characterized by two peaks at N14°/17°W and N38°/41°W, and NE-SW, characterized by a peak at 

N55°/56°E. These main trends identify two main systems of the marginal zone with a symmetrical 

spatial distribution. The NE-SW system occurs within the ASM and SSM and is called Marginal Zone 

1 (MZ1, green in Fig. 3), and the NW-SE system occurs within the LEM and TEM and is called 

Marginal Zone 2 (MZ2, blue in Fig. 3). The two peaks of the NW-SE system identified a single 



Chapter 3 - Enceladus     

85 

 

system with large standard deviation, rather than two conjugate systems since the 24° angle between 

the peaks is small to consider this hypothesis. 

The analyses of the transitional zone include a total of 183 elements. Two preferential Gaussian peaks 

characterize this unit (Figs. 3, 4b). They are nearly orthogonal and trend N37°/38°E and N58°/60°W. 

These systems are called Transitional Zone 1 (TZ1, purple in Fig. 3) and Transitional Zone 2 (TZ2, 

red in Fig. 3), respectively. These have similar spatial distribution and are more densely populated 

near the NE and SW internal angles of the marginal zone (the angles between the TEM and the SSM, 

and the LEM and the ASM, respectively). The analysis by cumulative length shows that TZ1 presents 

longer structures than TZ2.  

A total of 88 elements were identified and analysed within the TSF zone. They define a fifth system 

that trend N39°/40°W (orange in Figs. 3, 4c). A secondary, minor Gaussian peak trending N15°/18°W 

may be attributed to the spatial variability of this system. 

3.3 Length/Spacing analysis 

The Length/Spacing ratio (L/S) is a non-dimensional parameter that characterizes the fracture 

intensity independent from any scale of observation (Cianfarra & Salvini 2016a; Rossi et al., 2018; 

Salvini, 2013). The measured value of this parameter refers to the length of the structures (L), and the 

Spacing (S) between two lines that approximate two adjacent and nearly parallel structures from the 

same system. This ratio quantitatively follows the fracture infilling induced by tectonic stresses (Bai 

& Pollard, 2000a, 2000b; Lachenbruch, 1961; Salvini, 2013) and in turn related to the applied stresses 

(Rossi et al., 2018; Salvini, 2013). Infilling mechanism relates to the enucleation of new fracture in 

between a pair of existing fractures. The formation of the new fracture halves the distance/spacing 

between the adjacent fractures and doubles the total fracture number. In this study it was measured to 

infer the morphological pattern observed in various tectonic regimes (Fossen, 2010). Indeed, by 

taking into account slightly variation of the thickness of the brittle ice layer, the morphological 
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geometries of the extensional tectonics differ from the compressional ones (Fossen, 2010; Woodward 

et al., 1989). The latter are supposed to provide a closer periodicity of the morphotectonic structures 

for the derived shortening as opposed to the activity of normal faults resulted from extension (Fossen, 

2010). In this way, at the same stress regime, closely spaced structures (relatively high L/S) are often 

observed in compressional regimes and vice-versa (Woodward et al., 1989).  

The data were collected within a length range, and the values were normalized with the adimensional 

ratio Length/Spacing (Rossi et al., 2018). We computed the L/S frequency histograms of L/S values 

of the SPT structures, and we identify the mean values for each system.  

The TZ1 and TZ2 systems provided the best results, since their mean values provided a significative 

difference within the same structural unit. They are equally spatially distributed, and their analyses 

show two relatively different contexts. In this way, the systems of the transitional zone provided 

comparable values (Fig. 5a, b). The TZ1 system shows L/S mean value of 9.9 (Fig. 5a), higher than 

the TZ2 L/S mean value of 3.5 (Fig. 5b). 
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Figure 5. Transitional Zone Length/Spacing analysis. a) TZ1 L/S analysis; b) TZ2 L/S analysis. 

 

3.4 Lineament domain analysis 

The identification of SPT structure systems was integrated with the lineament domain analysis (Wise 

et al., 1985) to elucidate the tectonic and geodynamic setting of the SPT region. Lineaments result 

from alignments of tonal and morphological features in the topography (e.g. series of valleys and 

reliefs), enhanced by the low angle lighting. They are influenced by preferential erosion directions 

related to deformations induced by upper crustal stresses/kinematic conditions (Cianfarra & Salvini, 

2014, 2015; Rossi et al., 2018; Wise, 1982; Wise et al., 1985). They are spatially distributed within a 

well-defined area, and cluster around preferential orientations to form lineament domains that are 

parallel to the maximum horizontal stress (Shmax) and perpendicular to the minimum horizontal 

stress (Shmin) (Pinheiro et al.,2019; Wise et al., 1985). Lineament domains can be used to infer the 

crustal stresses and kinematics of the planetary upper crust at the regional scale (Cianfarra & Salvini, 

2014, 2016b; Lucianetti et al., 2017; Pinheiro et al., 2019; Wise, 1982; Wise et al., 1985). 
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We performed an automatic detection of the SPT lineaments on the base mosaic using the SID 

software (Salvini, 1999) that performs a systematic search for all possible straight segments in a 

discrete image of pixel alignments according to a set of parameters that describes the shape of the 

lineaments to be detected. They are the min/max length of the detectable lineaments, the density of 

pixels above a given threshold value, the pixel size and separation, that is the max distance between 

lineament segments (Rossi et al., 2018). A total of 2993 lineaments were identified within the SPT 

region (Fig. 6a). These were cumulated for the total data analysis to determine the regional tectonic 

setting. We performed a polymodal Gaussian fit by frequency and cumulative length to infer the 

azimuthal trends that define lineament domains in the SPT region. The two main peaks of each 

analysis (the red and blue peaks in Fig. 6) identified lineament domains, while the others are 

negligible for the analysis. The azimuthal analyses by frequency and by cumulative length share the 

main 3 Gaussian peaks: NW-SE (N39°/41°W), NE-SW (N44°/45°E), and E-W (N86°/90°E). The 

analysis by frequency recognizes a fourth, minor peak trending N-S (N2°W) (Fig. 6a).  

Lineament azimuthal analyses were also performed within each separate structural unit. Both analyses 

for the marginal zone identify a total of two lineament domains trending NW-SE (N22°-25°W), and 

WNW-ESE (N80°-82°W) (Fig. 6b). the first domain provides a spatial distribution relatively higher 

than the second one (i.e. the peak is thinner), and is characterized by longer lineaments. The analyses 

of the lineaments recognized within the transitional zone provide a total of two lineament domains. 

These trend NE-SW (N30°-31°E) and NW-SE (N39°-45°W; Fig. 6c). 

The NE-SW and NW-SE lineament domains of the transitional zone are similar to the azimuthal 

trends of the TZ1 and TZ2 analyses (Fig. 4b), and provide higher standard deviation (sd). Within the 

TSF, a lineament domain with peak at N10°/8°W (Fig. 6d). 
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Figure 6. Azimuthal analysis of the lineament identified in the SPT systems. The wind-rose diagrams are 

subdivided into two semicircles, which show the analysis by frequency (the uppermost diagram) and the 

analysis by cumulative length (the lowermost diagram). Analysis of the a) SPT region, b) Marginal Zone, c) 

transitional Zone, d) TSF. The Gaussian Parameters are reported in Fig. 4. 

 

3.5 Image processing 

The base mosaic includes ISS (Wide and Narrow Angle Cameras) single band images (greyscale) 

whose pixel DNs relate to the energy reflected by the surface towards the sensor in the 0.35-1.10 m 

interval (Knowles, 2016). The texture (i.e. the spatial variation of tones in an image; Fern & Warner, 

2002) of the mosaic image is characterized by regions with characteristic and nearly homogeneous 

periodicity of grey tones (Fig. 7). This periodicity relates to the different 

tectonic/morphologic/compositional history of each region. Namely, extensional tectonics tends to 

generate sets of brittle deformation structures (e.g., faults, extensional fractures, lineaments) that, 

with the persisting of the extension tectonics through time, tends to step away from each other, 
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resulting in the increasing of the wavelength of the texture. On the other hand, in compressional 

regimes, the same elements tend to get closer to each other as the effect of the general shortening 

associated to the persistence of the deformation. In this way, a relatively shorter texture wavelengths 

(i.e. higher periodicity) may indicate the presence of sectors affected by compressional regimes, and 

longer texture wavelengths may relate to sectors that have been subjected to extension. 

 

Figure 7. Example of standard deviation analysis for various kernel on a periodic textured image. 

We prepared subsets for key areas of the SPT to find the optimal filtering kernels to characterize the 

regions with extensional or compressional tectonics. According to this procedure, the image texture 

was analysed by comparing a series of convolution low-pass filtering, to identify the characteristic 

texture wavelength in the SPT. The presence of a characteristic wavelength was identified by the 

comparison of the standard deviation of the images filtered with increasing kernel dimensions. The 
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drop in the sd value reveals the presence of a texture wavelength corresponding to the size of the 

kernel used in that filter. An example is reported in Fig. 7, where the results of this processing applied 

to synthetic images with a 23-pixel texture wavelength added to a (sub-ordered) random scattering 

(10%) are presented. The presence of the texture wavelength corresponds to the first minimum value 

in the sd at the corresponding filter kernel having the same dimension of the texture wavelength. This 

process was applied to key subsets of the SPT, where extensional or compressional regimes are 

expected. A series of in-house prepared routines to identify the optimal filter kernels and the 

characteristic texture wavelengths for these areas were performed. They repeated the filtering until 

the maximum kernel 59 by 59. Results show that the key subset corresponding to extensional regimes 

is characterized by a minimum of the sd value at a low-pass 51 by 51 kernel filtered image, and a 

similar lowering is observed on the 23 by 23 kernel filtered image in the key area corresponding to 

compressional regime.  

