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Mountains on Titan: Modeling and observations
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[11 We have developed a thermal model of Titan’s interior to study changes in volume
during partial freezing or melting of a subsurface ocean due to heat flux variations from
the interior. We find that the long-term cooling of Titan can cause global volume
contraction AV/V ~0.01. We then simulate two-dimensional contractional deformation
of Titan’s icy lithosphere, finding that contractional deformation can produce tectonic
activity and fold formation. Folds could potentially achieve a topographic height of several
kilometers for high local strain (~0.16), and for high temperature gradients in the ice

I shell (order of 10 K km™"), corresponding to an ancient high heat flux from the interior
(order of 0.02-0.06 W m ). Examination of Synthetic Aperture Radar (SAR) imagery
obtained by Cassini Radar shows possible evidence of contractional tectonism in the
equatorial regions of Titan, although the moderate resolution of the Cassini SAR imagery
does not permit an unambiguous geological interpretation.

Citation: Mitri, G., M. T. Bland, A. P. Showman, J. Radebaugh, B. Stiles, R. M. C. Lopes, J. . Lunine, and R. T. Pappalardo
(2010), Mountains on Titan: Modeling and observations, J. Geophys. Res., 115, E10002, doi:10.1029/2010JE003592.

1. Introduction

[2] The Cassini Radar instrument has imaged mountainous
topography on Saturn’s moon Titan [Radebaugh et al., 2007].
Tectonic activity on icy satellites of the outer solar system
may be related to different global processes such as tides,
despinning, nonsynchronous rotation, polar wander, and vol-
ume changes. Other processes can produce tectonic features
on icy satellites such as thermal convection in the ice I shell
and diapirism. Collins et al. [2009] present a comprehensive
review on tectonic processes of icy satellites.

[3] The interior of Titan is inferred to be at least partially
differentiated into a rocky interior or a deep interior com-
posed of a mixture of ice and rock, a high-pressure (HP) ice
layer (with phases III, V, and VI), a subsurface ocean, and
an outer ice I shell [Grasset et al., 2000; Sohl et al., 2003;
Tobie et al., 2005, 2006; Mitri and Showman, 2008; Mitri
et al., 2010]. Titan’s normalized axial moment of inertia as
inferred by gravity coefficients and hydrostatic equilibrium
theory with Radau-Darwin approximation is C/MR’ ~0.34
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[less et al., 2010]. Mitri et al. [2010] have shown that Titan’s
deep interior (<2,100 km radius) is likely composed of a
mixture of ice and rock indicating a partial differentiation.
Accretion models [Mousis et al., 2002] and mass spectro-
metric measurements [Niemann et al., 2005; Waite et al.,
2005] suggest that ammonia might be present within Titan.
In Titan’s early history, ammonia and other volatiles were
likely released during the accretion and differentiation
stages [Lunine and Stevenson, 1987]. At the present time,
an ammonia-water subsurface ocean could be present based
on thermal evolution considerations [ Tobie et al., 2005, 2006;
Mitri and Showman, 2008]. Interpretation of Titan’ spin rate
[Lorenz et al., 2008; Stiles et al., 2008] and long wavelength
topography [Nimmo and Bills, 2010] provide indirect evi-
dence of the existence of a subsurface liquid layer on Titan.
The hypothesis that ammonia is present within Titan is
strengthened by the recent detection of ammonia on Enceladus
[Waite et al., 2009]. Within Titan’s subsurface liquid layer
salts also might be present (see section 5). Large amounts of
sulfur have been invoked to explain resurfacing processes on
Titan [Fortes et al., 2007]. However, radiometric data from
the Cassini spacecraft is not consistent with the presence of
large amount of sulfates on Titan’s surface [Paganelli et al.,
2007]. Therefore, here we will consider that ammonia is the
main component of a subsurface water ocean.

[4] During its thermal-orbital evolution, Titan is expected
to have experienced a gradual cooling [Tobie et al., 2005,
2006]. Here we develop a thermal model of Titan’s interior
to model the predicted change in volume due to the long-term
cooling of Titan, predicting contraction. We then simulate
two-dimensional contractional deformation of Titan’s icy
lithosphere to investigate whether global volume changes
can produce tectonic activity and fold formation on Titan,
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Table 1. Physical Parameters

Parameter Variable Value
Mass of Titan My 1.345-10% kg
Radius of Titan Ry 2,575 km
Gravity g 135ms?
Surface temperature T, 94 K
Thermal expansivity of ice o 1.6:10* K
Thermal diffusivity of ice K 1310 m?s™!
Heat capacity of seawater ¢ 3,900 J kg ' K
Young’s modulus of ice E 9-10° Pa
Poisson’s ratio of ice v 0.314

predicting the occurrence of folds. Finally, we use Cassini
Radar Synthetic Aperture Radar (SAR) imagery, altimetry
data, and topography obtained by SARTopo and radar-
clinometric techniques to consider possible observational
evidence for contractional tectonic features on Titan.

2. Global Volume Changes

2.1. Model

[s] Here we model the change in Titan’s volume during
its evolution by expanding upon the thermal model of Mitri
and Showman [2008].

