10
11
12
13
14

15

16

17

18

19

20

21

22

23

Title

Geomorphological analysis of the southwestern margin of Xanadu, Titan: Insights on tectonics

Authors

Pietro Matteoni1, Giuseppe Mitri1,2, Valerio Poggialis, Marco Mastrogiuseppes

linternational Research School of Planetary Sciences, Universita d’ Annunzio, Pescara, Italy
2Dipartimento di Ingegneria e Geologia, Universita d’ Annunzio, Pescara, Italy

sDepartment of Astronomy, Cornell University, Ithaca, NY, USA

4 Dipartimento di Ingegneria dell’ Informazione, Elettronica e Telecomunicazioni (DIET),

Sapienza Universita di Roma, Rome, Italy

Corresponding author: Pietro Matteoni (pietro.matteoni@unich.it)

Key Points
e Detailed geomorphological mapping of southwestern Xanadu has been conducted, using radar
and newly available topographic data
e Several putative tectonic structures have been identified in this area of Titan
e Southwestern Xanadu is interpreted as a pull-apart basin formed by transtensional tectonic
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Abstract

Evidence for tectonic activity on Titan is provided by the presence of eroded mountain ranges.
Xanadu is an equatorial region of Titan characterized by a complex topography, even though overall
it has a lower average elevation compared to its surroundings. We investigated Xanadu’s
southwestern margin, a part of the region which is comprised of heavily eroded and rugged terrains
to the north and east and of smoother, more uniform terrains to the west and south. The central
portions of southwestern Xanadu are characterized by an extensive fluvial network. The presence of
such a distinctive feature was the main reason motivating the study of this area, given its potential to
provide tectonic indications. Through detailed geomorphological mapping (map scale 1:700,000) on
Synthetic Aperture Radar (SAR) data and analysis of both fluvial drainage patterns and Digital
Terrain Models (DTMs), we identified several putative tectonic structures in this area: normal faulting
to the west and east, thrust faulting to the north, small-scale strike-slip faulting in its central parts.
Pull-apart basins are depressions bounded by both dip-slip faults and by (overlapping and/or bending)
segments of a major transcurrent fault, i.e., they are basins generated in transtensional tectonic
settings. We propose that central southwestern Xanadu is a pull-apart basin, bordered by both normal
and thrust faults and formed by transtensional tectonics, which we consider to be the most recent
tectonic phase active in this area. This basin is characterized by small-scale strike-slip faulting within

it, on which a fluvial network has subsequently imposed.

Plain Language Summary

Saturn’s largest moon, Titan, has several mountain ranges on its surface. It is thought that they are
formed by large-scale processes related to Titan’s interior. Xanadu is an equatorial region
characterized by a rugged topography, even though its surrounding regions stand higher. We
investigated Xanadu’s southwestern margin, which is characterized by many different terrain types
and by the presence of a hydrocarbon-related fluvial system. At Titan’s surface pressure and

temperature, hydrocarbons are in a liquid state and can therefore form rivers. Using radar data from
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the Cassini mission, we mapped in detail the differences in morphology of each terrain in the region.
Combining these results with those derived from analysis of sparsely available Cassini’s elevation
data, we identified several areas that may testify of the influence of Titan’s internal processes on

shaping the region.

1. Introduction
Saturn’s largest moon, Titan, is currently identified as one of the few extra-terrestrial bodies whose
surface supports standing liquid bodies. It is also considered, along with Earth and early Mars, as one
of the three Solar System bodies to have had an active hydrologic cycle (Hayes, 2016; Hayes et al.,
2018). Furthermore, Titan’s atmosphere is the second densest amongst the terrestrial planets and icy
satellites. Present day surface—atmosphere interactions make aeolian, fluvial, pluvial and lacustrine
processes prominent on a scale seen only on Earth (Lopes et al., 2010, 2020) The satellite’s
atmosphere consists mainly of nitrogen (N, ~97%), methane (CH, ~1.4% in the troposphere, 5% at
the surface) and hydrogen (H, ~0.2%) with traces of more complex hydrocarbons, nitriles, oxygen
compounds and argon as analyzed by the Huygens probe (Coustenis et al., 2010; Coustenis, 2005;
Dalton et al., 2010). Under Titan’s surface conditions (pressure ~1.5 bars; temperature ~91-95 K),
methane (CH,) and ethane (C,Hy) are both able to condense out of the atmosphere and precipitate to
the surface, where the fluid runoff concentrates, incises channels and transports sediment (Birch et
al., 2017; Hayes et al., 2018; Jaumann et al., 2008; Lorenz et al., 2008; Lunine & Lorenz, 2009).
Moreover, landforms similar to those common on Earth are found on Titan, including lakes and
seas (Hayes et al., 2008; Mastrogiuseppe et al., 2018; Mitri et al., 2007, 2019; Stofan et al., 2007)
dunes fields, with individual dunes up to hundreds of meters in height (Lorenz et al., 2006; Malaska,
Lopes, Hayes, et al., 2016; Mastrogiuseppe et al., 2014; Neish et al., 2010; Radebaugh et al., 2008),
impact craters (Elachi et al., 2006; Neish & Lorenz, 2012; Stofan et al., 2006; Werynski et al., 2019;

Wood et al., 2010), fans and deltas (Birch et al., 2016; Cartwright & Burr, 2017; Radebaugh et al.,
3
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2016; Witek & Czechowski, 2015) and mountains (Barnes, Radebaugh, et al., 2007; Cook-Hallett et
al., 2015; Liu, Radebaugh, Harris, Christiansen, Neish, et al., 2016; Mitri et al., 2010; Moore &
Pappalardo, 2011; Radebaugh et al., 2007). Moreover, fluvial channels and valleys related to a
hydrocarbon cycle on Titan have been identified all over the surface at many different latitude ranges,
apart from areas dominated by dune fields (Black et al., 2017; Burr et al., 2009; Burr, Perron, et al.,
2013; Cartwright et al., 2011; Le Gall et al., 2010; Hayes, 2016; Hayes et al., 2018; Jaumann et al.,
2008; Langhans et al., 2012; Lopes et al., 2020; Lorenz et al., 2008; Maue & Burr, 2018; Perron et
al., 2006; Radebaugh et al., 2016; Reid et al., 2018; Tewelde et al., 2013). Such characteristics make
Titan an ideal laboratory to study and compare terrestrial and planetary landscape-shaping processes
(Hayes, 2016), although its landforms have all been formed and developed under very different
environmental and physical conditions in comparison to Earth (Birch etal., 2017; Lorenz et al., 2008;
Stofan et al., 2006).