The three filtered images of the SPT region were combined into RGB bands to obtain a synthetic 

image. The 51 by 51 kernel filtered image was set in the R band, the 23x23 in the G band, and the 51 

by 51 sd in the B band. The produced classified image was then converted to HSL to add the reference 

morphology (i.e. the original image) in the L band. The final output image was obtained by re-

conversion to RGB. This is shown in Fig. 8 where the SPT region is characterized by high- (blue 

color) and low- (yellow color) frequency zones, and intermediate zones (cyan and magenta colors). 

The NE (SSM-TEM angle) and SW (ASM-LEM angle) internal angles are characterized by a high 

frequency pixel-texture, and the NW (SSM-LEM angle) and SE (ASM-TEM angle) internal angles 

present low frequency pixel-texture. These results are indicative of different morphological 

periodicity (structural trend) within the SPT region. 
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Figure 8. Final converted Red Green Blue color (RGB) synthetic image with reference morphology. The 

blue color refers to high-frequency, compressional structures; the yellow color refers to low-frequency, 

extensional structures; cyan and magenta colors relate to intermediate regimes (transpression/transtension). 

 

4. Discussion 

The SPT region of Enceladus is comprised of three main geo-structural units, i.e. the marginal zone, 

the transitional zone and the tiger-stripe zone, all characterized by the presence of brittle deformation. 

Structural mapping followed by quantitative analyses of the azimuthal and spatial distribution of the 

recognized structures allowed the identification of five systems in the structural units. These are MZ1 

and MZ2 within the marginal zone, TZ1 and TZ2 within the transitional zone, and TSF (Fig. 3). The 

lineament domain analysis allowed to infer the stress field responsible of the system formation to 

propose tectonic model of the studied area. The result (Fig. 6a) shows two main peaks approximately 

at 90°. These are the NW-SE peak and the NE-SW peak that are both parallel to the maximum 

horizontal (σ1) and minimum horizontal (σ3 or σ2) crustal stress and represent two defined stress 

regimes induced by right- (the NW-SE) and left-lateral (the NE-SW) kinematics.  
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Obtained results show that the TSF cut and offset with sinistral displacement the other structures and 

the ancient tiger stripes (Patthoff & Kattenhorn, 2011) by left-lateral strike-slip. Their horsetail 

geometry termination provides a S-shape that follows regional right-lateral kinematics along the SSM 

and the ASM (as also observed by Yin & Pappalardo, 2015). The N10°/8°W trend of the lineament 

domain within the TSF area is compatible with the regional right-lateral shear (Fig. 6d). On the other 

hand, the left-lateral TSF kinematics is responsible of the NE-SW lineament domain recognized in 

the analysis of the SPT region (Fig. 6a). 

The lineament domains within the transitional zone characterize well-defined tectonic regimes with 

similar significance. The nearly orthogonal NE-SW and NW-SE lineament domains (N30°/32°E and 

N39°/45°W, respectively, Fig. 6c) provide similar trend to the TZ1 and the TZ2 systems (Fig. 4b). 

These are associated to dynamic related to stress fields, and result from relative movement directions 

(Rossi et al., 2018). The difference in lineament domains sd shows that the NW-SE lineaments are 

more scattered than the NE-SW ones (Fig. 6c). This difference in spatial distribution is confirmed by 

the TZ1 and TZ2 L/S values (Fig. 5). As mentioned, closely spaced structures are often observed in 

compressional regimes (thrust faults, imbricate geometries, folds) where horizontal shortening occurs 

and in turn the spacing among structures decreases (Bai & Pollard, 2000a, 2000b; Fossen, 2010; 

Lachenbruch, 1961; Lianchong et al., 2014; Woodward et al., 1989). In this way the TZ1 and TZ2 

systems characterize stress-related structures associable with dip-slip tectonics. The higher TZ1 L/S 

value is consistent with compressional tectonics, while the smaller TZ2 L/S value is consistent with 

extensional tectonics. The lineament domain setting of the transitional zone thus possibly represents 

the subsidiary tectonic regimes associated to the regional right-lateral strike-slip motion of the SSM 

and the ASM. The regional right-lateral kinematics produces within the SPT compressional structures 

with trend NE-SW, i.e. the TZ1, and NW-SE extensional structures, i.e. the TZ2. 

In this way, the regional maximum and minimum horizontal (Shmax and Shmin) stresses are oriented 

NW-SE and NE-SW, respectively. 
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The marginal zone shows specular similarities. The systems of the LEM and the TEM are more 

sinuous than those of the SSM and the ASM and suggest a variability of tectonic regimes within the 

marginal zone. The lineament domains within the marginal zone (Fig. 6b) are consistent with the 

regional right-lateral strike-slip along the SSM and the ASM. 

The image processing results show that various morphological periodicities/trends occur within the 

SPT. Fig. 8 allows to recognize clusters of relatively higher- and lower-frequency pixel-texture that 

in turn identify long and short periodicity of the morphology, respectively. These texture clusters are 

enhanced in the internal angles of the marginal zone (Fig. 8). The NE (between the SSM and the 

TEM) and SW (between the ASM and the LEM) angles show shorter periodicity than the NW 

(between the SSM and the LEM) and SE (between the SSM and the LEM) ones. The compressional 

shortening is characterized by closely spaced structures (Fossen, 2010). Conversely, extensional 

regimes are characterized by a long periodicity of the structures (i.e. high spacing between the 

structures). This means that the internal angles of the marginal zone show symmetrical contraposition 

of the style of deformation. Compression occurs within the NE and SW angles, and extension within 

the NW and SE angles.  

The TSF form a mean angle of 75° with the SSM and the ASM edges that represent the boundaries 

of the right-lateral strike-slip corridor. In particular, it is assumed that at the beginning the internal 

structure, i.e. the TSF, developed at about 45° with respect to the SSM and the ASM. According to 

Cianfarra & Salvini (2015) the setting of pure strike-slip regime is supposed to form internal 

structures at 45° with the shear zone boundaries. This angle is supposed to increase in transpressional 

regimes and decrease in extensional ones. In this way, the current value of 75° indicates an angle 

increasing that will lead to the maximum angle of 90° (Cianfarra & Salvini, 2015). This suggests that 

the TSF performed a CW rotation of about 30° (from 45° to 75°). The structures interpreted as ancient 

Tiger Stripes (Patthoff & Kattenhorn, 2011) form an angle of approximately 40° between the TSF 

and provide an internal angle with the SSM and the ASM of approximately 115°. These ancient Tiger 
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Stripes could be originally formed as the present-day TSF. They could be formed at 45° and when 

they reached the maximum internal angle (90°) became relict Tiger Stripes and followed passively 

the CW rotation with the development of the present-day TSF. This might explain the angle exceeding 

90° of the ancient TSF. The 30° rotation of the TSF induced a sinistral displacement of the ancient 

TSF of approximately 23 km. In a predictive way and by assuming a constant TSF rotation, we can 

infer that the offset of the ancient TSF would be about 70 km, when the present-day TSF rotation 

should stop, by reaching the internal angle of 90°. 

An alternative hypothesis may explain the origin of the SPT structures. According to Cianfarra and 

Salvini (2015), the increasing of the internal angle results from a transpressional regime within the 

SPT. The relation between the variation of the internal angle and the percentage of the 

extensional/compressional component shows the suggested amount of the stress field (Rossi et al., 

2018).  In this way, the measured angle of 75° would indicate 55% of compressional component. The 

presence of the folded funiscular plains (Barr & Preuss, 2010; Nahm & Kattenohrn, 2015; Spencer 

& Nimmo, 2013) may confirm the prevalence of compressional component in the blocks delimited 

by the TSF. The texture clusters in Fig. 8 within these blocks show compressional and extensional 

zones. This condition might represent the transition of strike-slip motion from transpression to 

transtension. 

We assume that both processes coexist, i.e. rotation and transpression, and in the following we suggest 

a tectonic model that is consistent with the derived kinematics. 

4.1 Block rotation model for the South Polar Terrain 

The obtained results allow to interpret the tectonics of the SPT in the framework of a block rotation 

model (McKenzie & Jackson, 1986). Fig. 9 shows the proposed model where a total of four blocks 

delimited by the TSF characterize the SPT region. The left-lateral kinematics, with transpressional 

component (55%), between the TSF induces CW rotation of the blocks. The rotation of the blocks 
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generates symmetrical tectonic regimes at opposite vertices of the marginal zone: compression occur 

within the NE (TEM-SSM angle) and SW (LEM-ASM angle) internal angles, while extension occurs 

within the NW (LEM-SSM angle) and SE (TEM-ASM angle) internal angles. The regional 

kinematics coupled with the block rotation is responsible for the formation of the TZ1 and TZ2 

systems. At the regional scale right-lateral strike-slip characterizes the SSM and the ASM. 