2.1.1. Thermal Model of Ice I Shell

[6] Mitri and Showman [2008] presented a thermal model
of Titan’s ice I shell in order to understand ice I shell
dynamics, considering that thermal convection can occur in
the ice I shell in the stagnant lid regime under a range of
conditions. With this model, the authors determined the
thickness and thermal state (conductive versus convective) of
the ice I shell using a convective scaling law. Here a more
complex model is created in order to consider resulting
global volume changes throughout Titan’s evolution. Here
we briefly describe the model of Mitri and Showman [2008].

[7] Because of the low tidal and convective stresses in
Titan’s ice shell, the predominant creep mechanisms are
expected to be superplastic deformation with grain boundary
sliding (GBS) in combination with diffusion [Mitri and
Showman, 2008]. Volume diffusion dominates over GBS
in Titan’s convecting ice shell for grain size smaller than
~1 mm [Mitri and Showman, 2008]. Therefore, we consider
that diffusion creep is the dominant creep mechanism of
water ice within the ice I shell [Durham et al., 1997,
McKinnon, 1999, 2006; Mitri and Showman, 2005, 2008].

[8] The ice viscosity can be written as

RTd?

= # (1)
300D, ¢

n

where we adopt the constant A’ = 14, the molar volume ) =
1.97-10° m?, the coefficient Dy = 9.1-10 * m? s ', and the
activation energy O = 59.4 kJ mol ™' [McKinnon, 2006]. T is
the temperature and R is the gas constant. We consider that
the ice grain size d ranges between 0.1 mm and 1 mm
[McKinnon, 2006; Mitri and Showman, 2008].

[9] The model adopts the Dumoulin et al. [1999] scaling
law of thermal convection in the stagnant lid regime. The
Rayleigh number defined at the base of the ice shell is given by

_ O‘,picegAT(SS
RMp

Rab (2)
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where o' (1.6:10* K™") is the thermal expansivity of the ice,
pice (920 kg m ) is ice density, g (1.35 m s ) is Titan’s
surface gravity, AT is the temperature difference between the
bottom and the surface of the ice I shell, ¢ is the thickness of
the ice shell, x (1.3-10°° m? s ") is the thermal diffusivity,
and 7, is the viscosity at the bottom of the ice I shell. The
physical parameters used in the model are summarized in
Table 1. The Rayleigh number defined in the convective
layer’s interior is given by

_ O/picegAT(53
K1

Ra,-

3)

where 7); is the viscosity within the interior of the convective
sublayer. The ratio between these Rayleigh numbers is
[Solomatov and Moresi, 1996; McKinnon, 2006]

Ray, ~ e - Ra; 4)

where e is the Euler’s number. The dependence of the Nusselt
number Nu on the Rayleigh number Rq; is, for low Rayleigh
number [Dumoulin et al., 1999]

Nu=1.990""Ra)"® (5)
and for higher Rayleigh number
Nu = 0.520*3Ra)? (6)

The parameter 6 is given by

OAT

0=12
RT?

(7)

where T; is the temperature in the interior of the convective
sublayer. The temperature difference between the base of
the ice I shell and the convective interior is [Solomatov and
Moresi, 2000]

RT?
0

where T, is the temperature at the base of the shell.

[10] The critical Rayleigh number defined at the bottom of
the ice I shell assuming Newtonian rheology (diffusion creep)
is given by [Solomatov, 1995]

Ty —T; ~

(8)

Ray., = 20.96* 9)

To take into account the spherical geometry of Titan and the
temperature dependence of the thermal conductivity, we
approximate the surface heat flux as in the work of McKinnon
[2006] and Mitri and Showman [2008]

!
Fzgln T 17‘5— NuWm™!
o Ts‘ RT

where Ty is the surface temperature (94 K), ¢ is the effective
thickness of the ice I shell and Ry is the satellite radius.
2.1.2. Global Volume Change Model

[11] Mitri and Showman [2008] suggested that the thermal
evolution of Titan would have important implications for
the surface tectonics. This hypothesis is explored here by

(10)
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Table 2. Reference Density py, Pressure Derivative of the Bulk
Modulus K, and the Bulk Modulus K,

po (kgm™) Ky (GPa) K Reference
Ammonia-water 1,000 2.5 5.0 Croft et al. [1988]
liquid
Ice I 920 9.2 5.5  Sotin et al. [1998]
Ice 111 1,140 8.5 5.7  Sotin et al. [1998]
Ice V 1,235 13.2 5.2  Sotin et al. [1998]
Ice VI 1,320 14.9 6.6  Sotin et al. [1998]

examining the satellite’s volumetric changes over the course
of its evolution. In order to model global volume changes,
in addition to the ice I shell the model includes a subsurface
liquid layer, as well as a high-pressure ice layer (with ice
phases III, V and VI). Furthermore, different possible sce-
narios for both fully and partially differentiated interior
structures are investigated. We consider that the interior of
Titan is differentiated into a central interior composed of
rock or a mixture of ice and rock, a high-pressure ice layer
with phase III (reference density 1,140 kg m ), phase V
(reference density 1,235 kg m °) and phase VI (reference
density 1,320 kg m ), a subsurface ocean (reference density
1,000 kg m ), and an outer ice I shell (reference density
920 kg m ™).

[12] We assume a maximum initial ammonia mass con-
centration in the liquid layer ranging between 0 and 5%,
consistent with ammonia concentrations observed in comets
and Enceladus [Waite et al., 2009]. We assume that the
subsurface ocean is in thermal equilibrium with the ice I
shell and at the melting temperature of the ice. We use the
phase diagram of water as in the work of Grasset et al.
[2000] and Choukroun and Grasset [2007].

