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The Cassini RADAR mapper has imaged elevated mountain ridge belts on Titan with a linear-to-arcuate
morphology indicative of a tectonic origin. Systematic geomorphologic mapping of the ridges in Synthetic
Aperture RADAR (SAR) images reveals that the orientation of ridges is globally E–W and the ridges are
more common near the equator than the poles. Comparison with a global topographic map reveals the
equatorial ridges are found to lie preferentially at higher-than-average elevations. We conclude the most
reasonable formation scenario for Titan’s ridges is that contractional tectonism built the ridges and thick-
ened the icy lithosphere near the equator, causing regional uplift. The combination of global and regional
tectonic events, likely contractional in nature, followed by erosion, aeolian activity, and enhanced sedi-
mentation at mid-to-high latitudes, would have led to regional infilling and perhaps covering of some
mountain features, thus shaping Titan’s tectonic landforms and surface morphology into what we see
today.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

The Cassini spacecraft’s 2.17 cm RADAR instrument has
revealed that Titan has diverse geological processes, in many ways
like Earth (Elachi et al., 2005; Lopes et al., 2010a). These include
aeolian (Lorenz et al., 2006; Radebaugh et al., 2008, 2010; Savage
et al., 2014), fluvial (Lorenz et al., 2008; Burr et al., 2009, 2013;
Langhans et al., 2012), lacustrine (Stofan et al., 2007; Hayes et al.,
2008; Lorenz et al., 2014), cryovolcanic (Lopes et al., 2007, 2013),
and tectonic processes (Radebaugh et al., 2007, 2011;
Solomonidou et al., 2013). These processes have formed and
shaped ubiquitous, Earth-like surface features on Titan. The fea-
tures that are RADAR bright as seen by Cassini’s Synthetic Aperture
RADAR (SAR) with relatively high topography have been called
mountains (Radebaugh et al., 2007; Barnes et al., 2007; Mitri
et al., 2010) and hummocky terrains (Lopes et al., 2010a). Some
mountainous areas, in particular mountain ridge belts that are long
and curvilinear in morphology, have been interpreted to be related
to tectonic processes (Radebaugh et al., 2007, 2011; Mitri et al.,
2010; Paganelli et al., 2010; Solomonidou et al., 2013; Liu et al.,
this issue). Possible tectonic landforms can be examined in geo-
morphological and structural mapping through analysis of the
highest-resolution (350 m/pixel) Cassini SAR images, obtained
beginning in 2004 (Elachi et al., 2005). These images can be used
to determine the origin of the mountains, as contractional fold
and thrust belts, normal or reverse faults.

Analyzing topographic data and undertaking global mapping of
surface features are the keys to testing a possible tectonic contri-
bution to shaping Titan’s surface (Moore and Pappalardo, 2011).
Although few researchers have undertaken geomorphologic map-
ping of Titan’s mountain ridges (Paganelli et al., 2010; Moore
et al., 2014; Cook-Hallett et al., 2015), no previous work has
focused on the quantitative analysis of ridge structure, orientation,
and distribution at the global scale. In addition, the driving forces
of tectonism and the tectonic evolutionary history of Titan remain
unclear. Thus, the purpose of this study is to: (1) analyze the distri-
bution and orientation of mountain ridges to reveal their global
tectonic pattern, and (2) explore the correlations between ridges
and their regional elevations (Lorenz et al., 2013) and (3) consider
the implication of these mountains for Titan’s surface evolution
history. In this paper, we first discuss current understanding of
geological process related to Titan’s mountains. Then, we describe
our global structural mapping procedure on SAR images and pre-
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sent the results of ridge distribution and orientation. Finally, the
distribution of ridge elevations are evaluated and tested
statistically.
2. Geological background

2.1. Titan’s interior structure

To be able to generate the observed mountain ridge belts
through tectonism, sufficient internal energy is required to pro-
duce solid-state convection within the ice shell. This is believed
to occur, in the stagnant lid regime (Tobie et al., 2006; Mitri and
Showman, 2008). Furthermore, measurement of the tidal Love
number k2 reveals a relatively large response of the gravity field
to the tidal field of Saturn, indicating the presence of a subsurface
ocean (Iess et al., 2012). The onset of convection depends mainly
on the rheology of the water ice and the composition of subsurface
ocean. Mitri and Showman (2008) demonstrated that for the
expected heat flux from the interior, thermal convection in the
ice shell of Titan could cause repeated episodes of extensional
and compressional tectonism. However, Titan’s tectonics may
alternatively be driven by tidal forces and the change of the satel-
lite’s figure through the mechanisms of internal cooling and rota-
tional and orbital evolution (e.g., despinning, polar wander)
without requiring a high heat flux produced in the interior
(Collins et al., 2009; Moore and Pappalardo, 2011). Mitri et al.
(2010) developed a thermal model of Titan’s interior showing that
Titan probably experienced global contraction during its secular
cooling, which can produce tectonic features on the surface.

Titan’s relatively low moment of inertia (MoI � 0.34) measured
by the Cassini spacecraft (Iess et al., 2010) indicates that Titan’s
interior may be only partially differentiated. This would indicate
that Titan hasn’t undergone strong internal heating. Nimmo and
Bills (2010) established a model for Titan’s long-wavelength topog-
raphy consistent with the observed tidal Love number and
moment of inertia (Zebker et al., 2009); they suggest that Titan’s
ice shell has thickness of �100 km and is conductive today, signif-
icantly limiting the amount of present-day geological activity
expected. In addition, the strong inverse correlation between grav-
ity and topography at long wavelengths led. Hemingway et al.
(2013) to conclude Titan’s ice shell is rigid and that relatively small
topographic features on the surface are associated with large roots
extending into the underlying ocean. They suggest that Titan’s geo-
logical activity is limited at present day and Titan may be even less
centrally condensed than previously thought. However, O’Rourke
and Stevenson (2014) found that thermal convection couldn’t real-
istically remove all of Titan’s radiogenic heating to present day, so
a partially differentiated Titan is unstable over geologic time. They
concluded that Titan must be internally differentiated, and the dis-
crepancy in the MoI could be explained by Titan having a mantle of
serpentinized (hydrated) rock. Moreover, Baland et al. (2014)
demonstrated that the measured obliquity of Titan (Stiles et al.,
2008) indicates a higher degree of internal differentiation than
expected from the moment of inertia inferred by the quadruple
moment of the gravity field measurement (Iess et al., 2010). In
sum, the hypotheses related to Titan’s internal structure, crustal
thickness, the degree of differentiation, and thermal evolution
are still debated. Thus, an analysis of their structural and geo-
graphic patterns would help us understand Titan’s evolutionary
and geological history.
2.2. Titan’s mountains