 

Figure 9. Block rotation tectonic model. a) Map view. The TSF are left-lateral strike-slip faults that delimit 

four blocks and rotate CW. The transitional zone systems TZ1 and TZ2 represent compression and 

extension, respectively. The marginal zone MZ1 represent right-lateral strike-slip, and the MZ2 present 

symmetrical and opposite transpressional and transtensional regime. A and A’ represent the location of the b) 

cross-section view. The TSF are nearly vertical strike-slip structures, where plumes depart. The LEM and 

TEM marginal zone edges are under transpression and transtension. The ice shell thins under the TSF to 

reach about 5 km of thickness (dashed gray line). 
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We propose the evolutionary kinematic model, shown in Fig. 10. The SPT region is characterized by 

rigid blocks (Fig. 10a) delimited at the SSM and at the ASM by right-lateral strike-slip structures 

(Fig. 10b). The kinematics produces internal deformation manifested by the formation of the TSF at 

about 45° that delimit four blocks (Fig. 10c). The SSM and ASM regional right-lateral strike-slip 

begin the rotation of the blocks of 45°+ ϕ (Fig. 10d). The rotation continues until reach the maximum 

angle of 90° (Fig. 10e). Through time, the protraction of the regional right-lateral strike-slip will form 

second-generation TSF at 45° (i.e. the current TSF; Fig. 10f). The rotation of the newly formed TSF 

cause the offset of the ancient TSF of 23 km at the present-day configuration (Fig. 10g). By taking 

into account a constant block rotation process, the future setting of the TSF will offset the ancient one 

of 70 km, when they end the rotation by reaching the maximum angle of 90° (Fig. 10h). This model 

can be repeated until the rotation ceases. 

The proposed model is comparable with the model of Yin and Pappalardo (2015). Strong strike-slip 

kinematics affects the SPT region, where CW rotation occurs by the TSF left-lateral displacement. 

Conversely to the flow-like tectonics, our model relates to the SSM and ASM regional right-lateral 

strike-slip and the rotation of internal blocks. 
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5. Conclusions 

Enceladus South Polar Terrain presents complex pattern of fractures and faults in structural units. 

The performed analyses allow to identify and classify these structures into systems.  

The results suggest that the SPT is mainly affected by dual strike-slip tectonic regime that in turn 

form subordinate and symmetric compressional and extensional zones. The activity of the SPT of 

Enceladus reveals block rotation tectonics. Regional right-lateral strike-slip structures enclose the 

left-lateral kinematics along the Tiger Stripes. These delimit rigid blocks that rotate CW and might 

ease plume eruptions. This tectonic setting defines a “kinematically balanced” region where the 

driving forces are enclosed within the SPT. The described kinematics could represent the effect of 

local plume sources as the hydrothermal activity produces in the subsurface ocean. 

The block rotation tectonic model represents a key tool to understand the evolution from the past to 

the future setting of the SPT. At present the TSF leaded a block rotation of 30°, and through time this 

persistent kinematics will lead a future offset of the internal relict tiger stripes of about 47 km. 

These results are significative for the future exploration of the satellite to identify preferential zones 

to better reach the subsurface ocean. 
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3.2 Terrestrial analog of Enceladus 

Antarctic glaciers present analogies also with the structures on the Enceladus icy surface.  

Enceladus SPT shows a crustal thickness variation from approximately 10 km in the marginal zone 

to approximately 5 km in the tiger stripe unit (Le Gall et al., 2017). The curvilinear geometry of the 

MZ2 structures of the SPT marginal zone (Fig. 3 in section 3.1) relates to the 

compressional/extensional regimes and also to the SPT thickness variation. 

Fig. 1 and 2 show the transverse crevasses formed at the steep slope of the bedrock beneath the glacier. 

These crevasses show analogy with the Enceladus MZ2 structures. They present similar curvilinear 

geometry formed by dip-slip regime. This type of crevasses often occurs at the head of the glacier 

where extending flow originates the glacier kinematics. 

Fig. 3 shows V-shape marginal crevasses. These are formed by lateral compression that causes their 

opening and arcing up-flow. Their geometry is analogous to the Y-shaped structures of Enceladus 

SPT in the TEM area (Fig. 1, section 1). Fig. 8 in section 3.5, and supports a similar formation 

mechanism. In this figure, two texture frequency are reported in the main Y-shape structure. At the 

tip of the structure texture high-frequency (blue color) indicates compressional regime, and the low-

frequency (yellow color) characterizes the opening of the structure. 
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Fig. 1: Aerial view of transverse crevasses in the Rennick glacier, Antarctica. The black arrow shows the flow 

direction. PNRA XXXIV expedition. 

 

 

Fig. 2: Aerial view of crevasses in the Rennick glacier, Antarctica. The black arrow shows the flow direction. 

PNRA XXXIV expedition. 
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Fig. 3: Aerial view of crevasses in the Rennick glacier, Antarctica. The black arrow shows the flow direction. 

PNRA XXXIV expedition. 

 

 

10 m

 



Chapter 4 - Mars Northern ice cap 

 

 

CHAPTER 4  

MARS NORTHERN ICE CAP 

4.1 The Tectonic origin of Planum Boreum spiral troughs, Mars 

Abstract 

The spiral troughs of the North Polar Layered deposits on Mars are deep depressions that dissect the 

Planum Boreum ice cap. These are enigmatic structures whose puzzling origin is still under debate. 

Advanced hypotheses on their genesis and evolution range between erosional to structural/tectonic 

scenario. In this work, a double approach was followed to explore the structural/tectonic origin of the 

spiral troughs by means of Hybrid Cellular Automata (HCA) numerical modelling and of lineament 

domain analysis. The SHARAD profile data were used for the numerical modeling to replicate the 

ice internal layering architecture associated to the buried troughs in Gemina Lingula. Analysis of the 

lineament domains automatically detected on the ice surface from satellite images strengthened 

structural/tectonic interpretation on the origin and evolution of the spiral troughs. Similar, twofold 

approach was used for the study of a terrestrial analog identified in the Antarctic ice sheet. Obtained 

results and their comparison show that the troughs of Gemina Lingula result from the activity of low-

angle normal faults with listric geometry. The proposed tectonic model refers to an extensional regime 

characterized by the presence of a deep detachment possibly connecting the troughs at depth. This 

represents an internal ductile layer placed at depth greater than 1000 m whose kinematics induces the 

troughs/faults deformation. The extensional tectonics developed in Planum Boreum is possibly 

related to the ice cap collapse that induces internal dynamics. Katabatic winds play a secondary role 

in the surface maintenance of troughs nearly orthogonal to their directions. 

 

1. Introduction 

Mariner 9 and Viking imagery revealed the peculiar geometries and features of Mars polar caps 

(Cutts, 1973; Soderblom et al., 1973; Smith and Holt, 2010). These are articulated into regional-scale 

structures spirally arranged, the spiral troughs that are object of open debate. The instrumentations of 

the Mars Express and Mars Reconnaissance Orbiter (MRO) missions provided subsurface 

observations of the ice cap interiors (Picardi et al., 2005; Seu et al., 2007; Plaut et al., 2007). The 

ground penetrating radars MARSIS (Mars Express) and SHARAD (MRO) acquired profiles that 

revealed the internal ice layering and the depth of the structures, including the spiral troughs that 

reach more than 1000 m of depth. These troughs are traditionally considered strictly related to 
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migration by wind transport, that shapes the surface by forming deposition/accumulation and 

erosion/ablation slopes (Cutts, 1973; Howard, 2000; Fisher, 2000; Tanaka et al., 2008; Smith and 

Holt, 2010, 2015; Massé et al., 2012; Herny et al., 2014; Smith et al., 2016; Bramson et al., 2019). 

Other hypotheses attribute the trough formation to structural factors caused by internal dynamics of 

the ice caps (Squyres, 1979; Weijermars, 1986; Budd et al., 1986; Clifford et al., 1987; Pellettier, 

2004; Ng and Zuber, 2006; Zeng et al., 2007; Grima et al., 2011), similarly to the internal sliding and 

deformation that occur in the terrestrial glaciers (e.g. Chamberlin, 1936; Engeln, 1934; Hambrey and 

Muller, 1978; Weijermars, 1986; Jezek and Bentley, 1983; Clarke and Bentley, 1994; Lawson et al., 

1994; Rott et al., 1998; Bennett et al., 2000; Das et al., 2008; Rignot et al., 2011; Phillips et al., 2013; 

Colgan et al., 2016; Maggi et al., 2016). Independently from their origin, the spiral troughs play a key 

role in the understanding of the martian ice cap evolution. They represent evidence of exogenous 

and/or endogenous processes that affect the polar cap. 

In this paper, we investigate the troughs of Mars north pole that show similarities with extensional 

terrestrial structures. The trough setting revealed by the SHARAD profiles are compared with the 

Low-Angle Normal Faults (Wernicke, 1981; Scott and Lister, 1992; Fossen, 2010) with compatible 

listric shape (Walsh and Watterson, 1991; Fossen, 2010). These faults present curved surface, 

concave upwards as depicted by the spiral trough section in the depth profiles. Our study infers the 

presence of dynamic process within the northern ice cap that leads internal large-scale brittle 

deformation with the consequent trough formation. This is enabled by the presence of possible deep 

ductile/fluid detachment at depth (Clifford et al, 1987; Grima et al., 2011; Souček et al., 2015). 