[13] The temperature of the interface between the ice I
shell and the ocean can be found from the ammonia-water
phase diagram [Grasset et al., 2000; Choukroun and Grasset,
2007]. The basal temperature of the ocean is determined
assuming it is adiabatic and equating the temperature at the
base of the ocean to the phase diagram of water ice. The
temperature and pressure at the base of the ocean determine
the phases of the ice high-pressure layer. The adiabatic
temperature of the ocean is determined solving the equation

dT _ o'T
dP PwCp

(11)

where «” is the pressure-dependent thermal expansion
coefficient [Bland et al., 2009], p,, is the water density and c,,
is the heat capacity of the seawater (3,900 J kg™ K™)
[Mamayev, 1975], T is the temperature, and P is the pressure.

[14] The pressure dependence of the density of ice I, III,
V, VI and liquid water is written as

1

K K
P) = —P+1
p(P) PO{KO + }

(12)

where pg is the reference density, and Kj and K are the
pressure derivatives of the bulk modulus and the bulk mod-
ulus, respectively. The values of py, Kyand K, are given in
Table 2.
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[15] We assume that Titan’s present heat flux %iven by
radiogenic and tidal contributions is 0.007 W m ~ [Tobie
et al., 2005; Mitri and Showman, 2008], the present radius
is 2,575 km, and the mass is constant during its thermal
evolution (M7= 1.345-10% kg). The triple point pressure of
ice III is at 209.5 MPa, ice V is at 355.0 MPa, and ice VI is
at 618.4 MPa [Choukroun and Grasset, 2007]. These param-
eter values allow computation of the volume, mass, and
thickness of each layer (ice I, III, V and VI shells, and the
ocean) as a function of the heat flow from the interior.

2.2. Results

[16] This section examines the model results in terms of
global volume change. Here we also examine the effects on
global volume change of the onset of convection in the ice |
shell, the internal differentiation, and the ammonia-water
concentration.

[17] Figure 1 summarizes the results of the global volume
change model of Titan’s interior. The model shows the
variations in the dimensions of the whole satellite radius, the
ice I shell, the ocean, and the high-pressure ice layer (with
phases III, V and VI) as a function of the heat flux, for an
initial 5% ammonia-water concentration in the ocean. For
this model, the density of the rocky interior is 3,300 kg m >
and the rocky core radius is 1,780 km. We present the
model’s results for two ice I grain sizes (Figures la and 1b
for 0.1 mm, and Figures lc and 1d for 1.0 mm). The white
and gray areas show where the heat flux is transported by
thermal conduction and thermal convection in the ice I shell,
respectively. The darker gray areas indicate where the
thermal convection in the ice I shell is in a subcritical state.
Thermal conduction and thermal convection in subcritical
state for the ice I shell of Titan is discussed in detail by Mitri
and Showman [2008]. Figure 1 shows that for an initial
ammonia water concentration of 5% and ice grain size of 0.1
mm, thermal convection occurs over a heat flux range of
0.007 < F < 0.032 W m 2, suggesting that after a transient
period of thermal convection, the ice I shell could be in a
conductive state at the present time [see also Mitri and
Showman, 2008].

[18] The cooling of Titan (corresponding to the heat flux
decreasing in Figure 1) produces thickening of the ice I, III,
V and VI layers, and the freezing of the subsurface ocean.
Because of the density differences among the ice I layer,
high-pressure ice layer, and the liquid layer, the long-term
cooling of Titan and simultaneous freezing of the ice I and
high-pressure ice layers causes a global radial contraction
(Figure 1). For example, for an ice I grain size of 0.1 mm
and an initial ammonia water concentration of 5%, consid-
ering values at the onset of convection (F ~0.032 W m ?)
and a temperature gradient of ~9 K km™", the resultant radial
contraction is ~7 km and the global volume contraction is
AV/V ~0.008 from the onset of convection to the present
heat flux of 0.007 W m* (Figures la and 1b).

[19] How do the thermal state of the ice I shell and the
onset of convection affect the global volume change? Inte-
rior heat production (radiogenic and tidal) varies during the
evolution of Titan, and the consequent volume contraction
occurs over a time scale of the order of 108-10° yr [Tobie
et al., 2005, 2006]. However, because of the dependence
of melting temperature on pressure, the onset of convection
in the ice shell produces a rapid thickening of the ice shell
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Figure 1. Radius versus heat flux during the long-term cooling of Titan, which produces radial contrac-
tion and consequent contractional lithospheric deformation in the ice I shell. (a) The thermal evolution of
the radius, ice I shell, ocean, and high-pressure ice layer (with phases III, V and VI) for an initial ammonia-
water concentration in the ocean of 5% and an ice I grain size of 0.1 mm. The reference density of the liquid
water is 1,000 kg m . The white and gray areas show where the heat flux is transported by thermal con-
duction and thermal convection in the ice I shell, respectively. The darker gray areas show where thermal
convection in the ice I shell is in a subcritical state (for discussion of convection in subcritical state see Mitri
and Showman [2008]). (b) The evolution of the radius (solid line) and thickness of the ice I shell (dotted
line), as in Figure la. (c and d) The model for an ice I grain size of 1 mm and an initial ammonia-water
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and simultaneous thickening of the ice high-pressure layer,
causing a large and rapid radial contraction of ~2 km
(Figures la and 1b) over a time scale of ~107 yr. Also, the
radius of Titan depends on the thermal state of the ice I shell.
For example, for a heat flux equal to 0.04 W m 2, the ice I
shell is in a conductive state for both grain sizes d = 0.1 mm
and d = 1.0 mm, and the satellite radius is ~2,582 km
(Figure 1). For a heat flux equal to 0.03 W m 2, for
d = 0.1 mm the ice shell is in convective state and the
radius is ~2,580 km (Figures la and 1b); whereas for
d = 1 mm, the ice shell is in conductive state and the radius
is ~2,582 km (Figures 1c and 1d).