A consensus is shared on the presence of a subsurface ocean on Titan (less et al., 2012; Lunine,
2017; Mitri et al., 2010, 2014; Nimmo, 2018; Stern et al., 2018). Due to its orbital eccentricity value
(e =0.028) Titan is subject to a large variability of tidal force intensities along its 16-day orbit around
Saturn (less et al., 2012). Analysis of its response to the varying external gravity field has
demonstrated the presence of a global subsurface ocean, likely lying above high-pressure ices (ice V,
V1), which decouples an ice I shell (supposed to have a thickness of 70-100 km) from the deeper
interior (Mitri et al., 2010, 2014). Such ocean should have a high salinity, as a result of its inferred
relatively high density (Mitri et al., 2014), which was in turn derived from the measured tidal Love
number, k2 = 0.589 + 0.150 (less et al., 2012). Tidal heating does not play a big role on Titan, since
it is not in orbital resonance with other satellites; therefore, the primary thermal energy source should
be a progressively decreasing heat flux, due to radiogenic decay. This preserves the existence of the
ocean through geological time but results in gradual global cooling (Mitri et al., 2010; Tobie et al.,
2006). The progressive freezing of the ocean generates thickening of both the ice I shell and the high-

pressure ices layer, the latter expected to be present at the base of the ocean. Concurrently, the
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assumed high salinity of the ocean should inhibit further refreezing. The simultaneous thickening of
the ice I shell and of the high-pressure ices layer produces a global radial contraction on Titan, due
to density differences among both the ice layers and the ocean (Mitri et al., 2010). The surficial
expressions of such a compressive stress field would be long-wavelength folds and fold-and-thrust
belts (Mitri et al., 2010). This model best explains the observed high elevation ridges (e.g., Liu,
Radebaugh, Harris, Christiansen, & Rupper, 2016; Liu, Radebaugh, Harris, Christiansen, Neish, et
al., 2016; Solomonidou et al., 2013). Still, it does not completely fit with the ridges’ general
orientation - east-west around the equator and north-south at high latitudes - which have been related
to polar thinning of the outer ice shell (Cook-Hallett et al., 2015).

Therefore, evidence for tectonic activity on Titan is exemplified by the presence of eroded
mountain ranges (Mitri et al., 2010; Radebaugh et al., 2007). Due to poor Synthetic Aperture Radar
(SAR) resolution and paucity of low error range elevation data (i.e., Cassini’s Radio Detection And
Ranging Instrument — RADAR - altimetry) tectonic indicators on Titan might be identified by
indirect approaches (Liu, Radebaugh, Harris, Christiansen, & Rupper, 2016) such as analysis of
drainage networks’ azimuths (Burr et al., 2009; Burr, Drummond, et al., 2013) and planform
geometries (e.g., width function, channel sinuosity, distribution and orientation of mountain ridges;
Black et al., 2012; Liu, Radebaugh, Harris, Christiansen, Neish, et al., 2016). Amongst others, surface
expressions that would be strongly indicative of tectonic activity on Titan are pull-apart basins. These
are depressions bounded by both dip-slip faults and by (overlapping and/or bending) segments of a
major transcurrent fault, i.e., they are basins generated in transtensional tectonic settings. Slip along
the segments of the transcurrent fault results in extension of the region comprised between the fault
segments (Gurbuz, 2010; Mann et al., 1983).

Xanadu is an equatorial landmass, extending for an area of about 4000 x 2500 km. It was first
observed using the Hubble Space Telescope (Smith et al., 1996) and was retroactively detected in
Voyager-1 optical images from 1980 (Richardson et al., 2004). It is the brightest (at all wavelengths)

and largest geologic feature on Titan’s surface. It is located on Titan’s leading hemisphere and it
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interrupts the sand seas (Barnes et al., 2015), which otherwise dominate the equatorial regions (Lopes
et al., 2020). It has a generally high SAR brightness, indicating that it is made up of rugged terrains
(Radebaugh et al., 2011). Xanadu’s characteristics make it unique among Titan’s regions and indicate
a long and complex geological history: deeply eroded, incised, mountain ranges are carved by
extensive fluvial networks emptying in fans to the south; linear features likely tectonic in nature are
widespread, as well as impact craters, which are twice as common compared to the rest of Titan (Birch
etal., 2016; Burr et al., 2009; Le Gall et al., 2010; Radebaugh et al., 2011; Wood et al., 2010). Despite
the wide distribution of mountains and high local topographic variations, overall the region has a
lower average elevation compared to its surroundings (Lopes et al., 2019; Radebaugh et al., 2011) as
evident from RADAR altimetry data, SARTopo data, shape and topographic models, and Digital
Terrain Models (DTMs) (Corlies et al., 2017; Kirk et al., 2012; Lorenz et al., 2013; Mitri et al., 2014;
Stiles et al., 2009; Zebker et al., 2009). This represents Xanadu’s most intriguing characteristic and
brought several authors to study this region; yet, the origins of Xanadu remain enigmatic. Brown et
al. (2011) suggested that the geomorphology of Xanadu is consistent with the site of an ancient
impact, while Langhans et al. (2013) proposed that it is a remnant of past tectonic activity, reworked
and resurfaced in recent times by fluvial processes. A detailed study of the Xanadu region, which
further divides it into several units, is presented in Radebaugh et al. (2011). In contrast to Brown et
al. (2011), these authors proposed that Xanadu has had a complex tectonic history, involving both
compressional and extensional events. In a first tectonic phase, the region would have undergone
crustal thickening via north-south directed regional scale compression. This phase would have had
surface expressions such as oriented parallel mountain ridges (and related valleys) and fold-and-thrust
belts. Subsequently an extensional event would have occurred, favored by slip along region-bounding
faults, resulting in horst-and-graben-like structures. The extended fluvial network in southwestern
Xanadu (henceforth, SW Xanadu) is argued (Burr et al., 2009; Burr, Drummond, et al., 2013) to have

developed over a pre-existing east-west tectonic fabric (rectangular-type pattern), with a general
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drainage direction from north to south. The tectonic style responsible for generating such a pattern is
thought to be extensional, by analogy with terrestrial examples.

Previous geomorphologic works of Titan include global mapping (Lopes et al., 2010, 2016, 2020)
and several regional maps (Birch et al., 2017; Malaska, Lopes, Williams, et al., 2016; Moore et al.,
2014; Radebaugh et al., 2011; Williams et al., 2011). The present study aims at investigating
southwestern Xanadu’s formation and the related geological processes, through detailed
geomorphological mapping (map scale 1:700,000) together with both qualitative and quantitative
analysis of drainage patterns and DTMs. Compared to the global mapping (scale 1:20,000,000) of
Lopes et al. (2020), the finer-scale geomorphological map presented in this work distinguishes among
10 units and subunits in SW Xanadu, while Lopes et al. (2020) differentiated between 5 units in the

same area. The interpretation of said units is in agreement with that presented here.

2. Methods

A geomorphological map of SW Xanadu was produced (Figure 1b) based on Cassini’s SAR images
(spatial resolution: ~350 m; Elachi et al., 2004), which were imported in various Geographical
Information System (GIS) environments along with topographic data in the form of SARTopo
(vertical resolution: + 150 m, horizontal resolution: ~10 km; Stiles et al., 2009) and DTMs processed
through stereophotogrammetry (vertical resolution: + 100 m, horizontal resolution: ~1400 m, the co-
registration accuracy is similar to the spatial resolution of SAR data; (Kim et al., 2016; Kirk et al.,
2008, 2012; Kirk & Howington-Kraus, 2008). DTMs are available only in sparsely distributed areas
of SAR swath overlap. Other mentioned Cassini’s datasets, yet not directly analyzed, include those
of other RADAR modes, such as HiSAR (high-altitude, lower resolution SAR) and radiometry
(measurement of natural thermal emission; Janssen et al., 2009), along with ISS (Imaging Science
Subsystem, v-nIR camera; Porco et al., 2004) and VIMS (Visual and Infrared Mapping Spectrometer;

Brown et al., 2004). All datasets have been projected using the same reference system (equidistant
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cylindrical projection) centered at 0°N, 0°E. Mapping was conducted at a spatial scale of 350 m/pixel
(SAR resolution), which corresponds to a map scale of 1:700,000.