We investigated and modelled the trough tectonic scenario in comparison with similar structural 

setting found in the Cook Ice Shelf glaciers in Antarctica. The obtained results allow to propose a 

model for the structural origin and evolution of the spiral troughs of Mars north pole. In this way, the 

katabatic winds are considered as secondary factors that shape the troughs, initially formed by 

structural factors. 
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2. Mars North Pole 

Planum Boreum is the ice plateau that forms the martian terrain of the north pole, together with the 

surrounding plains of Vastitas Borealis (Kreslavsky and Head, 2000; Tanaka et al., 2008; Fig. 1). It 

is composed of H2O ice-Ih, with smaller percentage of dust and seasonal CO2 frost (Tanaka and Kolb, 

2001; Tanaka et al., 2008; Smith and Holt, 2010; Grima et al., 2011). It is incised by the Chasma 

Boreale valley (Howard, 2000; Tanaka et al., 2008) that represents a 450-km-long canyon and 

separates part of the plateau into Gemina Lingula, a lobate extension of the plateau from 310° to 10°E 

(Tanaka et al., 2008). The mean surface temperature of about 150 K (Lewis et al., 1999; Grima et al., 

2011) experiences regional, diurnal and seasonal variations that give rise to katabatic winds (Howard, 

2000; Spiga et al., 2011, 2018, Massé et al., 2012). These are drainage atmospheric winds that 

originate by higher-density air accelerated downsloping by gravity (Mahrt, 1982; Spiga, 2011). On 

Mars surface these are two to three times stronger than terrestrial katabatics (Blumsack et al.,1973; 

Howard, 2000; Spiga, 2011).  

The ice cap surface shows complex physiography characterized by the spiral troughs, that represent 

regional scale, curvilinear features with arcuate undulations disposed in spiral pattern (Cutts et al., 

1979; Budd et al., 1986; Tanaka et al., 2008; Fig. 1a). These are approximately 10 – 300 km long and 

encircle the north pole until they reach the margin of Planum Boreum (Tanaka et al., 2008; Smith and 

Holt, 2010). The troughs provide exposed layers on their equator-facing slopes, and no layering is 

observed in the pole-facing slopes (Soderblom et al., 1973; Howard, 1978; Squyres, 1979; Howard 

et al., 1982; Smith and Holt, 2010). Smaller linear topographic waves, also called shallow 

undulations, are superimposed on the upwind sides of the large spiral-shaped topographic waves of 

the Planum Boreum (Cutts et al., 1979; Herny et al., 2014; Smith and Holt, 2015). The structural 

setting of the polar cap is revealed by radar data. 
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Radar depth profiles reveal continuous ice reflectors that constitute the internal deposition of layers 

in about 2 km of thickness of the plateau (Soderblom et al. 1973; Squyres, 1979; Plaut et al., 2007; 

Seu et al., 2007; Phillips et al., 2008; Smith and Holt, 2010). These profiles record over 3 billion years 

of deposition and erosion of Planum Boreum, that covers an area of approximately 800,000 km2 

(Phillips et al., 2008). The North Polar Layered Deposits (NPLD; Blasius et al., 1982; Milkovich and 

Head, 2006; Tanaka et al., 2008) represent the result of periodical orbital variation of the planet. 

Radar data reveal a Basal Unit (BU) beneath the NPLD, with lower albedo and thicker layers than 

the overlying deposits (Edgett et al., 2003; Phillips et al., 2008). The radargrams show a series of 

deep features as buried craters (Putzig et al., 2018) and the subsurface profiles of the spiral troughs. 

These cut and offset the NPLD from the surface until more than 1000 m of depth with a gentle slope 

lower than 5° towards the margins (Dzurisin and Blasius, 1975; Cutts et al., 1979; Squyres, 1979). 

Buried troughs were found in radar profiles, and, in particular, in Gemina Lingula profiles (Smith et 

al., 2016). Spiral troughs are thought to be erosional features produced by eolian processes (Cutts, 

1973; Howard, 2000; Fisher, 2000; Tanaka et al., 2008; Smith and Holt, 2010, 2015; Massé et al., 

2012; Herny et al., 2014; Smith et al., 2016; Bramson et al., 2019). This hypothesis suggests that the 

trough development is influenced by the action of the katabatic winds that lead preferential 

erosion/ablation in the layered equator-facing slopes, accompanied by deposition/accumulation on 

the pole-facing slope due to solar ablation (Fisher, 2000; Smith and Holt, 2010). The spiral pattern is 

related to the katabatic wind deflection produced by the Coriolis effect (Cutts, 1973; Howard et al., 

1982; Howard, 2000; Fisher, 2000; Fisher, 2002; Pelletier, 2004; Tanaka et al., 2008; Smith and Holt, 

2010; Spiga et al., 2011; Massé et al., 2012; Herny et al., 2014; Spiga and Smith, 2018). According 

to this model, the buried troughs in Gemina Lingula formed by past eolian activity. On the other hand, 

these troughs could represent features formed in a different way, and possible present activity. 

Alternative formation hypotheses support the structural origin of the troughs (Squyres, 1979; Blasius 

et al., 1982; Budd et al., 1986; Pellettier, 2004; Ng and Zuber, 2006; Zeng et al., 2007, 2008) that are 
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dynamically induced by internal/basal melting flow (Weijermars, 1986; Clifford, 1987; Souček et al., 

2015). 

2.1 Antarctica analog 

Planum Boreum represents the main example of extraterrestrial ice-sheet comparable to the Earth 

ones (Howard, 2000; Fisher, 2002; Grima et al., 2011). It shows similarities and differences in surface 

properties, morphology, katabatic wind regime with Antarctica, that represents very good terrestrial 

analog (Fig. 1b). 

The Antarctic ice cap is composed by H2O ice-Ih layers and reaches a maximum thickness of more 

than 4 km and covers an area of approximately 14 000 000 km2 (Fretwell et al., 2013). The Antarctic 

plateau experiences temperature that reaches the minimum at 180 K (Fortuin et al., 1990) and is 

covered by a dense atmosphere that induces katabatic winds (Parish 1984, 1988; Parish and 

Bromwich, 1986). These contribute to shape the plateau surface by the production of landforms as 

dunes fields (Bromwich et al., 1990). Ablation and accumulation control and maintain the Antarctic 

surface mass balance (Fortuin et al., 1990; Frezzotti et al., 2004; Fisher, 2002). 

Antarctica lacks spiral surficial features such as the troughs that characterize the surface of Planum 

Boreum. The snow megadunes (Frezzotti et al., 2002) present in the Antarctic surface are partially 

comparable with the polar troughs of Mars (Herny et al., 2014).  

The Antarctic ice sheet with its outlet glaciers and ice streams present internal dynamics that induces 

ice flow, with local melting and brittle deformation (i.e. crevasses). Ice shelves and glaciers are 

deformed by fractures that reach up to 1000 m of depth and are visible from satellite imagery (Emetc 

et al., 2018). 

The proposed analog is located in the glacier feeding the Cook ice shelf (152°59’E 68°59’S, Alberts, 

1995; Fig. 1b). In this region the ice covers the bedrock with approximately 1200 m of thickness, and 

radar data show ice layering and buried structures with geometries comparable to those found in 
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Gemina Lingula. Their formation is interpreted as the effect of internal brittle deformation resulting 

from the internal dynamics and gravitational sliding typical of Earth glaciers. 

 

Fig. 1: Investigated areas. a) Mars north pole region, shaded relief surface from MOLA. The yellow circle 

shows the north pole location. The red line in Gemina Lingula trace the used SHARAD profile, the green 

square frames the location of the used MOC images (light blue squares). b) Antarctica analog. The red line in 

the Cook ice shelf glaciers represents the used HiCARS profile, the green square the location of the Landsat 

(orange square) and Sentinel (blue square) images. 
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3. Data 

The depth data used for the Mars north pole investigation derive from the mission Mars 

Reconnaissance Orbiter (MRO) available in the dataset of the open-source JMARS software 

(Christensen et al, 2009). We investigated radargrams of the SHAllow RADar sounder (SHARAD) 

that operates at 20 MHz (Plaut et al., 2007; Seu et al., 2007b; Castaldo et al., 2017; Putzig et al., 

2018). The SHARAD data were accurately selected to be compared with the terrestrial analogs. In 

this way, buried troughs were preferred for the modeling since these are easier comparable with 

Antarctica analog than the surface spiral troughs. The proposed approach in this work is valid for 

both the buried and the surficial troughs. The analysed profile S_0072540 in Gemina Lingula shows 

buried troughs at a depth of approximately 250 m (red line in Fig. 1a, Fig. 2a). This work considers 

dielectric permittivity ε = 3.15 for NPLD reflections as composed by nearly pure water ice and in 

turn a penetration depth of more than 1 km (Plaut et al., 2007; Seu et al., 2007; Grima et al., 2009; 

Putzig et al., 2018). Image data were used to investigate the surface lineaments related to the depth 

features. These data derive from the Mars Orbiter Camera (MOC) of the Mars Global Surveyor probe. 

We investigate the high-resolution images E01/00948, M01/2295, M01/05987, E02/00430 (1.6 

m/pixel) acquired along the track of the used SHARAD profile (green square in Fig. 1b). 

Antarctic analog data are the radar echo-strength profiles from the IceBridge High-Capability Radar 

Sounder (HiCARS, 60 MHz) dataset (ID: IR1HI1B, available in the IceBridge portal; Blankenship et 

al., 2017; red line in Fig. 1b, Fig. 3a). The satellite image data of the glacier that feeds the Cook ice 

shelf were selected from the Landsat-8 (ID: LC08_L1GT_075109_20190410_20190422_01; 30 

m/pixel;) and Sentinel-2 (ID: T56DMJ_20190405T225339; 60 m/pixel) database (green square in 

Fig. 1b). The satellite imagery was freely downloaded from the USGS data archive 

(https://earthexplorer.usgs.gov/). 