[20] Another question is how Titan’s internal differentia-
tion affects the global volume change during the cooling of
the interior. The presence or absence of a high-pressure ice
layer in the interior principally determines whether an icy
satellite will contract or expand during cooling. For example,
the interior of Europa is likely differentiated into a rocky
interior, a subsurface ocean, and an outer ice I shell [e.g.,
Anderson et al., 1998; Mitri and Showman, 2005]. Unlike
Titan, Europa lacks a high-pressure ice layer; consequently,
thickening of Europa’s ice I shell causes radial expansion,
which might produce extensional tectonic features such as
fractures or bands [ Nimmo, 2004; Mitri and Showman, 2005,
Manga and Wang, 2007]. The core radius does not affect the
functional dependence of the depth from the surface of the
high-pressure ice layer. Therefore, if the model in Figure 1 is
altered to a partially differentiated Titan, decreasing the core
density in the model predicts a larger core radius and a
thinner high-pressure ice layer than the model of Figure 1.
However, the thickness of the ice I shell and liquid layer,
the depth of the high-pressure ice layer as measured from
the surface of Titan, and the associated volume changes are
equal to the model of Figure 1.

[21] In the model of Figure 1, we have considered that
ammonia is the main component of the subsurface liquid
water layer, and we have adopted a reference density of the
liquid layer of 1,000 kg m > for equation (12). The presence
of ammonia in a liquid sublayer is supported by accretion
and differentiation models of Titan [Lunine and Stevenson,
1987] as well as the observations in comets and Enceladus
[Waite et al., 2009] as mentioned in the introduction of this
paper. But what is the contribution of ammonia to the global
volume change in terms of density of the subsurface ocean?
Ammonia decreases the mean density of the liquid layer and
makes it easier for global radial contraction to occur as Titan
cools. In fact, the peritectic ammonia-water liquid with a
composition near that of pure ammonia dihydrate has a
density of 946 kg m >, which is lower than the liquid water
density (1,000 kg m ). Therefore, ammonia within the
liquid layer reduces the difference between the density of
the ice I shell and the liquid layer, reducing the effect of the
expansion of the ice I layer during Titan’s cooling. At the
same time, the ammonia increases the difference between
the density of the high-pressure ice layer and the liquid
layer, increasing the effect of the expansion of the high-
pressure ice layer during the freezing of the ocean. Overall
increasing the ammonia concentration increases the global
volume contraction. Because the reference density for the
model is 1,000 kg m, we have verified that for a small
ammonia-water concentration and at the limit of a pure
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water ocean, global radial contraction occurs during Titan’s
cooling.

[22] In summary, we have shown that the cooling of Titan
over its evolution leads to a global radial contraction under a
range of conditions. In section 3, we will discuss and model
the implications of radial contraction on Titan’s surface

geology.

3. Modeling Lithospheric Shortening

[23] Radial contraction of Titan during its cooling can
produce lithospheric shortening. This leads us to consider the
predicted tectonic implications of such radial contraction.

3.1. Tekton Model

[24] We simulate two-dimensional contractional deforma-
tion of Titan’s lithosphere in a state of plane strain using the
Tekton model [Melosh and Raefsky, 1980], as modified by
Bland and Showman [2007]. Tekton is a finite element code
developed to solve tectonic problems. The model is elastic-
viscous-plastic and uses the composite rheology of the water
ice (see below). A Cartesian domain is a good approxima-
tion of Titan’s near-surface deformation, because the thick-
ness of the lithosphere is much less than the Titan’s radius.

[25] Non-Newtonian viscoelastic constitutive equations
are written as [Melosh and Raefsky, 1980]

. (I+v) . . o"!
Exx = 1 —v)0n — VO, | +—— |0 — Oy 13
£ (=060 —von] + G [oa o] (13)

(14+v) . . o1
w="pg [(1 —V)Gyy — VUXX] W [Jxx - Jyy] (14)

. 1+v) . o1
Gy ="f Ou + —2”/ Oy (15)
where

Oxx — Oy 2 )

o= ( 2 > +oy (16)

and 7 is the viscosity, £ is the Young’s modulus, v is
Poisson’s ratio, o;; is the stress tensor, and ¢ is the strain
tensor with 7, j tensorial indices.

[26] The elastic behavior of ice is characterized by the
Young’s modulus £ and Poisson’s ratio v. Gammon et al.
[1983] have determined that Young’s modulus for terres-
trial sea ice is ~9-10° Pa. Poisson’s ratio is assumed to be
fixed at 0.314 [Hutter, 1983], and the ice I density is taken as
920 kg m>.