In this work, the interpretation of surface geomorphology has been the main technique used to
characterize the hypothesized surficial expressions of Titan’s tectonism. Distinction among different
geomorphological units has been conducted manually and is based on: SAR backscatter
characteristics, morphology, topographic relationship (based on SARTopo and DTMs data, where
available), internal texture and contact relations (Lopes et al., 2020; Williams et al., 2011). In
compliance with the guidelines given by Elachi et al. (2004), Ford et al. (1993) and Stofan et al.
(2008), Titan’s SAR dataset has been interpreted considering SAR’s backscatter coefficient co values
(range in linear scale: 0.1 < co < ~1.5; classified as “high”: ~1 < 60 < ~1.5, “medium”: ~0.5 < oo
< ~1, “low”: ~0.1 < oo < ~0.5, or “variable”), which depend on: local incidence angle, surface
roughness, volume scattering and dielectric properties (Cook-Hallett et al., 2015; Elachi et al., 2004;
Ford et al., 1993; Lopes et al., 2010; Malaska, Lopes, Williams, et al., 2016; Williams et al., 2011).
A network of linear features interpreted as fluvial valleys (Section 3.1.8) have been identified and
their azimuths are investigated via rose diagrams analysis (Figure 2a). Furthermore, several linear
structures interpreted as strike-slip faults (Section 3.2.1) have been analyzed via rose diagrams

(Figure 2b).

3. Results
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Figure 1. a) SAR images mosaic of southwestern Xanadu. b) Geomorphological map of southwestern
Xanadu. The units’ legend is displayed in the top-right corner. Some inner parts were not mapped,
due to non-availability of SAR images at 350 m/pixel (or to the availability of HISAR data, only). c)
SARTopo mosaic overlain on SAR mosaic. d) DTMs overlain on SAR mosaic, in 2D visualization.
Hillshading is enabled, with a vertical exaggeration factor of 5.

North is up and the area shown is the same in each panel. In panels a, b and ¢ an ISS mosaic is used

as background.

The main outcome of this study is a geomorphological map of southwestern Xanadu, based on
Cassini’s SAR images (Figure 1a), shown in Figure 1b. The mapping area has been determined in
order to include the whole extension of the fluvial drainage network and of relevant elevation data
(SARTopo and DTMs, Figure 1c-d), which have been used to derive topographic relationships.
Hereafter follows a detailed definition, description and interpretation of the mapped

geomorphological units.

3.1 Geomorphological Units Description and Interpretation

3.1.1 Rough Highlands Unit (RHU)

Rough Highlands Unit (RHU, marked in blue; Figure 1b and Sup. Figure 1b) is characterized by a
generally high oo, yet with an observable widely distributed bright/dark pairing. It is comprised by
linear ridges or irregular patches, always embayed by SAR-darker materials. In the mapped area it is
the brightest unit, whereas its texture is intensely rugged and dissected (Sup. Figure la-b).
Topographic data show how the RHU usually coincides with the highest elevations (values > 300 m,
Figure 1c-d). Similar observations on a global scale led to the interpretation that this unit consists of
mountainous terrains composed of icy bedrock (Barnes, Radebaugh, et al., 2007; Radebaugh et al.,

2007). The high oo most probably depends on high surface roughness and possible volume scattering
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from the near subsurface (Janssen et al., 2011, 2016), while the bright/dark pairing SAR appearance
may be due to different orientations of the slopes (Cook-Hallett et al., 2015; Elachi et al., 2006; Moore
et al., 2014; Radebaugh et al., 2007).

The overall morphology of this unit is distinctive of ridges eroded by the exogenous agents, whose
action results in the typical rugged and dissected, crenulated SAR texture (Jani Radebaugh et al.,
2007). Considering the unambiguous theoretical and observational constraints, similar interpretations
have been given by previous geomorphological studies on different regions of Titan (Birch et al.,

2017; Lopes et al., 2010; Malaska, Lopes, Williams, et al., 2016; Williams et al., 2011).

3.1.2 Dissected Highlands Unit (DHU)
Dissected Highlands Unit (DHU, marked in yellow; Figure 1b and Sup. Figure 1d) has variable oo,
ranging from medium-high to medium-low (Sup. Figure 1c). It is comprised of mottled and dissected
patches, usually surrounding the RHU through quite abrupt boundaries (Sup. Figure 1d). The main
discriminant between the two units is a relatively well distributed and homogenous “grainy” texture
of the DHU. The analysis of topographic data has shown how the DHU elevation is variable but
generally high (typical elevation values > 100-150 m, Figure 1c-d) compared to the other units, yet
lower than the RHU (< 300 m, Figure 1c-d).

The DHU is interpreted as the result of the erosional breakdown of mountainous terrains, mainly
by fluvial erosion and flank deposition (Aharonson et al., 2013; Lopes et al., 2010). These processes
produce SAR brightness variations (i.e., the “grainy” texture previously mentioned), which are likely

dominated by changes in surface roughness, volume scattering and compositional variations.

3.1.3 Smooth Plains Unit (SPU)
Smooth Plains Unit (SPU, marked in green; Figure 1b and Sup. Figure 1f) is formed by deposits of
medium-low co material, with relatively homogenous appearance (Lopes et al., 2016). It tends to have

gradational boundaries and occurs in patches that are generally hundreds of km in extent (Sup. Figure
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le). It is a unit typical of topographically depressed areas (typical elevation values < 0 m, Figure 1c-
d), surrounded by the RHU and DHU (Sup. Figure 1f). It is composed of SAR-dark materials,
probably of organic origin, as suggested by the VIMS results of Lopes et al. (2016) and Solomonidou
et al. (2018), resulting either from fluvial deposition or from the accumulation of photolysis products
created in the upper atmosphere (Aharonson et al., 2013; Lopes et al., 2016). Morphologically, the
SPU comprises small basins and widespread plains, while most of the inferred fluvial valleys (FVU,
Section 3.1.8) lie on this unit. Therefore, the SPU pre-dates the formation of the F\VVU features (see

also Burr, Perron, et al., 2013).

3.1.4 Linear Dunes Unit (LDU)

Linear Dunes Unit (LDU, marked in purple; Figure 1b and Sup. Figure 1h) is formed by parallel to
subparallel low oo lineations on a variable co substrate. SAR-bright lineations can sometimes be seen
coincident with dark ones, along an east-west or southwest-northeast strike (Sup. Figure 1g). Where
present, LDU terrains embay inferred topographic barriers, diverting around these, or sometimes
arresting at their contact (Figure 1b). Tapering relative relationships are also locally observed (Sup.
Figure 1h). Topography across this and other Titan’s regions has shown that the LDU terrains are not
flat as they have rises and falls (common height difference between dune crest and trough in the order
of ~60-120 m, Lorenz et al., 2006; Mastrogiuseppe et al., 2014). In the mapped area outcrops of RHU
and DHU are often locally higher than the LDU, which has typical elevations values of -100 to 100
m (Figure 1c-d).