 

https://earthexplorer.usgs.gov/
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Fig. 3: a) HiCARS observation in the glacier of the Cook ice shelf (vertical exaggeration 5:1). b) HiCARS 

layer picking. The blue lines represent the top and bottom of the ice layers and the red lines the faults. The 

dashed red lines represent the picking of secondary faults that are faint structures in the background radargram. 

The arrows represent the top (grey arrow) and the bedrock (black arrow). 

 

Fig. 2: a) SHARAD observation S_00725402 in 

Gemina Lingula (vertical exaggeration 90:1). b) 

SHARAD layer picking. The blue, light blue 

and green lines represent the top and bottom of 

the main ice reflectors, and the red lines the 

troughs/faults. 
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4. Methods 

The main radargram reflectors were highlighted by digital selection (manual picking) of the layers 

and the troughs (Plewes and Hubbard, 2001; Bingham et al., 2007; Utsi, 2017). Fig. 2b and Fig. 3b 

show the radar interpretation that depicts the internal layering and the main visible structures. 

The traced lines appear to be consistent with the structural setting related to the low-angle normal 

faults with listric shape that create hanging-wall rollover anticlines (Davison, 1986; Williams and 

Vann, 1987; Fossen, 2010; Grima et al., 2011; Cianfarra and Maggi, 2017; Cianfarra and Salvini, 

2016a). Balanced cross sections by means of numerical modeling were used to model and to 

reproduce the found geometry of the SHARAD and HiCARS selected profiles. Surface lineament 

domain analysis was performed along the area of both the radar tracks following the methodology 

presented in Cianfarra and Salvini (2014) to investigate the possible dynamics related to the troughs. 

The MOC, Landsat-8 and Sentinel-2 images were used to perform the lineament domain analysis. 

4.1 Numerical modeling (Hybrid Cellular Automata) 

We performed numerical modeling by simulating the kinematic evolution of the troughs. The Hybrid 

Cellular Automata (HCA)-derived numerical algorithm by means of the FORCtre software allows to 

replicate the complex evolution of dip-slip geological structures (Salvini et al. 2001; Salvini and Storti 

2004). 

The simulation was performed on the SHARAD and HiCARS profiles, that both show buried similar 

structures. A trial-and-error forward modelling approach was followed that consisted in the careful 

tuning of the fault geometries and displacements in order to achieve the best fit between the model 

and the interpreted radargram. The initial horizontal dimension of the cells of about 100 m allows to 

verify the consistency of the requirements for continuous balancing through time, and in turn to obtain 

a robust model that reconstruct the structural evolution of the studied profile (Tabacco et al., 2006; 
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Cianfarra et al., 2009; Cianfarra and Salvini, 2016a; Arragoni et al., 2016; Cianfarra and Maggi, 

2017). The cell resolution was selected to balance the analysis effectiveness, in order to model the 

structural elements of the section by preserving the computation time. 

4.2 Lineament analysis 

The HCA methodology was integrated with automatic lineament domain analysis (Wise et al., 1985; 

Cianfarra and Salvini, 2014). This analysis was performed in the selected satellite images (Fig. 1) that 

follow the tracks of the SHARAD and HiCARS data to investigate the connection between the surface 

and the depth structural setting. Lineaments represent feature alignments in the topography variation 

enhanced by preferential erosion directions and induced by upper crustal stresses/kinematic 

conditions (Wise, 1982; Wise et al., 1985; Mazzarini and Salvini, 1994; Pischiutta et al., 2013; 

Cianfarra and Salvini, 2015; Lucianetti et al., 2017; Rossi et al., 2018). Also in deformed icy surfaces 

lineaments represent a tool to understand the tectonic scenario of the study area (as resulted in 

Ganymede surface investigation, Rossi et al., 2018). Their spatial distribution defines lineament 

clusters that form lineament domains (Wise et al., 1985). Lineament domains are organized around 

preferential orientations and allow to infer the crustal stresses of the planetary upper crust at the 

regional scale (Wise, 1982; Wise et al., 1985; Cianfarra and Salvini, 2014, 2015; Lucianetti et al., 

2017; Pinheiro et al., 2019). 

The automatic detection (SID software; Salvini, 1999) performs a systematic search for straight 

segments in a discrete image of pixel alignments according to a set of parameters that describe the 

lineaments to detect (e.g. Rossi et al., 2018). The recognized lineaments are cumulated for the total 

data analysis to determine the tectonic setting. Following Wise et al. (1985) we performed a 

polymodal Gaussian fit by frequency to infer the azimuthal trends that characterize lineament 

domains. This analysis considers negligible the slight map projection distortions for the high latitude 

(exceeds 80°N) where the investigated images are located. 
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The recognized lineament domains were compared with the katabatic wind vectors (from both 

Gemina Lingula and Cook ice shelf glacier) to investigate on their eolian versus ice cap dynamic-

related origin. 

5. Results  

The picking of the main reflector in the analysed radargrams allowed to recognize the top and bottom 

of the internal layers and the sloping structures (i.e. troughs/faults). This represented a base for the 

data interpretation and numerical modeling. The HCA models were tuned in order to simulate the 

geometries highlighted by the radargram interpretation. 

5.1 Mars  

The SHARAD profile was modelled as a 2D section of layered material 1200 m thick and 200 km 

long (represented with a vertical exaggeration of 90:1), with a rigidity comparable to that of pure 

water ice I-h (Poisson's ratio: 0.25; Young's modulus: 70 GPa; Turcotte and Schubert, 2002). 

Fig. 4a shows the HCA result of the Gemina Lingula profile. The model replicates the evolution that 

leads to the formation of the internal layering and the buried trough/fault setting. It is formed by a 

total of 8 layers and 4 faults recognized by the radargram interpretation (Fig. 2b). Close to the 

trough/fault planes the NPLD (units 1 to 6) show bended shape. The layers of the unit 7 present a 

thickness variation, progressively thicker approaching the trough/fault planes. The youngest layers of 

unit 8 are simulated with a convex shape to replicate the ice cap condensation process. The modelled 

faults describe the buried troughs of the radar profile. These slightly differ from the structures 

depicted by the picking (Fig. 2b) and their termination is under the bottom of the section. The NPLD 

geometries suggest that the troughs/faults may present listric shape and flatten downward, along a 

deeper horizontal detachment. 
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Results of the polymodal Gaussian fit of the automatically detected ice surface lineaments is 

presented in Fig. 4b. A total of 12226 lineaments were identified that cluster into two Gaussian peak 

(the lineament domains) trending N12°W and N69°E that were compared with the katabatic wind 

directions (Howard, 2000; Kostich and Smith, 2018). The longest lineaments belong to the main 

Gaussian peak and form an angle of approximately 15° with the mean trend of N5°E of the wind 

vectors in the investigated area (green square in Fig. 1a). This domain is parallel to the orientation of 

the buried troughs in the SHARAD profile. The lineaments of the second domain are relatively shorter 

and form an angle of approximately 60° with the wind directions. 
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5.2 Antarctica 

The HCA model of the Antarctic HiCARS profile is shown in Fig. 5a and consists of ice layers 1200 

m thick and 40 km long. The obtained result characterizes a total of 6 main units cut by 13 faults. 

Their displacements are sufficient to reproduce the bending of the layers as resulted in the radar 

interpretation shown in Fig. 3b. 

The lineament domain analysis performed in the Landsat-8 and Sentinel-2 images (Fig. 1b) allowed 

to recognize a total of 846 lineaments clustered into two lineament domains that were compared with 

the Antarctic katabatic wind directions (Parish 1984, 1988; Parish and Bromwich 1986; Fig. 5b, green 

square in Fig. 1b). The main lineament domain trending N36°W presents the longer lineaments and 

is nearly parallel to the N40°W wind direction (and to the buried structures of the HiCARS profile), 

and the second, minor lineament domain trending N89°E presents shorter lineaments forming an 

angle of approximately 50° with the winds. 
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6. Structural evolution of the North Polar troughs 

Fig. 6 shows the HCA evolutionary model of the buried trough section in Gemina Lingula. 

Gravitational collapse and internal dynamics produce extensional regime that characterizes the 

activity of listric faults connected at depth with a ductile detachment located at the base of the model. 

Faults migrate with normal propagation sequence from the oldest fault-1 (F1 in Fig. 6a) to the 

youngest fault-4 (F4, Fig. 6d).  

Fig. 6a shows the activity of F1 modelled characterized by a displacement of 50 m that offset the 

internal ice layering. F1 changes its dip at 300 m depth within unit 3 to create a step in its trajectory, 

similar to that observed in listric faults, and maintains its gentle slope until the base of the modelled 

section. Fault activity bends the hanging-wall ice layers that form a rollover anticline and create a site 

of preferential deposition where syn-sediments (ice) is accumulated by possible eolian activity. 

In Fig. 6b is illustrated the activity of F2. Its normal displacement of 300 m offset the internal ice 

layers that bend to form a hanging-wall rollover anticline. Ice syn-sedimentation is characterized by 

higher thickness of 300 m close to the trough/fault surface and lower thickness of 100 m away from 

the fault. F2 gently rotates within the unit 3 and maintain a constant dip until the base of the section. 