[27] The constitutive rheologies of the viscous flow are
based on laboratory measurements [Kirby et al., 1987,
Durham et al., 1997; Goldsby and Kohlistedt, 2001]. The
several deformation mechanisms of ice I are accounted for
by a composite equation [Goldsby and Kohlistedt, 2001;
Bland and Showman, 2007] written as

N L
) + Edca + Edch + Edcc (17)

. . 1
EZEdW“F(. i
gbs

Ebasal
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Table 3. Rheological Parameters
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Deformation Creep” Log A (MPa " m™s ") m n O (kJ mol™) Reference
dca 11.8 0 4.0 91 Kirby et al. [1987]
dch 5.1 0 4.0 61 Kirby et al. [1987]
dcc -3.8 0 6.0 39 Durham et al. [1997]
gbs —2.4 1.4 1.8 49 Goldsby and Kohlstedt [2001]
basal 7.74 0 24 60 Goldsby and Kohlstedt [2001]
diff -3.46 2 1.0 59.4 Goldsby and Kohlstedt [2001]

Bland and Showman [2007]

*Here dca, dcb, and dcc are for dislocation creep a, b, and c, respectively; diff, basal, and gbs are for diffusion flow, basal slip, and grain boundary

sliding, respectively.

where €4 Epasar and Egp are the strain rate for diffusion
flow, basal slip, and grain boundary sliding, respectively;
and €., E€40p, and €g4.. are the strain rate for dislocation
creep a, b, and c, respectively. The rheological parameters
used in this work are summarized in Table 3. The strain rate
for a single mechanism &; is

A n
&= d_(;e*Q/RT (18)

where A4 is a constant, o is the differential stress, d is the
grain size, R is the gas constant, Q is the activation energy,
T is temperature, and »n and p are constants. The flow law
for diffusion creep is given adopting equation (18) and
defining an effective A [Barr and Pappalardo, 2005; Bland
and Showman, 2007]. The ice grain size is not well con-
strained in Titan’s ice I shell. We adopt a reference grain
size of 0.1-1.0 mm consistent with current literature on icy
satellites tectonism [McKinnon, 2006; Bland and Showman,
2007].

[28] Plastic deformation is modeled with the Drucker-
Prager yield criterion [Drucker and Prager, 1952]. Plasticity
gives a continuum representation of the brittle behavior of
the ice during lithospheric deformation. The yielding crite-
rion is given by

ol + VL =k (19)
where « and k are material parameters written as
o 2sinq.) k= 2Ccos.(p (20)
V3(3 — sing) V3(3 —sing)

and C is the cohesion, ¢ is the angle of internal friction;
I and I, are the first and second invariants of the stress

tensor oy

(1)

Iy = oy

1
b = (0505 — 0ii0)

: (22)

[20] We consider a cohesion C of 10 MPa and an angle of
internal friction @ of 30° [Beeman et al., 1988; Bland and
Showman, 2007].

[30] In the simulations we adopt a linear temperature
gradient given by Fourier’s law within the ice I shell and a
surface temperature of 94 K. We use a temperature cutoff of
180 K at depth to avoid numerical instabilities of the code.
We impose a small amplitude (~10 m) and polyharmonic
topographic perturbation on the top surface of the domain.

3.2. Results From Tekton: Predicting Folds

[31] Results of our numerical simulations show that for
low temperature gradients in the ice I shell (a few K km™"),
contractional lithospheric deformation should produce poly-
harmonic and asymmetric folds with topographic heights
~100 m (Figure 2). For higher temperature gradients and
large strain (10 K km™' and 0.158 in Figures 2 and 3),
contractional lithospheric deformation produces harmonic
and cylindrical folding with topographic heights on the order
of several kilometers. For example, simulations with a strain
of 0.158 and strain rate 5-107"> s™' can produce a mountain
chain wavelength of ~50 km and a topographic height of
2.7 km (Figure 3). Folds can develop from brittle faults,
but the wavelengths of folds do not require the formation
of thrusts [Gerbault et al., 1999].

[32] We found that the imposed initial topographic per-
turbations can produce changes in fold formation. However,
the resulting folds show similar final form if we adopt dif-
ferent polyharmonic initial perturbations. Figure 4 shows
two examples obtained with two different initial pertur-
bations. Figures 4a and 4c show the initial perturbations
and the Figures 4b and 4d show the final deformation.
Figures 4a and 4b show the simulation results in Figure 3
that were obtained by adopting an initial perturbation with 16
wavelengths and a small amplitude of ~10 m. Figures 4c
and 4d show numerical simulation results with the same
conditions of the previous simulation, but obtained adopting
an initial polyharmonic perturbation with 32 wavelengths
and a small amplitude of ~10 m.

[33] Temperature gradients of ~10 K km ™' correspond to
an ancient high heat flux of the order of ~0.03—0.06 W m =,
depending on the thermal conductivity of the ice shell. Such
high heat flux (a factor of three to six times the calculated
present-day flux [Tobie et al., 2005; Mitri and Showman,
2008]) might have been produced during interior differen-
tiation, by radiogenic decay and/or tidal friction. The heat
flux of ~0.03 W m > corresponds to the heat flux at the
onset of convection in the ice I shell (Figure 1); the global
volume change model shows that the same heat flux cor-
responds to a large (~2 km) and relatively fast (~10" yr)
radial contraction of Titan. After the onset of convection in
the ice I shell, Titan might contract by ~7 km on time scales
of the order of 10°-10° yr (see section 2.2). While this link
between the two models is interesting, it should be noted
that the onset of convection is not a requirement for radial
contraction to occur (Figure 1).