Linear dunes seas on Titan have been well characterized in the literature (e.g., Lorenz et al., 2006;
Radebaugh et al., 2008; Radebaugh, 2013; Rodriguez et al., 2014). Williams et al. (2011) described
these terrains as longitudinal dunes composed of fine-grained fragmental material deposited by
aeolian processes. Microwave emissivity measurements show how dunes have a high emissivity. 1SS
images of these areas are dark at 0.93 um and correspond to the VIMS dark brown unit (Barnes,

Brown, et al., 2007; Janssen et al., 2009; Rodriguez et al., 2014). Both microwave emissivity and
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infrared characteristics of the linear dunes are consistent with a composition of organic materials
(Barnes et al., 2008; Le Gall et al., 2011; Janssen et al., 2009, 2016; Rodriguez et al., 2014). The
coincident SAR-bright lines sometimes observed are consistent with specular reflections off a dune
crest, when the incidence angle of the radar matches that of the dune crest (Malaska, Lopes, Williams,
et al., 2016). Alternatively, this effect could be due to compositional heterogeneity between dunes

and interdunes (Bonnefoy et al., 2016; Callegari et al., 2014).

3.1.5 Labyrinth Unit (LU)
Labyrinth Unit (LU, marked in orange; Figure 1b and Sup. Figure 2f) presents very dissected terrains,
generally with medium oo, even though clear bright—dark pairing in the up range-down range side is
evident (Sup. Figure 2e).

This unit is interpreted (Lopes et al., 2020; Malaska et al., 2020; Malaska, Lopes, Williams, et al.,
2016; Moore et al., 2014) as uplands with canyons or valleys containing radar-dark floors or fill (Sup.
Figure 2f), i.e., as dissected plateaux (due to generally high elevations) or remnant ridges of eroded

organic materials that then release such materials into the plains and downstream basins.

3.1.6 Impact Craters Unit (ICU)

As previously mentioned, Titan has some recognizable impact craters on its surface. Craters can be
discriminated from the adjacent units by a distinctive circular morphology (the rim), in most cases as
high in oo as the RHU, which usually encloses a medium-low oo area (the crater floor) and may be
surrounded by medium-high oo ejecta material (Bottke & Norman, 2017; Hedgepeth et al., 2020;
Neish et al., 2016; Neish & Lorenz, 2012; Wood et al., 2010). We classified the features that matched
this description as Impact Craters Unit (ICU, marked in pink; Figure 1b and Sup. Figure 2b). In two
cases (11°S; 152°W and 2°N; 138°W), we encountered features already classified as impact craters,
with IAU nomenclature: “Guabonito” and “Veles”, respectively. For Guabonito, what is surrounded

by the rim is inferred to be filling material, which may include bedrock exposed during impact and,
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more likely, organics later emplaced by atmospheric airfall and aeolian processes (Werynski et al.,
2019). In one other case (around 18°S; 123°W), two small patches of medium oo are identified nearby
a semi-circular (incomplete observation due to lack of SAR images at 350 m/pixel) main feature of
medium to high oo (Sup. Figure 2a).

In the latter case, the main feature is interpreted as a possible impact crater’s outer rim (Lopes et
al., 2010) and relative crater floor. The aforementioned two small patches are interpreted as crater
ejecta, deposited as a consequence of the energetic impact event. However, this interpretation is
limited by the absence of SAR images at 350 m/pixel on half of the main feature.

According to Werynski et al. (2019), craters in the equatorial dune fields have (when viewed with
a color scheme of blue = 1.28 um, green = 2 um, and red = 4.8-5.2 um) VIMS bright green ejecta
and rims (suggestive of mixture of organics and water ice). All the above subunits (crater rim, floor
and ejecta) have not been distinguished from each other using different identification colors, as it is

not directly relevant to the main aim of this work and are thus joined in the ICU (Sup. Figure 2b).

3.1.7 Dark Mottled Unit (DMU)

Dark Mottled Unit (DMU, marked in brown; Figure 1b and Sup. Figure 2d) is the unit with the lowest
local co. It occurs in small irregular patches of lobate to mottled and angular morphologies (Sup.
Figure 2c).

The DMU has been previously interpreted as low elevation localized basins dampened by liquid
hydrocarbons or other damp materials (Hayes et al., 2008; Malaska, Lopes, Williams, et al., 2016;
Neish & Lorenz, 2014), which however do not contain deep lakes of liquid hydrocarbons as observed
at the north pole (Mastrogiuseppe et al., 2019). Their oo is indeed not as low as for the liquid-filled
polar lakes. Alternatively, finer grained materials could be contained within these basins, or materials
that have less organized structure (thus less backscatter) on the surface or in the near subsurface
(Janssen et al., 2011) than the surrounding terrain (Malaska, Lopes, Williams, et al., 2016) (Sup.

Figure 2d).
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Elevation data confirm how unit’s patches correspond to local topographic lows all around the
investigated area (typical elevation values < -100 m, Figure 1c-d). It can be further observed that the
DMU is often found at the onset or end of fluvial units and may then represent local basins and/or
fluvial headwaters. In very rare cases this unit exhibits the typical fan morphology, in proximity of
inferred fluvial valleys. These isolated patches could then be examples of Titan’s alluvial fans (Birch

et al., 2016; Cartwright & Burr, 2017; Radebaugh et al., 2016).

3.1.8 Fluvial Valleys Unit (FVU)
Fluvial Valleys Unit (FVU, marked in light blue; Figure 1b and Sup. Figure 2h) is characterized by
wide (~1-6 km), long (up to ~200-300 km), rough, sinuous, SAR-bright features; widths often vary
noticeably along-distance (Sup. Figure 2g). The wider ends terminate and lie on SAR-dark terrain,
mainly SPU, while the narrower ends reach SAR-bright terrain, usually RHU (Sup. Figure 2h).
Considering the hydrocarbon cycle ongoing on Titan some landform that contains the surficial
liquid’s runoff must exist, at locations where the substrate is not too porous (Coustenis, 2005; Hayes
et al., 2008; Hayes, 2016). Furthermore, Huygens’ DISR instrument imaged branched lineations and
rounded cobbles around the Huygens Landing Site (10.6°S; 191°W), the only location on Titan’s
surface where observations have been made in situ (Perron et al., 2006; Tomasko et al., 2005). These
have been interpreted, respectively, as fluvial valley networks with inset streams formed by flowing
methane and as material transported by flowing liquid. This hypothesis is mainly determined by
analogy with Earth’s fluvial processes (Burr, Drummond, et al., 2013; Burr, Perron, et al., 2013;
Perron et al., 2006; Tomasko et al., 2005). Orbital data (RADAR, VIMS, ISS) have also shown
networked lineations, distributed at different latitudes. These have been interpreted as fluvial channels
(Barnes, Radebaugh, etal., 2007; Brown et al., 2004; Elachi et al., 2006; Porco et al., 2005). However,
as the best resolution for such orbital data (SAR’s ~350 m/pixel) is much coarser than DISR’s images
(~15-30 m/pixel), only the largest fluvial valleys (including the surrounding valley walls and their

relative SAR-shadowing on the riverbed) are supposedly identified, while the smaller, most recent,
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channels should not (Birch et al., 2017; Burr et al., 2009; Moore & Pappalardo, 2011). Therefore, the
local features observed in this work have been interpreted as fluvial valleys and thus termed

accordingly.