F4 is characterized by a displacement of 400 m that offset the ice layers (Fig. 6c). It creates in its 

hanging-wall a roll-over anticline and the ice syn-sedimentation ranges from 400 m thickness close 

to the trough/fault surface to more than 200 m away the fault. Its shape is characterized by a gentle 

change of dip between the units 4 and 3 and maintains a straight trajectory until the base of the section. 

In Fig. 6d is shown the F4 characterized by a displacement of 30 m. It cuts the layers of the ice syn-

sediments and maintains a constant dip until the base of the section. This nearly flat fault geometry 

prevents from the formation of rollover anticline and the accumulation of ice syn-sediments. 

The modelled troughs/faults are connected with a ductile detachment at more than 1000 m depth in 

the interior of the ice cap. This is deeper than the base of the section. 
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Fig. 6e shows the burial of the described faults. The increasing of the ice cap by condensation creates 

the typical domed form of the cap (ice at the top).  

The dynamics described in this model can be extended also to the surface spiral troughs. The troughs 

trending nearly orthogonally to the wind direction remain at the surface, and the trough with other 

orientations are buried. A similar structural evolution was modelled for the Antarctica analog (Fig. 

5) and depicts what observed in the studied Antarctica radargrams.  

Similar tectonic setting characterized by the activity of blind listric faults allowed to replicate the 

internal layering of the Antarctic analog (Fig. 4a). A total of 13 faults m were modelled with normal 

displacement ranging between 30 and 50.  

Two events characterize the formation of the recognized faults. The main listric faults (FA1-FA9) 

form at approximately 300 m depth. These develop downwards and curve within unit 2 until the top 

of unit 1 (i.e. ice-bedrock interface). The best fit between the layering in the HCA model and the 

geometries derived from the radargram was achieved with a basal detachment placed at the top of 

unit 1, at depth of more than 1000 m. 

Secondary minor listric faults (FA10-FA13) form at the top of unit 3 at approximately 500 m depth 

and sole out into a shallower detachment within unit 2 at approximately 700 m depth. 
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7. Discussion 

The obtained results suggest that Planum Boreum ice cap is structurally controlled, and the 

troughs/faults represent structural features. The NPLD and the spiral troughs frame a well-defined 

tectonic scenario (e.g. Gibbs, 1984; Jones, 1988; Duval et al., 1992; Bosworth, 1994; Phillips et al., 

2013; Robson et al., 2017). The troughs/faults are modelled as low-angle normal faults (Wernicke, 

1981; Scott and Lister, 1992; Fossen, 2010; vertical exaggeration 90:1 in Fig. 4a) that cut and offset 

the NPLD with fault throws ranging between 30 m and 50 m. Evidence validates the trough/fault 

listric shape, as indicated by the NPLD bending in their hanging-wall. These are modelled as rollover 

anticlines with consequent syn-sedimentation (unit 7, Fig. 4a) that typically shows thickening toward 

the controlling fault (Childs et al., 2003; Fossen, 2010). The reverse migration of the shallow 

undulations (Cutts et al., 1979; Herny et al., 2014; Smith and Holt, 2015) recognized in several 

SHARAD data (e.g. the radar observations 6247_02, 933202, 2007101, 2007101; Smith and Holt, 

2015) are similar to hanging-wall antithetic structures that form during the normal fault propagation 

process (Fossen, 2010). 

The modelled troughs/faults (Fig. 4a) slightly differ from structures integrated from the radargrams 

(Fig. 2b). This suggests the coexistence of a horizontal component with extension. The HCA method 

allows to simulate only dip-slip processes and thus to reproduce the studied trough/fault geometry 

pure extension is considered. In this way in the HCA simulation dip-slip normal faults were modelled. 

The strike-slip component is revealed by minor misfit between the model and the interpreted 

radargram. In this way, the modelled traces of the fault were simplified since the HCA modelling 

considers the dip-slip displacement only. 

As a result, the modelled trough/fault dips are steeper than the picked in the radargram, and may 

flatten into a weak deeper detachment, resulting in horizontal slip (Fossen, 2010). According to the 

proposed model the depth of the detachment is more than 1000 m. This may in turn testify the possible 
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presence of a ductile or semi-fluid layer within the ice cap that enhances internal horizontal slip. 

Grima et al. (2011) found listric structures in the south pole counterpart and suggested a detachment 

depth at approximately 1000 m. At a similar depth Orosei et al. (2018) found H2O reflectors 

(approximately 1500 m of depth). Their study area is relatively close, further south to the study area 

of Grima et al. (2011). We deduced from their findings that the presence of H2O fluid layers between 

approximately 1000-1500 m of depth may play a key role to develop detachments with consequent 

brittle deformation in the south pole (i.e. the listric faults found by Grima et al., 2011). In this way, a 

similar scenario can easily develop also in Planum Boreum with the detachment depths similar to the 

south pole ones. This suggests the occurrence of ice cap internal melting. 

The observation of slope diversity of the spiral troughs at the surface of Planum Boreum also confirms 

the structural meaning of these features. The equator-facing slopes that show truncated layers 

represent the surface of the fault plane, and the pole-facing slopes represent the curved top of the 

hanging-wall rollover anticline and/or the sediments deposited during the trough/fault activity. The 

found heterogeneity of the trough/fault throws is typical of tectonic processes, in contrast with the 

nearly homogeneous, regular setting expected by the eolian activity.  

The recognized lineament domains along the surface of the investigated radargram allow to relate the 

main lineament domain with the trough/fault activity (Fig. 4b). On the other hand, the longer 

lineaments of the main lineament domain, nearly parallel to the wind direction, trace the buried trough 

orientation of the investigated depth profile. According to Wise et al. (1985) this lineament setting is 

compatible with the presence of an extensional regime at depth within the ice cap, orthogonal to the 

main lineament domain. The second peak (Fig. 4b), at 45° with the wind direction, may relate to 

eolian factors. 

The proposed model refers to the internal dynamics of Planum Boreum ice cap. It describes the 

structural nature of the troughs/faults that originated by extensional (gravitational) sliding within the 

cap. We propose the presence of a deep detachment whose kinematics develops brittle structures (i.e. 
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the troughs) on the upper ice layers. The selected profile shows buried troughs with orientation not 

compatible with the vector directions of the katabatic winds. The fourth trough/fault (F4 in Fig. 6d) 

also provides interesting evidence. It is well developed at depth and its upper tip seems to weakly 

reach the surface where a small trough can also be detected from the satellite images of the surface. 

This is typical of the fault propagation process that migrate upwards during the final stage (Salvini 

and Storti, 2004). The model considers the significance of the katabatic wind activity and the Coriolis 

effect (Smith and Holt, 2010). These play a secondary role by maintaining at the surface the troughs 

that are tailwind oriented. Their erosive action allows to preserve the upwind trough/fault planes at 

the surface (equator-facing slopes) and to accumulate syn-sediments in the downwind slopes, i.e. the 

hanging-wall (pole-facing slopes). 

The analogy with the depth profile of the Antarctic glacier further strengthens the proposed structural 

model for the Martian North polar cap. The investigated HiCARS profile shows listric structures at a 

depth of 500 m related to the ice sheet dynamics. Terrestrial glaciers deform for the gravitational flow 

and underlying topographic variation. Crevasses, fractures and faults are typical features produced in 

glacial environment, and listric faults are frequently reported in terrestrial glaciers (e.g. Phillips et al., 

2013). The modelled structures in the Antarctic analog are blind and have synchronous activity with 

subsequent bending of the ice internal layers. The formation of these faults also depends on the 

morphology of the underlying topography (as observed in the BEDMAP2, Fretwell et al., 2013). The 

layer bending is compared with rollover anticline (and synclines) and the blind structures present 

listric shape. These provide geometry similar to the martian troughs/faults and their activity possibly 

controls the surface lineaments (Fig. 5). As in Planum Boreum, two lineament domains were found 

and are considered the effect of two processes, the eolian and the structural one. The NW-SE main 

lineament domain can be associated with the stress-field that is characterized by NE-SW trending 

extension responsible of the blind listric faults. The second minor peak is related to exogenous activity 

(Fig. 5b). No surface troughs and no spiral pattern occur in the Antarctic ice sheet surface. Antarctic 
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ice sheet presents thickness higher than the North polar cap of Mars and the bedrock is more 

pronounced than the Basal Unit of Planum Boreum. The Antarctic wind regime (reaching their 

maximum around 300 km/h; Parish. 1984) is lower than the martian one (around 400 km/h; Howard, 

2000) and different accumulation/ablation allows to maintain the mass balance stable. In this way, 

Antarctic katabatic winds allow to form eolian features that reach less than 100 m of depth (such as 

the megadunes, Frezzotti et al., 2004, that form in a different way than the martian spiral troughs), 

and weakly maintain brittle structures at the surface, that inevitably become buried.  