[34] A temperature gradient of ~10 K km ! might corre-
spond to a lower heat flux (~0.02 W m?) if a substantial
amount of clathrate were present in the ice I shell, because
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Figure 2. Topography produced by contractional lithospheric deformation of the ice I shell. Figures 2a—2c
are for a strain of 0.079 and a strain rate of 2.5-107"> s™'. The temperature gradients in the ice I shell are
(@2 Kkm ', (b) 5 K km ', and (c) 10 K km™". The initial two-dimensional domain is 200 km by 25 km.
Figures 2d-2f are for a strain of 0.158 and a strain rate is 5-10 ' s~'. The temperature gradients in the ice I
shell are (d) 2 Kkm™', (¢) 5 K km ', and (f) 10 K km™'. The initial two-dimensional domain is 100 km by
25 km. All the simulations are for an ice grain size of I mm, Young’s modulus of 9-10° Pa, and Poisson’s
ratio of 0.314. For all the simulations we adopt an initial polyharmonic perturbation with 16 wavelengths

and amplitude ~10 m.

the presence of the clathrate would significantly reduce the
thermal conductivity of the ice [Tobie et al., 2006]. Figures 2
and 3 show that to produce folds with a topographic height
of a few kilometers a high strain (0.158 for model presented
in Figure 3) is necessary. Such local high strain is not
inconsistent with global lower strain as predicted by the
global radial contraction. As observed on Ganymede, strained
craters suggest large local strains but this does not imply that
the global strain is nearly as large.

[35] Folds produced during lithospheric contractional
deformation would experience viscous relaxation as shown
by Figure 5. A contractional strain of 0.158 was imposed
over the first 1 Myr, and the folds are then allowed to relax
over the next 99 M]yr. The temperature gradient in the ice I
shell is 10 K km ', the grain size is | mm, the Young’s
modulus is 9-10° Pa, and Poisson’s ratio is 0.314. The initial
two-dimension domain is 100 km by 25 km with a spatial
resolution of 333 m for each element. The time step for
contraction is 10 yr and for relaxation is 10° yr. (Numerical
simulation of relaxation with a time step of 10 yr produces
identical results to that with a time step of 10° yr.) To first
order, the viscous relaxation does not depend on the litho-
spheric contraction. However, Figure 5 shows that the residual
stress after contraction (1.0—1.1 Myr in the plot) would build
up topography of ~100 m also in absence of strain. Figure 5
demonstrates that little relaxation occurs, suggesting that
fold topography can be maintained over long time periods at
the thermal gradients explored here.

[36] In summary, we have demonstrated using finite ele-
ment Tekton code that Titan’s global volume change can

produce folding. A temperature gradient ~10 K km ™' neces-
sary to produce such folds corresponds to an ancient high
heat flux of approximately 0.03-0.06 W m 2. This thermal
gradient corresponds to a temperature gradient at the onset
of convection in the ice I shell and subsequent relatively
rapid global radial contraction of Titan; however, it is
important to note that the onset of convection is not a
requirement for radial contraction to occur (Figure 1). The
thermal gradient found could correspond to a lower heat flux
(~0.02 W m?) that could be explained by the presence of
clathrates. Finally, we have demonstrated that little viscous
relaxation occurs, indicating that Titan’s contractional tec-
tonic structures should endure for long time periods.

4. Titan’s Mountains: Evidence of Folding?

[37] If radial contraction is predicted to produce folds,
then it is natural to consider whether Titan displays folds,
formed as an expression of contractional deformation of the
ice lithosphere. Topographic information is important to that
assessment and can be derived from SARTopo and radar-
clinometry techniques, described next.

4.1. SARTopo

[38] The derivation of SARTopo [Stiles et al., 2009] is
based upon Amplitude Monopulse Comparison [Chen and
Hensley, 2005], which permits extraction of topographic
data that is cospatial with the image data. The data is model-
independent, and is not reliant on overlap between SAR
scenes. The SARTopo method estimates surface heights by
comparing the calibration of overlapping Titan SAR imagery
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and Figures 4b and 4d show the final deformation. (a and b) The simulation results

Influence of initial topographic perturbations on fold formation. Figures 4a and 4c show the
obtained by adopting an initial perturbation with 16 wavelengths and a small amplitude of ~10 m.

(c and d) Numerical simulation results with the same conditions as the previous simulation but obtained

adopting an initial polyharmonic perturbation with 32 wavelengths and a small amplitude of
The simulations are for an ice grain size of | mm

strain is 0.158, the strain rate is 5-10
of 0.314.

initial perturbations,

Figure 4.
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Figure 5. Fold formation and relaxation. A contractional strain of 0.158 was imposed over the first
1 Myr. The folds are then allowed to relax over the next 99 Myr. The temperature gradient in the ice I shell is
10 K km™ !, the grain size is 1 mm, Young’s modulus is 9- 10° Pa, and Poisson’s ratio is 0.314. The initial
two-dimension domain is 100 km by 25 km with a spatial resolution of 333 m for each element. The time
step for contraction is 10 yr and for relaxation is 10° yr. Numerical simulation of relaxation with a time step
of 10 yr (between 1 and 2 Myr in the plot) produces identical results to that with a time step of 10° yr.