Titan’s mountains have a variety of morphologies, described by
four general categories: (1) ridges: chains of hills with elongate,
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curvilinear/linear crests that are higher than the surrounding areas
(Fig. 1a). In many regions, ridges occur in parallel groups; we call
these ridge belts. (2) Isolated blocks: elevated blocks with rough,
SAR-bright surfaces that are generally isolated (Fig. 1b). (3) Rugged
or crenulated terrains: rough mountains that have likely experi-
enced erosion and have hummocky morphologies, wherein multi-
ple adjacent peaks extend across vast regions (Fig. 1c). The
crenulated nature observed in SAR is likely from the great relative
elevations of these features, typically at least several hundred
meters (Fig. 1c). Moore et al. (2014, 2015) pointed out that crenu-
lated terrain generally occurs in closely spaced discrete patches,
often with significant linear elongation that might be associated
with tectonic deformation. Rugged and crenulated terrains are
mainly located in the Xanadu region (centered at 5�S, 100�W)
(Lopes et al., 2010a; Radebaugh et al., 2011; Moore et al., 2014),
the first surface feature of Titan seen from Earth (Lemmon et al.,
1993; Smith et al., 1996). Xanadu stands out globally as a bright
feature on Titan’s leading hemisphere and this brightness is the
result of either compositional or textural differences in this region
compared with other areas on Titan (Radebaugh et al., 2011;
Langhans et al., 2013; Janssen et al., 2009, this issue). The last mor-
phological category is (4) massifs: compact groups of mountainous
peaks with rough, SAR-bright surfaces (Fig. 1d).

Note that Cassini RADAR altimetry, SARTopo (absolute topogra-
phy with respect to the 2575 km radius sphere obtained from over-
lapping SAR images; Stiles et al., 2009) (Fig. 1), stereo DTM (digital
terrain model) (Kirk et al., 2013), and radarclinometry data
(Radebaugh et al., 2007; Liu et al., 2011) show that radar-bright
mountains generally have a positive relief of several hundreds
meters (Mitri et al., 2010; Kirk et al., 2013). Impact craters are also
SAR bright (Fig. 1e) but have highly curved, rugged rims in contrast
with the broad, open curvilinear shapes of ridges and ridge belts.
Based on this difference in morphology, one can distinguish impact
craters from mountainous terrains on Titan. There are only a few
named impact craters, far fewer than would be expected compared
to other bodies in the Solar System (Lorenz et al., 2007;Wood et al.,
2010; Neish and Lorenz, 2012). The scarcity of impact craters,
likely due to resurfacing inclusive of erosion and deposition or for-
mation in marine environments (Neish and Lorenz, 2014), indi-
cates that Titan’s surface is very young, on the order of a few
hundred million years old (Wood et al., 2010; Neish and Lorenz,
2012; Neish et al., this issue).

2.3. Degradation of Titan’s surface

Degradation through erosion by methane rainfall plays an
important role in altering Titan’s surface landscapes (Collins,
2005; Burr et al., 2006; Perron et al., 2006), including mountains
(Radebaugh et al., 2007). In addition, Cassini’s Imaging Science
Subsystem (ISS) has shown evidence that seasonal precipitation
(e.g., methane rainfall) has facilitated erosion on Titan’s surface
(Turtle et al., 2011a, 2011b). Thus, interpreting the morphology
of mountains must include the consideration of the effects of
erosion.

The extent of erosion on Titan is not precisely known, but
experimental work and observations suggest erosion rates some-
what slower than those on Earth. Collins (2005) originally sug-
gested that the erosion rates on Titan were similar to those on
Earth, even when the different materials and gravitation accelera-
tions were taken into consideration. More recent work (e.g., Collins
et al., 2011), however, suggests that the erosion rates are slower on
Titan, perhaps by up to an order of magnitude. This experimental
work is supported by observations of the degradation states of
Titan’s coastlines and impact craters (Black et al., 2012; Tewelde
et al., 2013; Neish et al., this issue). Black et al. (2012) undertook
a quantitative analysis of the shape of drainage networks on Titan,
l structural mapping from Cassini RADAR. Icarus (2015), http://dx.doi.org/
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Fig. 1. Cassini Synthetic Aperture RADAR (SAR) images of mountainous surface features on Titan (first column of images) along with an annotated version and SAR
topographic profiles (second column of images). The SARTopo technique obtains absolute topography with respect to the 2575 km radius sphere from overlapping SAR
images (Stiles et al., 2009). White arrows indicate the highest elevations within ridge region along a SARTopo track. (a) The SAR T61 flyby swath (209�W, 4�S) shows long,
SAR-bright curvilinear, multilobate ridges. SAR-dark, narrow, linear features are aeolian dunes. Dunes stop at the margins of the elevated ridge regions. Eroded debris and
sediment may have accumulated between the ridges. (b) SAR T8 flyby swath (260�W, 8�S) shows multiple isolated, elevated blocks within the dune-rich area. Dunes diverge
around these elevated SAR-bright blocks. (c) Rugged/crenulated ridges and eroded highlands from the SAR flyby T13 swath (100�W, 10�S). The rugged morphology is different
from (a) and consists of a multitude of small hills across a broad region. The curvilinear, multilobate shapes of these rugged ridges is still recognizable even with the eroded
morphology (d) T23 radar swatch shows a massif in the mid-latitude blandlands (14�W, 33�N), a compact group of mountains with rough, SAR-bright surfaces. SARTopo
profile shows these features have higher elevation than the surrounding blandlands. (e) SAR T16 swath (142�W, 24�N) demonstrates how the highly curved morphology of a
rugged ring of mountains on an impact crater rim differs from that of the more gently curved linear ridges in (a). Image courtesy of NASA/Cassini, north in all images is up.
SARTopo profiles verify our identification of the area as elevated ridges.
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the results of which show spatially averaged fluvial erosion of 0.4–
9% of the initial topographic relief. Tewelde et al. (2013) analyzed
the sinuosity of polar lake shorelines and concluded the erosion
ranges from 4% to 31% of the initial relief. Neish et al. (2013) found
that craters can be eroded by as much as 80% of their original
height, and Neish et al. (this issue) found that the erosion rate must
be <2 � 10�6 m/yr to retain degraded but recognizable craters in
the equatorial regions, for a surface age of �500 Myr.