The distinctive high oo of the FVU features is most probably due to an elevated density of icy
rounded pebbles with size as large as or slightly larger than the RADAR wavelength (2.18 cm). The
pebbles’ internal reflections would cause the observed high backscatter (Le Gall et al., 2010).
Regarding the FVU features located around 17°S; 123°W, the observed decrease in width and SAR
brightness with distance may be due to evaporation, abrasion (mechanical weathering) and/or
infiltration over the SPU (Sup. Figure 2g). Alternatively, the change in appearance (brighter upstream,
darker downstream) may result from selective sorting as the slope drops and the flow is less confined,
i.e., more fine-grained materials (SAR-darker, as their size is smaller than the RADAR wavelength)
are able to be transported towards the tip of the fluvial valley (Burr, Drummond, et al., 2013; Le Gall

et al., 2010; Maue & Burr, 2018; Radebaugh et al., 2016).

3.1.8.1 Fluvial Subunits

In some limited areas a differentiation among the FVVU has been made. This resulted in two subunits,
Fluvial Subunit 1 (marked in aquamarine; Figure 1b and Sup. Figure 2h) and Fluvial Subunit 2
(marked in dark green; Figure 1b and Sup. Figure 2h). Given their direct correlation with the FVU
and very limited extent, these units have not been formally defined as constituting separate ones, yet
they have been distinguished from the main unit by using a different mapping color. Their definition

and significance are described in Section 3.2.1.

3.2 Geomorphology, tectonic indicators and topography

17



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

Figure 1b represents the geomorphological map of southwestern Xanadu, as a result of this study.
The Rough Highlands Unit (RHU) and Dissected Highlands Unit (DHU) are the prevalent
geomorphological units towards the inner portions of the region, north and east, while the Smooth
Plains Unit (SPU) dominates in the south and west. To the far west of the mapped area, the Linear
Dunes Unit (LDU) - part of the Shangri-La region - is widespread and surrounds a few patches of
DHU, Impact Crater Unit (ICU) and Dark Mottled Unit (DMU). Most of the units’ boundaries in the
mapped area are either gradational or not easily distinguishable. The most abrupt contact is aligned
roughly NW-SE (from 20°S; 118°W to 15°S; 128°W) along a sharp linear feature (see Le Gall et al.,
2010; Radebaugh et al., 2011), with several unit boundaries located along it (Figure 1). Where
present, fluvial units (Fluvial Valleys Unit - FVU- and relative subunits) lie on all the other mapped
units and therefore incised them, at least during the last period of fluvial activity (which could be of
episodic nature, as reported e.g., by Lunine & Lorenz, 2009).

The fluvial network (marked as FVU in the geomorphological map, Figure 1b) in central SW
Xanadu seems to deviate from an hypothetical drainage direction that is driven only by the local
northwest-southeast topographic gradient: i.e., a drainage direction that would form a dendritic
pattern, see Twidale (2004). This effect is probably due to the imposition of the fluvial network on
some pre-existing E-W, SW-NE, NW-SE linear features, as outlined by the drainage system rose
diagram’s results (Figure 2a). Eventually, this leads to a rectangular-type drainage pattern (Howard,

1967; Twidale, 2004) for the connected reaches of the fluvial network at SW Xanadu.
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Figure 2. a) Azimuths of the connected reaches of the fluvial network at SW Xanadu, displayed in a
unidirectional rose diagram (each segment of each valley is considered); the cumulative length of
segments is shown divided into 10° bins. A segment constitutes the distance between two vertices in
the FVVU feature class, its surface coordinates (X1, y1- X2, y2) are then calculated. The total population
of valleys segments is 13,060. A broad, almost uniform, distribution of azimuths exists. The
maximum population (843) is located in the 90°-100° bin (roughly east-west), while the mean value
is along an east-west trend as well (93°). b) Azimuths of 28 linear features (examples shown on the
map in Figure 4a-b), corresponding to abrupt changes in drainage direction of the fluvial network at
SW Xanadu, displayed in a unidirectional rose diagram; the cumulative length of the segments is
shown divided into 10° bins. The bins with the highest populations are 80°-90°, 100°-110°, 250°-

260°.

Based on both SARTopo and DTMs, the overall average elevation values of SW Xanadu are
between -500 m and 500 m (Figure 1c-d, Figure 3). This study mostly relied on DTMs, as their error

range is lower, and they offer a wide spatial coverage on the area investigated, see Section 2. The
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three topographic profiles shown in Figure 3 clearly expose how topographic peaks are present all
over the mapped area, yet the average elevation decreases northwest to southeast (and west to east).
Thus, both SARTopo and DTM data suggest the presence of a topographic gradient along these axes.

In Figure 3, going from A to B and from C to D along the topographic profiles, east of the Shangri-
La dune field (from ~10°S; 142°W to ~3°S; 138°W; the mapped part of Shangri-La is mostly
classified as LDU on the geomorphological map; Figure 1b), important local highs corresponding to
RHU outcrops are identified (A to B: ~+500 m at ~125 km; C to D: ~ +300 m at ~125 km). They are
followed by distinct drops of hundreds of meters along sharp east-dipping slopes (A to B: ~-500 m
at ~150 km and ~ -250 m at ~200 km and at ~250 km; C to D: ~ -250 m at ~150 km and ~ -400 m at
~225 km) mainly corresponding to outcrops of DHU, SPU and DMU. In central SW Xanadu, which
is dominated by fluvial features, the average elevation is lower compared to the previously mentioned
areas to the west; the main topographic drops correspond to the widest fluvial valleys (FVU; Figure
1d, Figure 3). To the far east, the topography gradually increases again along a west-dipping block,
as shown in the A-B and C-D topographic profiles in Figure 3 (from ~ 1500 km up to ~2000 km). In
this part of the mapped area, a north-south striking linear feature is recognizable (centered at 10°S;
110°W; Figure 1, Figure 3). It extends for at least ~170 km and crosscuts two other similar features
(centered at 9°S; 108°W and 11°S; 108°W, respectively, and both extending for ~150 km), which
strike roughly NW-SE (dip direction ~200°W) parallel to each other and also to the aforementioned

sharp linear feature located from 20°S; 118°W to 15°S; 128°W.
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Figure 3. Top) DTMs overlain on SAR mosaic, in 2D visualization. Hillshading is enabled, with a
vertical exaggeration factor of 5. The areas shown are SW Xanadu and its surroundings, as in Figure
1. The white dashed polygons mark the areas shown in Figure 4. The red dashed polygon marks the
area shown in Figure 5. North is up. Bottom) Topographic profiles going from A to B and from C to
D, covering most of the mapped area (Figure 1b) from west to east. The topographic profile going

from E to F (northwest to southeast) crosscuts the A to B and C to D profiles. The A-B profile is also
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shown in SW Xanadu’s tectonic model in Figure 6. In the western parts of the A-B and C-D profiles,
the locations of several corresponding geomorphogical units’ patches are shown. The sudden breaks

of the profiles are due to non-available DTM data in the corresponding locations.