within a single SAR observation obtained from different
antenna feeds of the Cassini Radar instrument. Cassini Radar
employs five different antenna feeds that are cycled in order
to obtain a wide swath on the ground. The antenna footprints
produced by the feeds overlap substantially. Because the
overlapping scenes are observed from nearly identical inci-
dence angles, they are unsuitable for stereo processing.
However, given sufficiently accurate knowledge of space-
craft pointing and ephemeris and the antenna beam patterns,
the height of the surface can be estimated from the apparent
backscatter calibration differences in the overlapping scenes.
We also vary the local Titan radius used to process the images
and select the surface height that minimizes the calibration
mismatch between the two feeds. The SARTopo technique
has been validated by comparison with overlapping nadir-
pointing radar altimetry, and the comparison yields an
absolute bias of 150 m and relative errors less than 50 m. The
SARTopo technique is fully described by Stiles et al. [2009].

4.2. Radarclinometry

[39] Radarclinometry can also be used to constrain topo-
graphic heights on Titan. Radarclinometry, similar to the
technique of photoclinometry, utilizes brightness variations
as detected by the SAR instrument to construct slopes, based
on an assumed model backscatter law. Endpoints of peak
traces are anchored at equal elevations, and then slopes are
integrated one-dimensionally to infer topographic heights
[Kirk et al., 2005; Radebaugh et al., 2007]. Cross-profile
slopes are assumed to be zero for these calculations. Moun-
tainous regions over which we have applied the radarclino-
metry technique are assumed to be of uniform radar brightness.
Thus, radarclinometry passes are kept short, typically under
20 km. Although materials are not expected to be completely
uniform across distances of 20 km, this assumption is likely
adequate.

4.3. Morphological Evidence From Cassini Radar Data

[40] Cassini remote sensing observations of Titan provide
evidence for “mountains,” relatively rough (radar bright)
features, which are elevated above the surrounding landscape
[Radebaugh et al., 2007]. The mean mountain height above
the surrounding landscape is derived using radarclinometry,

as imaged by the Cassini Radar instrument during the T3
flyby (February 2005) and the T8 flyby (October 2005), is
~860 m and the topographic heights range up to 2 km
[Radebaugh et al., 2007]. Both isolated mountain blocks and
linear mountain chains (200300 km long) are observed
[Radebaugh et al., 2007]. The Huygens Descent Imager
Spectral Radiometer (DISR) has also shown that the topog-
raphy close to the Huygens landing site is ~100—150 m higher
than that of the surrounding plains [Tomasko et al., 2005].
During the T20 flyby (October 2006), the Visual and Infrared
Mapping Spectrometer (VIMS) instrument observed putative
large mountains chains (150 km and 30 km wide) south of
Titan’s equator [Barnes et al., 2007].

4.4. Analysis of Possible Folds on Titan

[41] We use Synthetic Aperture Radar (SAR) imagery,
and radarclinometric and SARTopo techniques to study
morphological aspects of probable tectonic features on
Titan. Region 1 presents a mountain block near 52°N, 13°E
(Figure 6) [see also Stiles et al., 2009, Figure 12]. Figure 6
also shows a SARTopo profile crossing this mountain block,
demonstrating that its height above the surroundings is
~1,400 m. The region near —30°S, —107°W (hereafter called
region 2; Figure 7), the region on the NW border of Xanadu
near —2°S, —127°W (hereafter called region 3; Figure ),
imaged by the Cassini Radar during the T43 flyby
(May 2008), the region near —10°S, 145°E (hereafter called
region 4; Figure 9) [see also Radebaugh et al., 2007, Figure 5]
imaged during the T8 flyby (October 2005) all show parallel
mountains chains in adjacent regions. Using the SARTopo
technique, we find that the maximum topographic height of
the mountains relative to the surrounding plains in region 2
is ~800 m (Figure 7). Using the radarclinometric technique,
we find that the maximum topographic height of the moun-
tains relative to the surrounding plains in region 3 is ~2,000 m
(Figure 8). Finally, using both the SARTopo and radarcli-
nomeric techniques, we find that the maximum topographic
height of the mountains relative to the surrounding plains in
region 4 is 300-500 m (Figure 9). SARTopo data reveal that
the mountain chains in regions 2, 3 and 4 are in areas that
are elevated with respect to the surrounding terrains. Here-
after we refer to these elevated regions as highland terrains,
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Figure 6. Region 1 (52°N, 13°E). (a) SARTopo traces (colored lines) are shown on Cassini Radar SAR
swaths. (b) SARTopo profile from 65°N, 7°E to 40°N, 17°E crossing a mountain block imaged in Figure 6a.
The red numbers correspond to the same features in Figures 6a and 6b.

in contrast to radar dark plains in this area which are inter-
preted to be regions in which organic materials have accu-
mulated as sediments.