The amount of erosion of mountains on Titan is unknown, as it
depends on the age and original height of the mountain. But if they
are of similar age to the impact craters on Titan’s surface, they may
be eroded by several hundred meters (Neish et al., 2013;
Hemingway et al., 2013). In sum, these studies imply that fluvial
erosion is not capable of completely eliminating craters or moun-
tain ridges in most regions on Titan, though slightly higher erosion
rates may erase craters in Titan’s polar regions (Neish et al., this
issue). In addition, ridges on Titan have likely still preserved their
original trend and orientation, even in the face of erosion. Further-
more, recent studies on the degradation of impact craters (Neish
et al., 2013; Schurmeier and Dombard, 2015; Neish et al., this
issue) suggest aeolian infill is the main cause of the shallowness
of Titan’s craters, although some amount of viscous relaxation
and fluvial modification (Neish et al., this issue) may have con-
tributed to their modification. Aeolian sedimentation of Titan’s
equatorial ridges is not capable of altering the ridge’s original trend
and orientation. Thus, regardless of the erosional processes on
Titan, mapping observed trends and morphologies of ridges can
reveal aspects of their structural pattern.
3. Global structural mapping

3.1. Cassini SAR images

Cassini SAR images are obtained in swaths as narrow as 150 km
wide and a few thousand kilometers long. The resolution of each
pixel is related to the flyby trajectory, with best resolutions close
to 350 m/pixel. To date, SAR images cover nearly 60% of Titan’s sur-
face. The resolution of Cassini SAR images is sufficient to map
many curvilinear ridges and lineaments. The elevation data, how-
ever, are sparse in both RADAR altimetric and SARTopo data
(Stiles et al., 2009; Lorenz et al., 2013). The SAR images we used
here for structural mapping are from Titan flybys Ta to T84, those
obtained from October 2004 to June 2012. Recent Cassini Titan fly-
bys (T92–T95) were dedicated to monitoring its polar lakes and the
transient features in Ligeia Mare (Hofgartner et al., 2014). Thus,
they were obtained as strips from the polar regions to low lati-
tudes, meaning the surface coverage of mountain belt regions did
not increase significantly as a result.
3.2. Mapping with SAR images

The SAR images used to characterize Titan’s surface morpholo-
gies have brightness variations that represent normalized micro-
wave energy backscattered from the surface. SAR brightness is a
function of surface slope, dielectric properties, roughness, and
the amount of volume scattering (Campbell, 2002; Stofan et al.,
2011). Since there are significant differences between microwave
and more familiar optical wavelengths of imaging, caution should
be exercised when using SAR images to map and interpret surface
features.

The SAR images are obtained using a side-looking geometry.
The angle at which the SAR images the target as measured from
spacecraft nadir is called the look angle, hl. At the target, local
undulations combined with the look angle create the local inci-
dence angle, hi. Because of planetary curvature, the look angle does
Please cite this article in press as: Liu, Z.-Y.C., et al. The tectonics of Titan: Globa
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not equal the local incidence angle, an effect particularly severe for
Titan due to the relatively large altitude at which imaging is per-
formed. Based on Ford and Plaut (1993), the local incidence angle
is:

hi ¼ sin�1 r þ H
r

sin hl

� �
ð1Þ

where r is the radius of Titan (r = 2576 km) and H is the altitude of
the Cassini spacecraft. Normally, for the Cassini Titan flyby data, H is
about 1000–4000 km (Stiles et al., 2009) and the desired incidence
angle is between 10� and 35� (Kirk et al., 2006), which makes the
look angle relatively small (Ford and Plaut, 1993) typically ranging
from 7� to 26�. Imaging radars with small look angles, such as Cas-
sini SAR, enhance the topography at the expense of surface rough-
ness information. In our structural mapping, we are more
interested in topographic relief than roughness; thus, Cassini SAR
images are good tools for locating and analyzing mountain ridges.
The orientation of linear features relative to the SAR look direction
(or azimuth) also controls the visibility of the features (Ford and
Plaut, 1993) and may affect the apparent orientation of some ridges.
Where the illumination is parallel to the features, there is little
enhancement of the features. Where the illumination is normal to
the features, topographic variations stand out. Before mapping the
location and orientation of surface features, we compared multiple
SAR images of the same location (when possible) to decrease the
effect of illumination direction on our interpretation of ridge orien-
tations. For the current available SAR images, about 30% of the ridge
locations have more than one SAR image.

3.3. Mapping method

The geological mapping of tectonic structures can be used to
interpret the types and sources of stress related to their formation
(Thomas, 1988; Tanaka et al., 2010). Structural mapping enables us
to determine Titan ridge origins by revealing global tectonic pat-
tern and key morphologies. In this study, we mapped the distribu-
tion, length, and orientation of SAR-bright ridges by tracing ridge
crests (Fig. 2) as lineaments in ESRI’s ArcGIS. The SAR-bright ridges
we mapped are features that are topographically high and rugged,
exhibiting evidence of topographic shading (Fig. 1) (Radebaugh
et al., 2007; Mitri et al., 2010; Kirk et al., 2013). We mapped the
ridges in the equatorial and mid-latitude regions (60�N–60�S)
using a modified version of the USGS Titan ArcGIS project with a
geographic projection. For the surface features in the polar regions
(60�N–90�N; 60�S–90�S), we mapped ridges on a polar projection.
All features were identified in the SAR images as ridges where SAR-
bright materials are paired with SAR-dark, which we interpret is
along the crest of the ridge. These features were mapped in ArcGIS
as a shapefile with a polyline in ArcMap that contains direction
(azimuth) and length of the landform. Each feature was mapped
using ArcMap embedded COGO (managing coverage and coordi-
nate geometry) tools. COGO incorporates accurate coordinate
geometry to create objects in ArcMap and to account for the distor-
tions caused by the different projections. The lengths and azimuths
of the mapped features are used to make rose diagrams to evaluate
ridge orientation and distribution.
4. Results

4.1. Ridge morphologic types

We identified three types of mountainous ridges based on the
length, segmentation, and degree of dissection (Fig. 2). We classi-
fied ridges longer than 100 km as ‘long and continuous’ ridges
(red symbols) (Fig. 2a). Ridges shorter than 100 km were classified
l structural mapping from Cassini RADAR. Icarus (2015), http://dx.doi.org/
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Fig. 2. The classification for three classes of mapped features and their symbols are shown. First column images are Cassini SAR; second column images contain the
interpretive version showing mapped units. The SAR image mosaic shows examples of (a) the long/continuous ridges (red lines; class 1) in the equatorial region, (b) the short/
segmented ridges (purple lines; class 2) in the equatorial region and (c) in the mid-latitude region (blandlands), (d) the dissected/crenulated ridges (yellow lines; class 3) in
the Xanadu region and in the (e) polar region. The detailed discussion is in Section 4.1. SAR image mosaic is courtesy of NASA/Cassini. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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as ‘short and segmented’ ridges (purple) (Fig. 2b and c). Rugged
ridges consisted of elongate masses of hummocks forming a ridge
with a dissected morphology were classified as ‘dissected and
crenulated” ridges (yellow) (Fig. 2d and e). The three ridge groups
in our mapping are described in the following sections. Note that
we focused on mapping continuous to discontinuous mountain
ridges, leaving aside the isolated, radar-bright blocks.