 

Fig. 7: Comparison and group of the obtained results. a) Gemina Lingula study area. The red line shows the 

track of the SHARAD profile dissected by four dark grey lines that represent the inferred fault locations (from 

F1 to F4, see Fig. 4). The black arrows show the katabatic wind vectors from Kostich and Smith (2018) and 

the small rose diagram represents the lineament domain recognized in the MOC images (light blue squares). 

b) Cook ice shelf glacier. The red line shows the track of the HiCARS profile dissected by 13 dark grey lines 

that represent the inferred fault locations (numbers 1-13 refer to FA1-13 of Fig. 5). The black arrows show the 

katabatic wind vectors from Parish and Bromvich (1986) and the small rose diagram represents the lineament 

domain recognized in the Sentinel-2 (blue square) and Landsat (orange square) images. 
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8. Conclusions 

Tectonic processes play a key role in the formation of Planum Boreum troughs. Horizontal slip 

induced by a deep detachment (more than 1000 m deep) and glacial flow are responsible of internal 

dynamics. This induces brittle deformation (faulting) expressed by the troughs. Their listric shape 

and their structural setting assume that they formed under prevailing extensional tectonic regime. 

Katabatic winds are responsible of the subsequent syn-sediment deposition and the trough 

conservation at the surface. The modelled structural setting of the formation of the martian spiral 

troughs through the activity of listric normal faults within the ice cap shows similarities with blind 

faults found in Antarctica analog. 

The evidence for trough structural origin opens new debate. The suggestion that troughs are triggered 

by fault activity provides the possibility to investigate preferential ways that connect the ice cap 

interior with the surface. The presence of detachment is significative for future investigation on the 

identification of internal ductile/fluid (H2O) layers. 

The used methods represent a potential tool that can be extended to provide information on the 

geological and structural evolution of Mars south polar cap, as well as of the icy satellite 

morphotectonic structures. The simulation of the structure evolution at depth by using radar sounding 

data was successful and represents a promising mean to investigate the tectonic setting of their icy 

crusts.  
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CHAPTER 5  

DISCUSSION 

5.1 Study case comparison 

The investigated icy surfaces represent optimal examples of ice tectonics and their modeling allowed 

to identify the main tectonic styles that originated their structural setting. The large satellite 

Ganymede, the smaller Enceladus, and the martian northern ice cap present similarities and 

differences that allow to recognize the preferential way of tectonic structure formation and to infer 

the geodynamic implications. The three icy surface study cases are connected by their mainly water-

ice composition and their regional scale brittle deformation. 

A main difference clearly exists between the icy satellites and the ice cap of Mars.  

5.1.1 Ganymede and Enceladus 

Ganymede and Enceladus represent confined icy surfaces, characterized by an icy crust above a 

subsurface ocean. They belong to two different systems (the jovian and the saturnian), and differ in 

crustal thickness and timing of tectonic activity. 

Ganymede crust is approximately 100 km thick and the surface structures formed during past tectonic 

activity, when the crust was assumed to be approximately 10 km thick (Golombek, 1982). This value 

is similar to the assumed thickness of Enceladus South Polar Terrain (less than 10 km) where recent 

tectonic activity has been observed. In both these icy satellites, the structures are investigated at the 

regional scale, with a maximum length of more than 100 km. Tectonic structures are classified into 

structural systems and are arranged into bands that are spatially distributed in their surface. Authors 

recognized extensional regime as the main responsible for their formation mechanism (McKinnon 

and Melosh, 1980; Pappalardo et al., 1998; Pappalardo et al., 2004; Pizzi et al., 2017), while this 

dissertation identifies the frequency and importance of regional shear in their surfaces. 
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5.1.2 Mars northern ice cap 

The northern polar cap of Mars, Planum Boreum, represents an unconfined, “open” system above a 

basal unit that is mostly composed by sand (Brothers et al., 2015). In comparison with the mentioned 

icy satellites, that present several systems that intersect and crosscut each other, Planum Boreum 

presents a system of troughs rather equally spaced (about 30 km) with a similar length of about 60 

km disposed in a spiral arrangement. This dissertation proposes their structural origin, interpreted as 

extensional low-angle faults that connect into a detachment. The tectonics of Planum Boreum troughs 

is compared to the dip-slip structures recognized in the icy satellite Ganymede and Enceladus. Many 

authors modelled extensional tectonic setting in icy satellites with listric normal faults that sole out 

on a detachment at depth, similarly to the scenario proposed in Planum Boreum ice cap (e.g. 

Pappalardo and Greeley, 1995; Pappalardo et al., 1998; Yin and Pappalardo, 2015). 

5.1.3 Antarctica 

Antarctica dynamic ice cap presents structures that reveal analogies with the recognized tectonic 

styles in the icy planetary surfaces. In map-view, the icy satellite strike-slip structures are similar to 

those formed in glacial environment related to glacier flow. At depth, the Antarctic structures show 

analogies with the low-angle internal structure of Planum Boreum troughs. 

In comparison with the icy planetary surfaces that show more developed deformation at the regional 

scale, glaciers and ice cap on Earth provide local scale deformation (as the crevasses). Their water 

ice composition differs from those of the icy planetary surfaces that include smaller percentage of 

other components (e.g. ammonia, CO2; Prockter, 2005; Porco et al., 2006). These may have 

influenced the pervasive regional scale ice fracturing that occurs in icy planetary surfaces. 
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5.2 Tectonic style endmembers 

The comparison of the obtained results and the proposed tectonic models allows to recognize two 

endmembers of the icy surface tectonic styles at the regional scale. These are the strike-slip and the 

low-angle dip-slip that represent the preferential way of planetary ice deformation. These tectonic 

styles occur with different frequency in confined and unconfined icy surfaces. 

Obtained results show that strike-slip tectonics play a key role at the regional scale in confined icy 

surfaces, represented by the icy satellite crusts. Dip-slip extension is recognized at the local scale with 

low-angle structures and is assumed to play a secondary role. The low frequency of compression is 

supported by the amount of transpression that could represent the balancing way for the recognized 

extension. 

On the other hand, dip-slip tectonics occurs with non-Andersonian mechanism and forms low-angle 

structures. This is evident in the unconfined icy surface of Planum Boreum, where the open 

configuration allows to create dip-slip faulting. Unconfined icy regions are also associated to a strike-

slip component that, in this case, plays a secondary role. 

5.3 Topographic flattening 

Although the topographic database of icy satellites is very limited, it is commonly suggested that icy 

satellite topography is relatively flat (Schenk et al., 2018; Kay et al., 2019). The icy surfaces often 

show low topographic amplitudes, with gently undulating deformation (Kay et al., 2019). Tectonic 

structures play a main role in shaping icy satellite surfaces and the obtained results of this dissertation 

show that they contribute to control the topography variation. Their high density and abrupt 

interruption of the landscape characterizes more the surface roughness than a significant topographic 

variation. This is well observed on Europa, that presents one of the best examples of compression in 

icy satellites. Here compressional bands that subduct at low-angle characterize the subsumption 

tectonic model (Kattenhorn and Prockter, 2014). Conversely to what occurs along the subduction 
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zones on Earth that present uplift zones, the Europa subsumption bands are basically topographically 

flat (Kattenhorn and Prockter, 2014). On the other hand, Antarctica represents a good terrestrial 

analog. Its plateau lack in structural high, and the domes that occur at the surface are formed by ice 

accumulation and are not tectonic related. Several Earth active glaciers present no high topographic 

variation but rather landscape roughness, although they cover and reproduce the bedrock topography. 

Fig. 1 shows an example of ice landscape roughness. The terrestrial ice cap and glaciers reach their 

steady state until the equilibrium line altitude, where the equilibrium between accumulation/ablation 

occurs. This suggests that ice weakly maintain the topography variation, and, in planetary surfaces, 

tectonics is supposed to contribute to the ice topography flattening.  

Also unconfined icy surfaces, as Planum Boreum example, show low-angle detachment structures 

that create gently variating topography. The topography undulation formed by the troughs slightly 

variates the gentle dome slope profile of the ice cap, in contrast to the vertically exaggerated profile 

that shows an apparent disrupted cap topography. 

The two endmembers, strike-slip and low-angle dip-slip, both support the flattening of the icy 

planetary surfaces. High-angle dip-slip structures are hardly present since these create a significant 

increase of crustal thickness. Conversely, low-angle structures lead to a moderate and gentle lateral 

topographic variation as observed at the larger scale. Their presence develops to avoid strong 

variations in thickening. In this way, icy surface tectonics is supposed to control topography that 

reaches stability by maintaining a nearly flat landscape. The low amplitude of topographic low and 

high testifies this setting. The prevalence of strike-slip tectonics in icy satellite surfaces supports a 

topographic balancing, where tectonics could contribute to accommodate the ice thickening 

variations. In this way, the tectonic style endmembers are dependent on topographic flattening. 

Tectonic deformation, caused by several processes, is supposed to contribute to the flattening by 

preferring low-angle dip-slip structures and by producing strike-slip that moderately shape the 

surface. High-angle dip-slip structures possibly develop at the early stages and are erased or 
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subsequently re-used as strike-slip. In this way, strike-slip represents the prevailing structures that 

develop with high-angle dip in icy surfaces and their contribution to vertical variation is faint. 

 

 

Fig. 1: Campbell Glacier terminus, near Gondwana station in Antarctica (74°37’56’’S 164°16’13’’E). PNRA 

XXXIV expedition. 

 

5.3.1 Thin-skinned tectonics and fault inversion 

Low-angle tectonic styles refer to the so-called thin-skinned deformation (Rodgers, 1949; Harris and 

Milici, 1977; Vendeville and Jackson, 1992; Lundin, 1992; Lankreijer et al., 1995; Pfiffner, 2017). 