3.2.1 Interpretation
This section provides interpretations of previously reported observations, which will only be repeated
when necessary.

Southwestern Xanadu is comprised of heavily eroded and rugged terrains to the north and east -
corresponding mainly to RHU and DHU - and of smoother and more uniform terrains to the west and
south - corresponding mainly to SPU and DMU. An extensive fluvial network is widespread,
particularly in the central portions of the examined area (Figure 1a-b).

The presence of liquid in the fluvial valleys would produce a distinctive SAR-darker backscatter
as it occurs at the polar rivers, lakes and seas (Birch et al., 2017; Hayes et al., 2008; Hayes, 2016;
Mastrogiuseppe et al., 2018; Mitri et al., 2007; Poggiali et al., 2016). Therefore, the observed
generally high backscatter of the mapped fluvial valleys probably implies that here, at the time of
Cassini’s data acquisition, there was no detectable liquid runoff and these features just show remnants
of transported material (Le Gall et al., 2010). The potential for episodic fluvial activity (i.e.,
ephemeral) during infrequent rainfall events must although be considered (Lorenz, 2000; Lorenz et
al., 2008; Lunine & Lorenz, 2009). For fluvial networks characterized by many tributaries, as in SW
Xanadu, the drainage direction is mainly inferred by the direction of tributary confluence (Figure 1,
Figure 4a-b). The presence of downstream depositional sites such as basins/lakes/deltas and upstream
sources such as high-roughness terrains, can provide additional evidence to deduce the drainage
direction (Black et al., 2017; Burr, Drummond, et al., 2013; Maue & Burr, 2018). In the investigated
area, the upstream portions of the drainage basin are located to the north, corresponding to RHU and

DHU, whereas SPU and DMU and their surroundings represent the downstream portions of the
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drainage basin to the south (Figure 1b). In its northern portions this fluvial network is embodied by
narrower valleys, which tend to continue into wider ones to the south (mainly along the
aforementioned sharp linear units’ contact, Section 3.2) and then tend to narrow again with distance,
towards their southern tips. This is particularly the case towards the SE of the mapped area, around
17°S; 123°W, where several sinuous wide fluvial features are identified: the SAR-brighter ones are
thought to contain a higher amount of icy pebbles (Figure 1, Figure 4b). Such material would have
been transported and rounded by stream flow, most likely by liquid hydrocarbons during flood events
(see Section 3.1.8). Next to such features some morphologically similar ones, yet SAR-darker, are
identified (e.g., 16°S; 123°W, 16°S; 127°W, Figure 1, Figure 4b). These are interpreted as remnants
of abandoned rivers, which were active during a previous phase and were darkened in situ either by
deposition of fine atmospheric precipitates or by size reduction of the icy pebbles, through a
combination of mechanical (aeolian and/or rainfall weathering, although the generally slow wind
speeds at these latitudes and slow rainfall rates must be taken into account; see e.g., Lunine & Lorenz,
2009; Tokano, 2010) and chemical weathering (Le Gall et al., 2010). Such interpretation may imply
a fluvial system characterized by a high level of maturity, a hypothesis which is also supported by the
large number of tributaries present at the higher portions of the drainage basin. At its downstream
portions the fluvial network’s maturity is suggested by the many putative meandering channels (see
Birch et al., 2018; Burr, Perron, et al., 2013; Howard, 2009), which were grouped together in the
Fluvial Subunit 1 (Figure la-b, Figure 4b). Eventually, a distinctive feature that morphologically
resembles an Earth’s river lobate delta was identified (20°S; 119°W; Figure 1a-b, Figure 4b). Such
an hypothesis is supported by considering that this feature is found co-located with the SAR-darker
portion (i.e., the tip of the fluvial valley, where particles get finer) of one of the most evident, bright
fluvial valleys (see Witek & Czechowski, 2015), in an area of probable important topographic drop
(see later in this section the discussion related to the “sharp linear feature). Only very low-resolution
SAR data are available at the tips of nearby fluvial valleys: extending the above interpretation to other

features is therefore not possible. Nevertheless, this single feature was classified as part of the Fluvial
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Subunit 2. The lack of extensive SAR data coverage is currently leaving any interpretation with some
degree of uncertainty.

The drainage direction during the last active phase of SW Xanadu’s fluvial network seems to have
been mainly driven by a northwest-southeast local topographic gradient, yet the strong influence of
at least 28 (further direct individuation is limited by data resolution) pre-existing east-west,
southwest-northeast and northwest-southeast linear features is recorded in the present-day
geomorphology (azimuthal analysis’ results shown in Figure 2b, see Section 3.2). The changes in
direction of the fluvial valleys along these linear features follow a linear pattern with near-right angle
bends, as in a tectonic-controlled rectangular drainage pattern (Howard, 1967; Burr et al., 2009; Burr,
Drummond, et al., 2013; Twidale, 2004). Red lines in Figure 4a-b show examples of where, in the
investigated area, this effect is most evident. If such features were related to thrust faulting, arcuate
morphologies in planar view would be observed, which are not (for a discussion on this topic related
to Titan, see Liu, Radebaugh, Harris, Christiansen, & Rupper, 2016; Liu, Radebaugh, Harris,
Christiansen, Neish, et al., 2016). Normal faulting in this area would have generated vertical
displacements of some extent, which are not observed on the available topographic data. The
horizontal displacements noticeable on both SAR and topographic data suggest instead the occurrence
of small-scale strike-slip faulting in this part of SW Xanadu (Figure 4 a-b).

In the northern portions of the mapped area (around 2°S; 127°W) three aligned structures have
been encountered (Figure 4c). These are already described in literature (Mitri et al., 2010; Radebaugh
et al., 2016) and were interpreted in such works as long-wavelength folds formed by compressional

tectonics (IAU nomenclature: “Mithrim Montes™).
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Figure 4. a) Strike-slip faults in central SW Xanadu, shown on a DTM (in overlay visualization) over
SAR mosaic. Such faults are marked with red lines; the inferred motion direction is indicated. Their
azimuthal analysis’ results are shown in Figure 2b. b) SAR mosaic displaying the area around the
sharp linear feature (20°S; 118°W to 15°S; 128°W, shown as a fault and marked using a red dashed
line) described in the text. Other smaller strike-slip faults are shown. ¢) SAR mosaic displaying the
area around Mithrim Montes, with their ridges’ alignments marked by red lines.

North is up in each panel.

The proposed interpretation of the north-south striking linear feature (centered at 10°S; 110°W; solid
red line in Figure 5, henceforth termed Fault 1) is of a normal fault plane extending for ~170 km
(knowledge limited by DTM’s size). This hypothesis is supported by the local topographic trend and
by the nearly constant values of the plane’s dip angle (2-6°, Figure 5c-d). Such fault plane is west-
dipping (Figure 5c). It is not possible to infer the depths reached by Fault 1 with the available data,
but, considering its planar extension of at least ~170 km, it is possible to assume that it constitutes a
structure of some relevance, i.e., reaching depths within the first few kilometers of the ice shell, and
it is then likely listric.