4.1.1. Long and continuous ridges (class 1)
Long and continuous ridges are elongate, elevated, SAR-bright

features with curvilinear margins. In many regions, a series of par-
allel ridges forms a ridge belt (Fig. 2a). (In contrast, SAR-black lin-
ear features are sand dunes, which curve around obstacles, stop at
the margins of higher elevation landforms, and branch and then
merge around ridges.) A set of large, continuous ridges longer than
100 km (207�W, 4�S) in a ridge belt west of the Huygens landing
site (Fig. 2a), serves as a type locale for this class of ridges. Their
curvilinear morphology is comparable to the Yakima Fold Belt in
Washington, USA (see the discussion in Section 5.1). The heights
of the ridges are few hundred to 1000 m based on SAR topographic
profiles (Stiles et al., 2009), with a few slightly higher peak eleva-
tions based on radarclinometry (Radebaugh et al., 2007; Liu et al.,
2011). These ridges found in Cassini flybys T8 and T61 have closely
paired bright and dark areas, indicative of radar illumination across
a sharp topographic boundary, which have curvilinear margins and
can be found in parallel groups of ridges. Each mapped line repre-
sents the trend of a single continuous ridge longer than 100 km.
Each red line represents a single ridge crest longer than 100 km.

4.1.2. Short and segmented ridges (class 2)
Ridges shorter than 100 km are much more common than the

long continuous ridges just described. Typically they form parts
of much longer trends but are broken by gaps of several kilometers.
Type examples of these segmented ridges lie north of the Huygens
landing site (202�W, 2�S) (Fig. 2b). Segmented ridges can also be
found in mid-latitude ‘blandlands’ region (or undifferentiated
plains unit) (Lopes et al., 2010a, 2013, submitted for publication)
(Fig. 2c). Based on the continuous trend and morphology, these
segmented ridges likely used to connect to each other as longer
ridges but they have been dissected by fluvial erosional processes
and perhaps subsequently buried by aeolian processes, resulting
in the current, segmented morphologies. Due to their geomorpho-
logical difference from class 1 ridges, here we map the multiple
segmented ridge crest using a purple line (Fig. 2b and c). Each seg-
ment must be shorter than 100 km to be included in this class;
gaps between adjacent segments are as small as 1 km. Compared
with the longer ridges of class 1, the class 2 segmented ridges
are more common and are distributed all across Titan, while the
continuous class 1 ridges are only found in the equatorial regions.

4.1.3. Dissected and crenulated ridges (class 3)
The Xanadu region (centered at 5�S 100�W) is heavily eroded by

fluvial channels and contains dry basins filled with smooth, SAR-
dark material, perhaps sediments from past lakes (Radebaugh
et al., 2011; Fig. 2d). Xanadu’s impact crater density is the highest
on Titan, and it is believed to be the oldest province on the satellite
(Wood et al., 2010; Radebaugh et al., 2011). Mountains in Xanadu
have multiple, adjacent, mountain peaks scattered across the ter-
rain to create a rugged, dissected, and crenulated landscape
(Radebaugh et al., 2011; Langhans et al., 2013; Moore et al.,
2014). Many isolated or semi-isolated mountains form linear or
arcuate, ridge-like patterns. Ridge relief within Xanadu reaches
over 2000 m (Radebaugh et al., 2011), yet the overall elevation of
Xanadu is low compared to surrounding sand seas (Radebaugh
et al., 2011; Lorenz et al., 2013). Even with the complexity of the
morphologic features in Xanadu, the trends of arcuate and aligned
Please cite this article in press as: Liu, Z.-Y.C., et al. The tectonics of Titan: Globa
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mountain ridges are still recognizable at Cassini SAR resolution. In
Fig. 2d, multiple rugged and arcuate ridges are mapped as ‘dis-
sected and crenulated’, using a yellow line. Outside the Xanadu
province, rugged ridges can also be found at (75�W 50�N) and in
a few places in the polar regions (Fig. 2e).

4.2. Differences from previous mapping works

Several previous studies have mapped and classified surface
features on Titan (e.g., Lopes et al., 2010a, 2010b; Moore et al.,
2014) and a few specifically focus on elevated mountainous fea-
tures (e.g. Paganelli et al., 2010; Cook-Hallett et al., 2015). The
recent work of Cook-Hallett et al. (2015) produced similar global
mapping of mountains and hills but embraced a different morpho-
logic classification system and mapping method than this study.
The classifications of mountains used in Cook-Hallett et al.
(2015) are mountain chains, hills, and Xanadu mountains. Moun-
tain chains are identified in Cassini RADAR by a bright-dark pair-
ing, similar to our class 1 ridges (long and continuous) while hills
form teardrop shapes within the dunes, displaying nonlinear, mar-
bleized variegation of bright-dark pairing (Cook-Hallett et al.,
2015). Xanadu mountains are defined by the rugged terrains in
the Xanadu region, which are similar to our class 3 ridges (dis-
sected and crenulated). However, in our mapping we show that
rugged ridges can also be found in other regions on Titan (as dis-
cussed in Section 4.1.3). Moreover, a set of class 1 equatorial ridges
(207�W, 4�S) with curvilinear morphology identified in our map-
ping (see Section 4.1.1) was classified as hills in Cook-Hallett
et al. (2015).

Cook-Hallett et al. (2015) mapped mountain units as polygons
that incorporated all of the mountain mass, while we focused on
polylines along the ridge crests. They developed an algorithm to
determine the orientation of the mapped polygon units based on
the polygon long axis, while our mapping of ridge lineaments
focuses on the structural aspects of the mountains (e.g., Tanaka
et al., 2010; Watters et al., 2009; Byrne et al., 2014; Klimczak
et al., 2015).

4.3. Global structural map

A global structural map, showing ridge orientations mapped on
SAR swaths, is presented in Fig. 3. The mapped units are limited to
locations where there is SAR coverage, so there are likely many
ridges that remain unobserved outside of the swath boundaries.
A total length of 85,388 km of ridge features of all types were iden-
tified and mapped. The pattern of E–W orientation is obvious glob-
ally, both at equatorial and polar regions. The continuous
(length > 100 km) ridges (red) are mainly located in the equatorial
regions and the dissected/crenulated ridges (yellow) are mainly in
the Xanadu province. Since the mapped features contain informa-
tion on direction (azimuth) and length, we use these parameters to
analyze the distribution of the structures and to examine the tec-
tonic pattern in rose diagrams.