This model suggests the prevalence of flat geometries that structurally thins the overburden 

(Vendeville and Jackson, 1992). Earth thin-skinned tectonics involves the deformation of 

sedimentary cover that is connected to a basal sole thrust or detachment (Vendeville and Jackson, 

1992; Fossen, 2010; Pfiffner, 2017). In icy planetary surfaces thin-skinned deformation is supposed 

to involve the upper layers without deep penetration of dip-slip structures. In this way, shortening and 

extension develop a sort of smoothed topography, vertical thinning, and possibly share the same low-

angle structures. Fault inversion from horizontal contraction may lead to the reactivation of pre-

50 m 
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existing reverse faults and the formation of new normal faults, and conversely, from a low-angle 

normal fault to a thrust. These exhibit a trend from thin-skinned deformation and experience similar 

low-angle structures that can evolve and variates their kinematics. Thin-skinned tectonics leads to the 

development of low-angle structures used in both contraction and extension regimes. In this way, the 

icy satellite extensional detachments represent a potential result of old compressional structure 

reactivation or, conversely, could be reactivated by future variation of tectonic regime. 

5.4 Geodynamic processes 

Results from this dissertation allow to identify possible geodynamic processes responsible of the 

tectonics in the investigated icy surfaces. Tidal heating (Beuthe, 2016), convection (Barr, 2008), and 

ocean crystallization (Johnston & Montési, 2017) are some of the several proposed processes. 

Obtained results provide support for geodynamic processes such as Polar wandering, Coriolis, and 

regional-scale flow. 

5.4.1 Polar wander 

The prevalence and distribution of strike-slip structures provides evidence for polar wander in the icy 

satellites (Sarid et al., 2002). This infers that mass migration and redistribution within these bodies 

occurs/occurred with subsequent perturbations of tectonic stresses (Vening Meinesz, 1947; 

Matsuyama and Nimmo, 2008; Matsuyama et al., 2014). The drifting of crustal masses is framed in 

the polar wandering model (Matsuyama and Nimmo, 2008). Polar wander could play a significant 

role to develop tectonic deformation at the surface. The continuous readjustment of the rotation (and 

tidal) axis orientation leads the reorientation of the body and in turn can generate global-scale tectonic 

patterns (Vening Meinesz, 1947; Sarid et al., 2002; Matsuyama and Nimmo, 2008; Matsuyama et al., 

2014). Matsuyama and Nimmo (2008) proposed that polar wander characterizes pervasive strike-slip 

regime that could represent preferential ways for crustal drifting paths. The structural geology results 

of this dissertation support the polar wandering model proposed for both the investigated icy satellites 
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(Ganymede, Matsuyama et al., 2014; Enceladus, Tajeddine et al., 2017) as possible geodynamic 

process in conjunction with other ones. 

5.4.2 Coriolis force 

Similarly to the polar wander process effects, the Coriolis force effect is also taken into account as 

possible process that could influence icy surface tectonics. Enceladus SPT and the martian study area 

are both localised at the poles. Both areas show rotation of the structures that follow the prograde 

sense of their rotation axis (Dougherty et al., 1982). The spiral setting of Planum Boreum troughs is 

disposed in a counterclockwise path and the SPT Tiger Stripes propagates with a CW rotation.  The 

transpressional regime of Enceladus SPT could be subjected to Coriolis deflection that causes the 

CW rotation of the internal Tiger Stripes. The compressional component that is present in the region 

leads to the structure approaching to the pole. This approaching could deflect CW the structures by 

Coriolis force. On the other hand, the spiral pattern of Planum Boreum troughs is supposed to be 

related to katabatic winds deflection by Coriolis effect. This force represents a potential perturbation 

also of the flow lines that kinematically induce the internal detachments that provide a spiral pattern. 

5.4.3 Flow 

The presence of low-angle faults leads to the inference that flow represents a significative factor as 

structural dynamic driving. As terrestrial glaciers flow downslope and deform under the force of 

gravity, the icy planetary surfaces show predisposition to flow. The formation of master detachments 

testifies this mechanism and represents a behavior variation at depth of the internal ice layering. 

Horizontal gradients of ice thickness are expected to drive a global ice flow that separates the upper 

brittle ice surface from a more ductile ice at depth. Flow represents a possible mechanism that 

equilibrates and stabilizes the ice thickness variations. Where topography thickens, due to several 

factors, the flow is manifested by detachment development to rebalance the ice thickness disparity 
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and to reach topographic stability. The resulting kinematics induces upper brittle deformation that in 

turn generates tectonic structures at surface. 

This is well shown in Planum Boreum and Antarctica ice caps that are subjected by collapse driven 

by dynamic flow to equilibrate the line altitude rises. Low-angle normal faulting could also be the 

consequence of this flow.  

 

These processes are supposed to coexist and possibly are responsible for the thin-skinned tectonics. 

This could be driven by flow that constantly generates mass redistribution within the icy surface to 

balance any surface thickening. In this way, ice tectonics is strictly influenced by a topographic 

balancing pursuit of the icy surfaces that tend to reach the steady state level. 
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CHAPTER 6  

CONCLUSIONS 

This dissertation addresses four scientific issues related to the tectonics of icy planetary surfaces. 

These are: i) the modeling of the tectonic evolution of study areas in confined versus unconfined icy 

surfaces; ii) the tectonic styles in icy surfaces; iii) their deformation mechanisms; iv) structural 

balancing and geodynamic implications. 

i) The investigations of Ganymede, Enceladus and Mars northern ice cap allow to propose 

a total of three tectonic models that describe the kinematic evolution of the studied icy 

surfaces. Regional transpression inducing extension/compression prevail in the confined 

icy crusts of Ganymede and Enceladus. Mars unconfined icy surface reveals internal 

dynamics that forms extensional troughs/faults with a secondary strike-slip component. 

Their evolutionary models allow to understand the preferential ways of ice failure in 

planetary surfaces. Ganymede and Enceladus tectonic model shows regional scale 

transpression, and the proposed model of Mars north ice cap show extensional regime.  

ii) Two tectonic style endmembers characterize the investigated surfaces at the regional 

scale. These are strike-slip and low-angle dip-slip tectonic faults. The strike-slip 

represents the main component that deforms the confined icy satellites, and low-angle dip-

slip regime develops in the unconfined ice cap of Mars. These endmembers relate to a 

well-defined tectonic deformation due to topographic flattening of the icy surfaces. 

iii) This is represented by thin-skinned tectonics that is suggested to play a key role in the 

deformation of the icy planetary surfaces. This scenario is supposed to support 

topographic flattening of the icy surfaces. Tectonic structures are related to the upper 

layers and possibly can experience kinematic inversions since they possibly share the 
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same low-angle features. In this way, thin-skinned deformation and fault inversion are 

suggested to balance the ice tectonics. 

iv) Geodynamic considerations are taken into account. The pervasive spatial distribution of 

strike-slip structures in the icy satellites suggests that polar wandering may play a key role 

in the formation of tectonic patterns in their crusts. The presence of rotation in the polar 

study cases of Enceladus and Mars suggests deflection driven by Coriolis effect. The low-

angle dip-slip endmember is possibly characterized by internal flow activity that controls 

the structural kinematics of detachment/thrusts. 

Results provide an important step toward the understanding of the tectonic evolution of icy planetary 

surfaces. The recognized two endmembers provide inferences on the ice setting at depth, and in 

particular of icy satellite internal crust. Low-angle dip slip structures are not supposed to reach 

significant depth, rather, these are supposed to develop along a shallow detachment (or thrust). On 

the other hand, the strike-slip endmember follows the Andersonian fault theory and is supposed to 

develop a nearly vertical structures that can potentially reach great depth (e.g. the San Andreas fault 

on Earth reaches more than 4 km at depth; Hickman et al., 2007). In this way, the strike-slip structures 

represent the optimal way to connect surface with deep layers such as the subsurface liquid ocean of 

the icy satellites. These faults represent the optimal tectonic candidate for fracture-controlled 

permeability (Cox, 2010), being more inclined to fluid raising, and plumes, as observed along the 

Enceladus strike-slip Tiger Stripes. 

As in the terrestrial counterparts, the recognized thin-skinned style of deformation in icy surfaces 

possibly characterizes subsurface structural traps of liquid reservoir accumulation in non-exposed 

tectonic structures (Harris, 1977). In this way, thin-skinned tectonics represents a potential mean to 

reach subsurface fluids, shallower than the ocean. This has been observed in the Ganymede icy crust, 

where the recognized tectonic structures can improbably cross the 100 km crust thickness and connect 

to the underlying ocean.  
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The study case comparison in this dissertation has proved an effective tool to unravel the tectonic 

evolution and the deformation styles of the icy planetary surfaces. This was strengthened by the 

investigation of the terrestrial analogs that represented decisive means. 

The used methodologies represent a powerful tool to unravel the raised scientific issues and a 

promising means to the preparation of the future mission programs. 

6.1 Perspectives 

This dissertation opens possible directions for future work. Obtained results provide significant 

contributions for the future missions in the icy satellites and Mars polar cap (e.g. ESA JUICE mission, 

NASA Europa Clipper). These missions will be useful to the target areas identification from the 

geologic, tectonic, morphological and astrobiological point of views. The future data could be used 

for further investigations to explore the causes of the structural evolution of the icy bodies. 

Identification of possible connecting fractures with the internal layers is also an important task. 

Moreover, the radar sounding data of the future exploration programs will be decisive for 3D 

modeling of the internal structural evolution in icy crusts and to unravel the structure relative ages. 
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