The two linear features (centered at 9°S; 108°W and 11°S; 108°W, respectively; dashed red lines
in Figure 5, henceforth termed Fault 2 and Fault 3), striking roughly NW-SE (dip direction ~200°W)
parallel to each other, are interpreted as normal fault planes, both extending for ~150 km. Geomorphic
and topographic factors similar to those related to Fault 1 support such hypothesis. These fault planes,
however, appear somehow fainter and less continuous on DTM data (Figure 5b-c), which may suggest
their older age (considering the deposition of atmospheric precipitates and some degree of erosion
through time; Lunine & Lorenz, 2009). Due to the aforementioned observations, to the different

orientation in relation to Fault 1 yet similar extensional kinematic and, most importantly, by
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considering that they are crosscut by Fault 1 (Figure 5b-c), Fault 2 and 3 are thus interpreted as
belonging to a previous tectonic phase.

The sharp linear feature extending from 20°S; 118°W to 15°S; 128°W (Figure 1, Figure 4b) strikes
parallel to Fault 2 and 3. Going along-dip on this feature, a distinct change in terrain characteristics
is evident (on SAR data, Figure 1a and Figure 4b). Moreover, the local fluvial features show a
significant increase in width size crossing it north to south, suggesting the presence of an important
topographic drop. Despite the lack of consistent topographic data (no DTMs; local SARTopo data
run parallel to it and are therefore of limited use) over its location, the above considerations led to the
interpretation of such feature as a normal fault, in agreement with Radebaugh et al. (2011). This fault
would have developed throughout the same tectonic phase of Fault 2 and 3, given their parallel strike.

In the western parts of the investigated area, the presence of one or more normal faults is inferred:
local topographic highs followed by distinct drops are in fact observed east of the Shangri-La dune
field (from ~10°S; 142°W to ~3°S; 138°W, Section 3.2, Figure 1c-d and Figure 3). Such high relief
might represent a topographic barrier for the Shangri-La dunes, which stop abruptly at this boundary.
However, Barnes et al. (2015) suggested instead that SW Xanadu’s rivers could likely be a barrier
for the Shangri-La dunes, by analogy with the Namib Desert. Distinct fault planes cannot be directly
identified, as the surface is intensely reworked and masked by fluvial activity. Nevertheless, the
observed, marked elevation drops are limited to a relatively small area and occur along sharp east-
dipping slopes (as described in Section 3.2), suggesting the occurrence of normal faulting. Without
the presence of the numerous fluvial features, we would probably observe tectonic structures similar
to those previously described to the eastern parts of the investigated area, as the topographical

characteristics are analogous (description in Section 3.2).
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Figure 5. a) SAR mosaic, displaying the area enclosed by the red dashed polygon in Figure 3. b)
DTM in 2D visualization overlain on the SAR mosaic shown in panel a. Hill-shading is enabled, with
a vertical exaggeration factor of 5. Three distinct fault planes are recognizable: Fault 1 is marked as
asolid red line, Fault 2 and 3 as dashed red lines since they look fainter on DTM data, which probably
implies their older age, as described in the text. North is up in panels a and b. ¢) DTM in 3D
visualization, vertical exaggeration factor of 10. The area and the features shown are the same as in
the previous panels; no SAR mosaic in the background. Faults 1, 2 and 3 are marked as in panel b. d)
Topographic profiles, as traced on the map in previous panels. Fault traces are displayed, with their
hypothetical inclinations at increasing depths, as listric faults, which tend to flatten with depth. Solid

or dashed red lines correspond to Fault 1 or Fault 2-3, respectively.

4. Discussion and conclusions

The hypothesis that Titan has experienced some kind of tectonic activity in the past is strongly
supported by both observational data (e.g., eroded mountain chains; Liu, Radebaugh, Harris,
Christiansen, Neish, et al., 2016; Radebaugh et al., 2007) and modeling (e.g., compression related
long-wavelength folds and fold-and-thrust belts, Mitri et al., 2010). Nevertheless, the intense erosion
that affected the mountain ranges and the lack of evidences for recent orogenic features suggest that
such tectonic activity has probably ceased and might be long-time quiescent (Langhans et al., 2013;
Radebaugh et al., 2011).

Southwestern Xanadu’s characteristics can provide useful insights on Titan’s overall tectonic
setting. Radebaugh et al. (2011) proposed that in a first tectonic phase, the region underwent crustal
thickening via north-south directed regional-scale compression. This phase would have had surface
expressions such as east-west oriented parallel mountain ridges (and related valleys) and fold-and-
thrust belts. A subsequent extensional event has been invoked to explain present-day Xanadu low

elevation, favored by slip along region-bounding faults, resulting in horst-and-graben structures.
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Langhans et al. (2013) substantially agreed with the evolutionary model proposed by Radebaugh et
al. (2011), yet stressing the important role of rivers as a landscape-shaping factor. They studied in
detail SW Xanadu fluvial network’s azimuths, ending up in assessing an almost uniform azimuthal
distribution. An analysis of the relationship between valley network orientations and the present-day
topography (Black et al., 2017), further indicates how Titan’s mid-latitude and equatorial regions

have been stable since the fluvial networks’ imposition.

Our fluvial azimuths’ rose diagram results are consistent with those reported by Langhans et al.
(2013). Even though we have used a larger data population, we identified a broad distribution of
azimuths, yet with a strong maximum roughly aligned east-west (Figure 2a). The outcome of our
study is in concordance with previous works as well (Burr et al., 2009; Burr, Drummond, et al., 2013),
which analyzed the main branch of the fluvial network in SW Xanadu and reported that the azimuths
have a preferential trend along an east-west orientation. The authors proposed that such orientations
form a rectangular-type drainage pattern developed under the influence of tectonic control, with
tributaries’ azimuths that indicate an east-west tectonic fabric. They considered (Burr et al., 2009)
that the regional slope was southward at the time of fluvial network’s onset, as indicated by the overall
network elongation and the fluvial links converging in a southerly direction. Burr, Drummond, et al.
(2013) have inferred that the tectonic style responsible for generating such rectangular-type drainage
pattern was likely extensional, mainly by analogy with terrestrial examples. They observed that the
fluvial network has links oriented in a small number of preferred directions, instead in the case of
branching (or dendritic) networks the links’ orientations would be primarily controlled by the slope
direction. The results of the present analysis are in agreement with the above studies, as the
rectangularity of the drainage pattern supports the hypothesis of pre-existing tectonic control on SW
Xanadu’s fluvial network (Howard, 1967; Twidale, 2004), yet we propose a variant interpretation for
the involved tectonic style. As described in Section 3.2.1, in the central parts of the mapped area,

characterized by the presence of the fluvial network, we could not find evidences of extensional faults
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that would have been responsible for generating a rectangular drainage pattern. Instead, we
interpreted the observed features as expressions of small-scale strike-slip faulting (Figure 2b and
Figure 4a). We have indeed encountered evidences of extensional faulting, although in other parts of

SW Xanadu, as it is discussed below.