4.4. Ridge distribution and orientation

To analyze the distribution of the mapped ridges, we set up a
numeric indicator, the ridge density (RD):

RD ¼ L
A

ð2Þ

where L is total mapped ridge structure length and A is the SAR
coverage area. The unit of RD is 100 km�1. A high RD means there
are more mapped structures or ridges per unit area. We divide
Titan’s surface into six 30� latitude bands: (1) North Pole (NP):
90�N–60�N, (2) North Mid-latitude (NM): 60�N–30�N, (3) North
l structural mapping from Cassini RADAR. Icarus (2015), http://dx.doi.org/
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Fig. 3. (a) Global structural map of Titan with Cassini SAR images overlain on a background image from the Cassini Visual and Infrared Mapping Spectrometer (VIMS). (b)
Titan structural map with Cassini SAR footprint background. Each line is a traced strike of an individual ridge (see the discussion in Sections 3.3 and 4.3). The Xanadu region is
outlined by a gray dashed line. Basemap courtesy NASA/JPL/USGS. The VIMS image represents real color information with red assigned to 2.7 lm, green to 2.0 lm, and blue to
1.3 lm (Brown et al., 2004). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Equatorial (NE): 30�N–0�, (4) South Equatorial (SE): 0–30�S, (5)
South Mid-latitude (SM): 30�S–60�S, (6) South Pole (SP): 60�S–
90�S. The ridge density (RD) and related values within the six lat-
itude bands are listed in Table 1. The highest RD measured is in the
south equatorial (SE) region between 0�S and 30�S (RD = 0.33) and
the RD of the north equatorial (NE) and south mid-latitude (SM)
(RD = 0.18, 0.19 respectively) regions are generally larger than at
the poles.

Ridge orientations, which are length-weighted by dividing seg-
ments of constant orientation into 1 km intervals, are plotted in
30� latitude interval bands as rose diagrams (Fig. 4). The dominant
Please cite this article in press as: Liu, Z.-Y.C., et al. The tectonics of Titan: Globa
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orientation of ridges in both equatorial and polar regions is E–W.
Note that comparing our results with the mapping results of
Cook-Hallett et al. (2015), both studies reveal a tectonic pattern
of E–W oriented ridges within 30� of the equator. Because of differ-
ent mapping methods (as discussed in Section 4.2), Cook-Hallett
et al. (2015) also found a tectonic pattern of E–W oriented ridges
within 30� of the equator but they concluded that the mountains
were oriented N–S between 60� latitude and the poles, while we
found a tectonic pattern of E–W globally. Consequently, this dis-
crepancy leads to different conclusions regarding the mechanisms
responsible for tectonism on Titan (see Section 5.2).
l structural mapping from Cassini RADAR. Icarus (2015), http://dx.doi.org/
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Table 1
Ridge density (RD) data of mapped tectonic features.

Region Latitude (�) Total SAR area (km2) SAR coverage (%) Total ridge length (km) Ridge density (RD) (100 km�1)

North Pole (NP) 60–90�N 3,868,779 69 3085 0.08
North Mid-lat (NM) 30–60�N 7,569,966 50 8662 0.11
North Equator (NE) 0–30�N 12,519,518 60 20,298 0.18
South Equator (SE) 0–30�S 11,453,532 55 37,357 0.33
South Mid-lat (SE) 30–60�S 6,114,171 40 11,399 0.19
South Pole (SP) 60–90�S 3,823,641 68 4587 0.12

Fig. 4. Lineament azimuth distributions weighted by length. Rose diagrams are plotted in six 30� latitude interval bands with length scales. N represents the total length (km)
of measured ridges within each 30� latitude region. (a) North Pole (NP): 90�N–60�N, (b) North Mid-latitude (NM): 60�N–30�N, (c) North Equatorial (NE): 30�N–0�, (d) South
Equatorial (SE): 0–30�S, (e) South Mid-latitude (SM): 30�S–60�S, (f) South Pole (SP): 60�S–90�S, (g) Xanadu: boundary defined in Fig. 4, and (h) All: all mapped ridges. E–W
dominant orientation can be seen with a more scattered trend between 30�N and 60�S (NE, SE, SM). Other regions (NP, NM, SP) show clearer E–W dominant orientation only.
See discussion in Sections 4.4 and 5.1.
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4.5. Elevation distribution

4.5.1. The elevation of Titan’s ridges
A global topographic map of Titan has been produced by Lorenz

et al. (2013), in which SARTopo (Stiles et al., 2009) and altimetry
Please cite this article in press as: Liu, Z.-Y.C., et al. The tectonics of Titan: Globa
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data were used to construct a global gridded 1 � 1� elevation
map (Fig. 3 in Lorenz et al., 2013; see Fig. 5 in this paper). Topo-
graphic data are sparse, and most of the map (90%) is based on ele-
vations interpolated between widely spaced data using a spline
algorithm. Elevations range from �1700 m to 520 m (below a
l structural mapping from Cassini RADAR. Icarus (2015), http://dx.doi.org/
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Fig. 5. (a) Titan’s ridges (black lines) plotted on a global topographic map (Lorenz et al., 2013). Elevation uncertainty is �100 m. The ridges are concentrated in
topographically high regions. Cassini SAR swaths are shown shaded. (b) Geoid subtracted topographic map of Titan (see Section 4.5).
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2575 km sphere). This global topographic map allows us to exam-
ine the correlation between elevation and ridge belts.

We overlay our structural map (Fig. 3) onto the topographic
map in Fig. 5a. All mapped structures are shown in black. The ten-
dency of most ridges to lie at higher elevation (red1) is apparent,
but large areas have poorly constrained elevations. To test this cor-
relation more rigorously, we sorted the ridges into elevation bins
1 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.
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of 100 m, ranging from �1500 m to 500 m, where the zero elevation
is the 2575 km radius sphere, and compared the ridge elevations
with a histogram of Titan’s global topography (Fig. 6a), following
the procedure of Neish and Lorenz (2014) who examined the eleva-
tion distribution of Titan’s impact craters. Iess et al. (2010) showed
that Titan’s gravity field is consistent with a hydrostatically relaxed
body shaped by tidal and rotational effects, making it slightly oblate.
Thus, it is necessary to subtract an oblate spheroid from the topog-
raphy to obtain the geopotential (Fig. 5b). The geopotential is com-
posed of the sum of the gravitational potential produced by the
monopole potential, the tidal potential due to Saturn, and the rota-
l structural mapping from Cassini RADAR. Icarus (2015), http://dx.doi.org/
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Fig. 6. (a) Histogram of Titan’s global topography (dashed line) separated into
100 m bins compared to the elevations of Titan’s ridges (solid line). (b) Histogram of
Titan’s geoid subtracted topography (dashed line) compared to the elevations of
Titan’s ridges. Note the tendency for ridges to lie at elevations greater than average
in both cases. Detailed discussion is in Section 4.5.1.
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tional potential (Iess et al., 2010). After subtracting the oblate spher-
oid defined in Iess et al. (2010), we again sorted the ridges into ele-
vation bins of 100 m in size (Fig. 6b). In both cases (global
topography and geoid subtracted topography), the histogram results
(Fig. 6a and b) show that the elevation of ridges is skewed toward
higher elevations with respect to Titan’s base level. The median ele-
vation of ridges is about 350 m higher than the median global eleva-
tion of Titan (Fig. 6a), and 250 m higher than the median geoid
subtracted elevation (Fig. 6b). This confirms our conclusion that
ridge belts preferentially lie at higher elevations.

To investigate this correlation, we used a Kolmogorov–Smirnov
test (KS test) which serves as goodness-of-fit technique and tests
whether two one-dimensional probability distributions differ
(Eadie et al., 1971). The KS test evaluates the statistic D, which
quantifies the difference between the cumulative distribution
function for Titan’s topography, Ft(x), and the cumulative distribu-
tion function for Titan’s ridge elevations, Fr(x), at elevation x:

D ¼ supxjFrðxÞ � FtðxÞj ð3Þ
where supx is the supremum (the least upper bound) of the set of
distributions. Here, the null hypothesis is that the elevations of
Titan’s ridges have been drawn at random from the distribution
function for Titan’s global topography. For the global topographic
data set (Fig. 6a), this hypothesis has a significance of D = 0.325,
and p value = 0.02 (p value is the distribution function of the KS
statistic). For the geoid subtracted topographic data set (Fig. 6b),
this hypothesis has a significance of D = 0.229, and p = 0.03. Thus,
the null hypothesis can be rejected with 98% and 97% confidence
for global topography and geoid subtracted topography, respec-
tively, supporting the conclusion that ridge belts lie at higher
elevations.

4.5.2. Latitudinal distributions of ridge elevations
Here we examine the latitudinal distribution of ridge elevations

to see if the ridges tend to lie at higher elevations at all latitudes or
only at specific latitudes. We split the map of Titan into six sepa-
rate latitude bands, similar to the bands chosen for ridge orienta-
tions, but each of equal area: (1) 90�N–42�N, (2) 42�N–19�N, (3)
19�N–0�, (4) 0–19�S, (5) 19�S–42�S, (6) 42�S–90�S. The purpose of
separating latitudes with equal area in this analysis is to avoid
the sampling bias caused by varying surface areas in equatorial
and polar regions. Then we performed the same analysis as for
the whole map (only global topography of Titan in Section 4.5.1)
to generate the histograms, on each of these six equal-area latitude
bands, comparing the global elevation in that region to the eleva-
tion of the ridges (Fig. 7a–f).

In the north pole (Fig. 7a), northern mid-latitude (Fig. 7b),
southern mid-latitude (Fig. 7c), and south polar regions (Fig. 7d),
it is apparent that the histograms of topography and ridge eleva-
tion are indistinguishable, meaning the ridges do not lie at broad
regions of higher elevations. In contrast, at the equatorial regions
(Fig. 7c and f), the distribution of ridges is skewed toward regions
of higher elevations. Notably, in Fig. 7f (0–19�S), the peak in num-
bers of ridges found at regions of lower elevation (�250 m) is likely
a result of the lower-elevation rugged Xanadu province. This anal-
ysis of latitudinal distributions of ridge elevations suggests that
ridges tend to lie at higher elevations at the equator but not in
the mid-latitudes or at the poles.
5. Discussion

5.1. The origin of Titan’s ridges

The analysis of ridge distribution (Section 4.4) suggests that the
ridges are concentrated at the equator rather than the poles. This
Please cite this article in press as: Liu, Z.-Y.C., et al. The tectonics of Titan: Globa
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implies that perhaps the ridges are formed preferably in the equa-
torial regions, or are preferentially preserved in equatorial regions.
In addition, rose diagrams (Fig. 4) show the dominant orientation
of ridges globally is E–W. This implies that systematic stress orien-
tations throughout Titan’s preserved surface history must have
formed the tectonic structures with a preferred orientation (E–
W) on Titan’s surface. The similarity of the dominant ridge orienta-
tion across Titan suggests the ridges formed by a common process,
where energy was concentrated and far-field stress orientations
were systematic and uniform (Lopes et al., 2010a; Collins et al.,
2009). However, in the three latitude bands around the equator,
from 30�N to 60�S, ridges have slightly more scattered trends that
can be seen in the rose diagrams (Fig. 4). This suggests that the
equatorial regions have experienced a more complex tectonic his-
tory, undergoing possibly more than one stress regime.

Moreover, the rose diagram for ridges in the Xanadu region
(Fig. 4) shows the same general deformation pattern as the other
equatorial regions. These similarities suggests that the ridges in
Xanadu formed under the same kinds of tectonic stresses, and per-
haps at the same time as the other equatorial tectonic features,
which is consistent with the proposed chronology of Titan’s evolu-
tion and Xanadu’s geologic history by Langhans et al. (2013).
Langhans et al. (2013) suggest Xanadu was more recently intensely
reworked and resurfaced by fluvial processes (also Radebaugh
et al., 2011; Burr et al., 2009). Thus, to understand the origin and
geological evolutionary history of the Xanadu province, more
detailed regional structural analyses and geodynamic modeling
are required.
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Fig. 7. Histograms of Titan’s global topography (dashed line) separated into 100 m bins compared to the elevation of Titan’s ridges (solid line) for each ‘equal’ latitude band:
(a) 90�N–42�N, (b) 42�N–19�N, (c) 19�N–0�, (d) 0�S–19�S, (e) 19�S–42�S and (f) 42�S–90�S. Only equatorial regions show the tendency of ridges to lie at high elevations. The
ridge peak in (c) is obvious. The ridge peak in (d) represents the lower-elevation Xanadu region. See discussion in Section 4.5.2.
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On Titan, most of the ridges show linear-to-arcuate traces in
plan view similar to the morphology of terrestrial fold-thrust belts,
such as the Yakima Fold Belts, in Washington, USA. The Yakima
Fold Belt is a series of anticlines formed by the horizontal shorten-
ing of flood basalt lavas that comprise the Columbia Plateau (e.g.,
Reidel, 1984). They have been compared with wrinkle ridges on
the Moon (Watters, 1988). Fig. 8 demonstrates the morphological
similarity (curvilinear traces and parallel groups of ridges) of
Titan’s equatorial ridge belts and the Yakima fold and thrust belts.
The Yakima fold-thrust belts are periodically spaced (Watters,
1987), which is likely due to slip along a series of thrust faults,
most of which are blind (Gerbault et al., 1999). These contractional
features can be observed in the equatorial ridge belts on Titan
Please cite this article in press as: Liu, Z.-Y.C., et al. The tectonics of Titan: Globa
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(Fig. 8). Moreover, the average surface slope of Titan’s equatorial
ridge belts obtained from SARTopo profiles is <2� (Liu et al., this
issue). Most average surface slopes of thrust faults and fold flanks
on terrestrial planets are commonly < 15� and the slopes of moun-
tains formed by normal faults (horsts) are commonly steeper
(>45�)—where unmodified by erosion and deposition. Radebaugh
et al. (2007) and Mitri et al. (2010) have previously proposed that
the equatorial ridges on Titan are likely fold and/or fold-and-thrust
belts based on morphologic and topographic analysis.