Xanadu’s horst-and graben model (Radebaugh et al., 2011) is considered to generally explain the
large-scale evolution of this region. In the smaller-scale area we have analyzed, southwestern Xanadu,
the local morphotectonic evidences could possibly be traced back to the proposed sequence of events
(compression and subsequent extension). On the other hand, the extensive application of qualitative
analysis on previously unavailable DTMs, has allowed us to interpret such morphotectonic features

as originating from a more specific sequence of events characterizing SW Xanadu’s evolution:

1) Ancient extensional phase along NW-SE faults.
Its expressions are:
- Two NW-SE striking normal faults centered at 9°S; 108°W and 11°S; 108°W, named

Fault 2 and Fault 3, respectively (Figure 5);

- One NW-SE striking normal fault extending from 20°S; 118°W to 15°S; 128°W (Figure

4b), in agreement with the interpretation given by Radebaugh et al. (2011).

Each of these structures are parallel to each other and have a dip direction of ~200°W (see Section
3.2.1 for the interpretation as normal faults). This phase’s surficial expressions have probably been
wiped out, for the most part, by the subsequent tectonic phase and the intense fluvial activity. Indeed,
we could identify its expressions mainly to the easternmost parts of SW Xanadu, where there are very

few fluvial features compared to its central and western parts (Figure la-b).
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2) More recent tectonic phase driven by large-scale transcurrent faulting (transtensional phase).

Its expressions are:

One north-south striking normal fault centered at 10°S; 110°W, named Fault 1 (Figure 5),

crosscutting both Fault 2 and Fault 3, which confirms its younger age;

One or more north-south striking normal faults (inferred), located in an area around ~10°S;
142°W to ~3°S; 138°W (Figure 3). Distinct fault planes cannot be directly identified, as
the surface is intensely reworked and masked by fluvial activity. Nevertheless, the
observed, marked elevation drops are limited to a relatively small area and occur along

sharp east-dipping slopes, suggesting the occurrence of normal faulting;

Three aligned structures (Mithrim Montes) located around 2°S; 127°W (Figure 4c). These
are interpreted in literature (Mitri et al., 2010; Radebaugh et al., 2016) as long-wavelength
folds formed by compressional tectonics. In absence of additional topographic data

(DTMs) on the relevant location, we reckon these structures as being compression related:;

Several E-W, NW-SE and SW-NE small-scale strike-slip faults distributed all over central
SW Xanadu (Figure 4a). The local fluvial network has imposed on these pre-existing
features, as evidenced by several abrupt changes in the fluvial valleys’ directions, resulting

in a rectangular-type drainage pattern.

All the surficial expressions of the second tectonic phase are shown in a conceptual model in Figure
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Figure 6. Top) Sketched representation of the tectonic setting at southwestern Xanadu. To the west,
SW Xanadu is bordered by the Shangri-La dune field. Close to the transition between these two
regions, we inferred the presence of one or more normal faults (which are therefore hypothetical and
are marked here as dashed red lines). To the north, some compressional structures were identified,
which were already known in literature as “Mithrim Montes”. To the east, a normal fault was
identified (Fault 1, marked as a solid red line). Overall, this tectonic setting results in a horst-and-
graben or half-graben structure. Central SW Xanadu represents the graben, characterized by a fluvial
network imposing on pre-existing linear features, which are interpreted as strike-slip faults.

Bottom) Corresponding topographic profile based on data of three different DTMs (vertical error
range: = 100 m), with its location on Titan’s SAR mosaic as shown in Figure 3. The sudden breaks
of the profile are due to non-available DTM data in the corresponding locations. SW Xanadu’s
westernmost part is separated from the Shangri-La dune field to the west by elevation drops, along
east-dipping slopes, followed by topographic highs. These marked elevation drops are interpreted as

being due to normal faulting, which is not directly observed but appears evident from topographic
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profiles (see also Figure 3). The high relief in the western part of SW Xanadu might as well represent
a topographic barrier for the Shangri-La dunes, which stop abruptly at this boundary. To the east of
central SW Xanadu, the identification of a continuous, west-dipping plane, characterized by a nearly
constant dip angle (Figure 5) led to interpret it as a large-scale tectonic structure, specifically a normal

fault (termed Fault 1).

The theoretical structural model proposed (Figure 7) combines all the surficial expressions of the
aforementioned second tectonic phase (considered as being the last active one in this area). Generally,
in a transtensional setting the master fault is a large-scale transcurrent structure (see Section 1), whose
main stresses can be divided into their compressional and extensional components (Fossen et al.,
1994; Petit, 1987). In the case of SW Xanadu, the extensional component should have been more
intense as it generated large-scale and well-developed structures compared to those related to
compressional stresses. Thus, such stress field generated a tectonic depression in its central portions,
specifically termed pull-apart basin (Mann et al., 1983). The smaller-scale strike-slip faults
characterizing central SW Xanadu would have been formed in this setting as well, as synthetic and
antithetic Riedel structures to the transcurrent master fault (Fossen et al., 1994, Petit, 1987). It must
be noticed that we did not directly observe said master fault, as it should be a regional-scale structure
located outside of the mapped area, yet its direction (roughly SW-NE) was inferred by analyzing the
angular relationships of SW Xanadu’s aforementioned structures, as identified through
geomorphological and topographical analysis. We could not locate one of the compressional
structures hypothesized in the structural model, which predicts symmetrical thrust faulting on both
sides of the strain ellipse. Evidences of thrust faulting were in fact identified just to the north of the
mapped area (Mithrim Montes; around 2°S; 127°W) while not to the south. Anyhow, this is probably
due to the absence of topographic data and lack of SAR images in the southern parts of the mapped

area.
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Such transtensional structural model is in agreement with Titan’s global radial contraction through
volume decrease predicted in Mitri et al. (2010), considering SW Xanadu’s master transcurrent fault
as being related to other potential structures with similar kinematic around equatorial latitudes: if the
ice shell has lateral thickness variations (thinner in the polar regions), then the radial contraction of
Titan, when coupled with rotational spin-up, generates a global N-S directed stress field (Cook-Hallett
et al., 2015; Melosh, 1977; Mitri et al., 2010). In this setting, large-scale NE-SW or NW-SE

transcurrent faulting would be likely to occur, within 30° of the equator (Cook-Hallett et al., 2015).
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Figure 7. SW Xanadu’s theoretical structural model at a regional scale. Strain ellipses are displayed
in light yellow. Riedel structures, formed following transtensional kinematic criteria driven by large-
scale transcurrent faulting, are shown in black. All of SW Xanadu’s features described in the text are

located within the strain ellipses.

We conclude that central SW Xanadu is a depression formed by transtensional tectonic activity, i.e.,
it is a pull-apart basin, bordered to the west and east by large-scale normal faulting and to the north
and (probably) south by thrust faulting of lesser relevance. Such pull-apart basin is characterized by
strike-slip faulting within it, on which a fluvial network has subsequently imposed. This model may
explain how SW Xanadu has lower elevations compared to its surroundings, while still being a

topographically rugged region.
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