In sum, these observations all suggest that the ridges on Titan
are tectonic origin and the equatorial ridge belts are possibly
fold-and-thrust belts related to small amounts of horizontal short-
ening. Higher-resolution images and more detailed topographic
l structural mapping from Cassini RADAR. Icarus (2015), http://dx.doi.org/
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Fig. 8. The morphological similarity of Titan’s equatorial ridges (a) to the Yakima Fold Belt (b) inWashington, USA. The ridges in the portion of the Yakima Fold Belt shown are
the Yakima Ridge (YR), Umtanum Ridge (UR), Saddle Mountains (SM), and Rattlesnake Ridge (RR). The Yakima fold-thrusts are periodically spaced due to compressional
stress; the periodic spacing is also apparent in the ridge belts on Titan. The linear-to-arcuate multi-lobate morphology of Titan’s ridge belts and low surface slope also suggest
they are fold-and-thrust belts comparable to their terrestrial counterparts. See discussion in Section 5.1. SAR image mosaic in (a) is from T8, T61, and T43; courtesy of NASA/
Cassini. Image in (b) of Yakima Fold Belts courtesy of Google Earth terrain map.

Fig. 9. The global tectonic patterns predicted by Anderson’s theory for despinning, contraction, and expansion when the lithosphere is thinner at the equator, modified from
Beuthe (2010). Thrust faults, normal faults, and strike-slip faults are represented with solid lines, dashed lines, and conjugate dashed lines, respectively. Faulting preferably
developed where the lines are the thicker (bold lines). See Section 5.2 for detailed discussion.
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data would provide further tests for the origin of the ridges on
Titan, for example by locating faults or offset, though much of
Titan’s surface is covered in erosional debris.

5.2. Possible mechanisms to explain the global tectonic pattern

The morphological evidence from Cassini data suggests that the
ridges on Titan are likely folds and thrusts (as discussed in Sec-
tion 5.1); then Titan’s global tectonic pattern can be examined by
existing geophysical models as discussed below.

Mitri et al. (2010) constructed a global thermal model for con-
tractional tectonism from volume change resulting from internal
cooling, which built contractional folds on Titan. This model may
provide enough stress to form folds and thrusts on Titan, but does
not account for a global tectonic pattern. Furthermore, global vol-
ume contraction produces isotropic stress on the surface and
should not produce tectonic features with preferred orientations
on a global scale as we document. The global mountain and hills
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mapping of Cook-Hallett et al. (2015) revealed an E–W orientation
near the equator and a N–S orientation at higher and polar lati-
tudes. They interpreted the formation of ridges as due to either glo-
bal contraction with a contribution of spin, in agreement with the
previous hypothesis, or global expansion coupled with de-spinning
if combined with a latitudinal variation in thickness of the ice shell.
This model concluded the features could be produced by either
extensional or compressional tectonic activity.

Beuthe (2010) proposed global contraction that incorporated
thin, elastic shells with variable thickness due to latitudinal varia-
tion in solar insolation or localized tidal dissipation. He suggested a
thinner equatorial lithosphere at the time of global contraction
could transform the isotropic fault pattern caused by contraction
into a pattern of E–W striking faults at the equatorial region
(Fig. 9). He suggested that if contraction is added to despinning,
the despinning pattern first shifts to thrust faults striking N–S
and then to thrust faults striking E–W. If the lithosphere is initially
thinner at the poles, the tectonic pattern consists of normal faults
l structural mapping from Cassini RADAR. Icarus (2015), http://dx.doi.org/
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Table 2
Summary of the scenarios that could explain the observed orientation and elevation of ridges on Titan (see detailed discussion in Section 4.2).

Scenario Pros Cons

Global contraction � Capable of building ridges at higher elevation
� Predicts E–W orientation
� Predicts more ridges near the equator

� Global contraction would not build the ridges with observed E–W
orientation (Mitri et al., 2010)

Upwelling plume � Capable of building ridges at higher elevations � Ridges built by upwelling plume are extensional features, such as
rifts, broad topographic rise, shield volcanoes and radial features,
which are not seen on the surface of Titan (Kargel, 1995)

� Cryovolcanism is not prevalent on Titan

Global expansion � Predicts E–W orientation
� Predicts more ridges near the equator

� Global expansion would not build ridges at higher elevation

Fluvial erosion/sedimentation � Capable of eroding ridges at high latitudes � Fluvial erosion would not create observed orientation ridges

Aeolian infill � Capable of burying ridges at the lowlands � Most sand seas lie at equatorial highlands
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striking N–S (Fig. 9). Finally, Beuthe claims the tectonic pattern
caused by despinning only would produce strike-slip faults in the
equatorial region (Fig. 9).

Beuthe’s model of ‘contraction dominant’ without the despin-
ning component is consistent with the results of our structural
mapping, the analysis of rose diagrams and structure density.
However, there are two problems with application of Beuthe’s
model on Titan. First, although faults can be properly described
by elastic models by Beuthe (2010), folds and thrusts result in a
visco-elastic behavior. Second, recent investigations of the compar-
ison between the topography (shape) and gravity field by
Hemingway et al. (2013) and Mitri et al. (2014) showed that the
ice shell of Titan is likely thicker at the equator and thinner at
the polar regions, opposite to the latitudinal variations of ice shell
in Beuthe’s model. Therefore, future work with improved geody-
namic modeling is required to fully explain the observations.

5.3. Implications for tectonic evolution of Titan

The main conclusions of our study are: (1) ridges have an E–W
orientation globally, and (2) they preferentially lie at higher-than-
average elevations in the equatorial region. We explore several sce-
narios that could explain these correlations (Table 2).

Contraction is capable of building ridges at higher elevations
and thickening the lithosphere. In addition, contraction with large,
localized strain through volume change (Mitri et al., 2010) and/or
global contraction (Beuthe, 2010) on Titan is capable of generating
the elevated ridges striking E–W. Convective upwelling or plumes
are also capable of generating locations of higher elevations. On icy
satellites, convective plumes may allow melt to rise to the surface
and erupt to form cryovolcanoes (Kargel, 1995; Lopes et al.,
2010b). However, topographic ridges related to upwelling plumes
are typically extensional features, such as horsts and grabens, rifts,
broad topographic rises, and radial fractures which have not com-
monly been identified on Titan. In addition, the orientation of these
extensional features would be radial and would not have a consis-
tent global trend. Thus, upwelling plumes and cryovolcanism fail
to explain the observations. Global expansion of the ice shell
(Nimmo, 2004) is capable of building ridges striking E–W
(Beuthe, 2010) (Fig. 9). However, expansion due to volume change
would not build ridges at higher elevations. Instead, such tectonic
features would accumulate extension in a manner similar to mid-
ocean ridges on Earth (e.g., Prockter et al., 2002), which have not
been identified on Titan.

It is possible that Titan’s mountains were formed with a differ-
ent orientation, and were later altered by fluvial erosion, which is
known to create ridges between valleys as seen in the lowlands
near Titan’s poles (Barnes et al., 2007). Erosion can also alter an ini-
tially heavily cratered landscape, creating a plain with scattered,
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elevated blocks and crater rim remnants (Moore and Pappalardo,
2011; Moore et al., 2014; Neish et al., this issue). However, pure
fluvial erosion would not create ridges that are regionally and glob-
ally consistent, linear, with unidirectional or dual-directional ori-
entations, nor would it explain the location of ridges at higher
elevations. Similarly, fluvial sedimentation is capable of burying
ridges in the lowlands but sedimentation would not create ridges
with consistent E–W orientations, so this fails to explain the
observations.

As for aeolian erosion and sedimentation, summative wind
directions are thought to be westerly near the equator when the
greatest transportive/erosive strengths are found (Tokano, 2010;
Charnay et al., 2015), consistent with the orientations of ridges.
However, the ridges are globally oriented E–W even at mid-to-
high latitudes where winds are not expected to be as strong. Addi-
tionally, dune orientations appear consistent with the present-day
wind regime (e.g. Charnay et al., 2015), with the possible exception
of some features whichmay be still adjusting to the Croll–Milanko-
vich cycles in Titan’s climate (e.g. Hayes et al., 2012; Ewing et al.,
2015), a �50,000 year timescale, and Barnes et al. (2008) suggest
that the sand-free interdune regions imply active sand transport
today. Thus it seems evident that dune formation/maintenance is
presently active and is most likely more recent than ridge-
building everywhere on Titan. Moreover, there are equatorial loca-
tions where dune orientations differ up to tens of degrees from
mountain ridge orientations, so it is not likely that the wind
formed the ridges through purely erosive processes. That more
ridges are found near the equator, at high elevation, could be the
result of burial of a global population of ridges by aeolian sediment
at lower-elevation regions, which are mostly at mid-to-high lati-
tudes. Most sands lie in the equatorial highlands, where dune sed-
imentation is occurring (Radebaugh et al., 2008; Savage et al.,
2014), though an unknown amount of sand could also be present
at the mid-latitudes, transported by fluvial or aeolian processes
(Lopes et al., submitted for publication). Additionally, other sedi-
mentary processes may have acted to bury surface features, espe-
cially at the mid-latitudes (Lopes et al., submitted for publication).

Overall, the most reasonable interpretation for the formation of
ridges on Titan at regions of generally high elevations is that con-
tractional tectonism built the ridges and thickened the icy litho-
sphere, causing regional uplift. Other interpretations, such as
cryovolcanic rises, extensional tectonism, fluvial erosion, and aeo-
lian infill, fail to explain all of the observations.

In addition, the observation that ridges tend to lie at higher ele-
vations is only true near the equator. If ridges in both equatorial
and polar regions had a similar formation mechanism and both
stood at higher elevations when formed, this may imply that fluvial
erosion and sedimentation in the polar regions act to fill in the
lowlands and flatten the topography. This may explain why ridge
l structural mapping from Cassini RADAR. Icarus (2015), http://dx.doi.org/
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Fig. 10. Model for formation of Titan’s ridges and surface evolution. (a) The
schematic diagram shows that contraction built ridges at higher elevations. (b)
Fluvial erosion and deposition followed and filled in the lowlands at higher
elevations, which means the ridges lie at higher elevations at the equator only. (c)
Finally, the red line represents current, broadly averaged topography (individual
ridges are not included). Gray areas represent sediment; black triangles represent
ridges. Detailed discussion is in Section 5.3. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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elevations do not sit at higher-than-average elevations at the poles
(Fig. 7). Alternatively, the ridges could follow the same elevation
distribution in each latitude band, but still be biased to high eleva-
tions globally because there are more ridges at low latitudes where
the average elevation is greater.

Thus, all these observations would suggest a landscape evolu-
tion in which global contraction has built ridges striking domi-
nantly E–W, and more recently fluvial erosion and sedimentation
reduced the topographic differences by filling in the lowlands at
high latitudes. This scenario is shown schematically in Fig. 10.
The interplay of contractional tectonism, erosional and sedimen-
tary processes have likely created and shaped the current topogra-
phy we see on Titan today. Notably, this scenario is consistent with
the study of Choukroun and Sotin (2012) who suggested that the
global shape of Titan may be explained by subsidence at the polar
regions associated with the substitution of ethane into methane
clathrates.
6. Summary

Global structural analysis leads us to conclude that the origin of
most ridges on Titan is tectonic. The gently arcuate morphology of
ridges with very low-angle surface slopes indicates the ridges are
likely contractional structures, i.e., thrust sheets and folds. If so,
the combination of observations suggests that the most likely
mechanism to produce the E–W ridges on Titan is contraction
Please cite this article in press as: Liu, Z.-Y.C., et al. The tectonics of Titan: Globa
10.1016/j.icarus.2015.11.021
through volume change of Titan’s interior (Beuthe, 2010; Mitri
et al., 2010). An inventory of all ridges seen in Cassini SAR data
reveals that the dominant orientation of ridges at all latitudes on
Titan is E–W. The ridges are also more abundant at the equatorial
regions, which suggests that tectonic activities were more intense
near the equator. The Xanadu province has an overall similar tec-
tonic pattern to other equatorial regions.

Comparisons with Titan’s topography reveal that Titan’s ridges
preferentially lie at higher-than-average elevations near the equa-
tor. The most reasonable explanation for this correlation is that
contractional tectonism built the ridges globally, though preferen-
tially at equatorial regions, and then fluvial erosion, sedimentation
and eolian activity followed. At regions of lower elevation, at mid-
to-high latitudes, erosion and sedimentation led to regional infill-
ing and perhaps covering of some mountain features. Seasonal
and climatic changes and their interactions with the regional
topography may have also affected the distribution and erosion
of the ridges. This study of structural mapping and distribution
analysis can provide constraints on surficial and interior evolution
of Titan and may be tested by more sophisticated geodynamic
models for Titan.
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