[42] The moderate resolution of the Cassini SAR imagery
does not permit an unambiguous geological interpretation of
the features presented here. Terrestrial analogs may provide
insight into the geological setting of these mountainous
regions on Titan. Valleys and linear, subparallel features
observed in regions 1, 2, 3 and 4 show some morphological
similarities with half grabens and rift systems such as the

Basin and Range Province in the western United States,
which were formed by stretching of the lithosphere. How-
ever, the mountainous regions on Titan investigated here
also present some morphological similarities to the valleys
and fold-thrust belts of the Zagros Mountains in Iran, which
were formed by shortening of the terrestrial lithosphere.
[43] Let us consider the case of simple stretching of the
lithosphere. In general, stretching produces thinning of the
lithosphere and subsidence, and could involve the formation
of grabens and horsts, as well as half grabens. The presence
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Figure 7. Region 2 (—=30°S, —107°W). (a) SARTopo traces (colored lines) are shown on Cassini Radar
SAR swaths. (b) SARTopo profile from —125°W to —105°W. The red numbers correspond to the same

features in Figures 7a and 7b.

of mountains (in particular on regions 2, 3 and 4) on
highland terrains is not consistent with subsidence. We
could also invoke a more complex geological scenario, such
as stretching of the lithosphere over a zone of upwelling,
similar to the tectonic processes that have produced the
Grand Teton Mountains in the central United States. While
such scenarios cannot be eliminated, large extensional strains
of the lithosphere in other icy satellites such as Ganymede
and Europa have produced radically different structures

compared to the mountainous regions 1, 2, 3 and 4 on Titan,
such as grooved terrains on Ganymede and bands on
Europa.

[44] Contractional features on icy satellites are not without
precedent, as folds with a height of the order of hundreds of
meters are present on Europa [Prockter and Pappalardo,
2000]. Shortening of the lithosphere and the formation of
folds and fold-thrust belts produces thickening and uplift,
which would be consistent with mountainous regions 2, 3

11 of 15



E10002

MITRI ET AL.: MOUNTAINS ON TITAN

E10002

] —
-130°W -125°W

2500

2000 +

1500 +

1000 +

Relative Elevation (m)

500 +

0 3 3 3 3 4 3 3
0 2 4 6 8 10 12 14

Horizontal Distance (km)
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(b) Radarclinometric profile (black line in Figure 8a) for a representative portion of the T43 swath con-
taining the Region 3 ridges reveals heights up to 1,930 m. Measurements in other regions on this ridge
and on the other ridges yielded similar results. A cosine (incidence angle) model, similar to that of
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low brightnesses, but their small numbers mean that slope calculations are not severely affected.
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heights up to 450 m.

and 4 being located on highland terrains. If contractional
tectonism has played a role on Titan, this bespeaks of a
relatively complex history that cannot be explained with a
single geological process or event.

5. Discussion

[45] The interior of Titan is inferred to be at least partially
differentiated into a rocky or a mixture of rock and ice deep
interior, a high-pressure ice layer (with phases III, V, and
VI), a subsurface liquid layer (ocean), and an outer ice |
shell [Mitri et al., 2010]. Tidal evolution and the radiogenic
decay in the interior caused a gradual cooling of Titan
[Tobie et al., 2005, 2006]. The long-term cooling caused
thickening of the ice I, IIl, V and VI layers, and freezing of
the subsurface ocean over a time scale on the order of 10*—
10° yr. Because of the density differences among the ice I
layer, the high-pressure ice layer, and the liquid layer, we
have found that the freezing of the subsurface ocean causes
a global radial contraction of Titan.

[46] We have assumed that ammonia is the main com-
ponent of the subsurface water ocean. The presence of
ammonia decreases the mean density of the liquid layer
facilitating the global radial contraction of Titan during its
cooling. However, we have also found that for small con-
centrations of ammonia in the liquid layer and at the limit of
a pure water ocean, radial contraction occurs during the
evolution of Titan.

[47] The liquid layer of Titan is also expected to contain
salts, which increase the density of the liquid layer, inducing
the opposite effect of ammonia in terms of volume change.
The detection of an induced magnetic field indicates that the
liquid layer of Europa contains salts [Zimmer et al., 2000].
Considering a conductivity of ~116 mS m™' and a depth of
100 km for the liquid layer [Zimmer et al., 2000], Melosh
et al. [2004] roughly estimated a salinity of ~0.1% for
Europa’s ocean. We can also use this value as a reference
value for the salinity of Titan’s liquid layer. Terrestrial sea-
water has a higher salinity of ~3—4% and a reference density
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of 1,020-1,030 kg m . Therefore, given the plausible con-
centration of salts present in the subsurface liquid layer,
ammonia could be the major contributor in terms of the
ocean’s density for global volume changes as compared to
the salinity.

[48] A global radial contraction during the gradual cooling
of Titan would produce lithospheric shortening. We have
studied the predicted tectonic implications of such contrac-
tion. Our Tekton folding model predicts long-wavelength,
cylindrically shaped folds may occur on Titan, resulting from
lithospheric shortening. Folds could potentially achieve a
topographic height of several kilometers for high temperature
gradients in the ice I shell (~10 K km™"), corresponding to an
ancient high heat flux from the interior (~0.02—-0.06 W m ).
A tectonic episode can also be produced in thermal models
in which the ice I shell transitioned from a conductive state
to a convective state [Mitri and Showman, 2008]. Perhaps the
orogenesis of many of Titan’s mountains occurred during
such an era of transition, when Titan’s interior was warmer
than present-day, but then the lithosphere became increas-
ingly thick and rigid, allowing the more effective preservation
of surface features.

[49] Examination of Synthetic Aperture Radar (SAR)
imagery obtained by Cassini Radar along with derived topo-
graphic information shows possible evidence of contractional
tectonism in the equatorial regions of Titan, although the
moderate resolution of the Cassini SAR imagery does not
permit an unambiguous geological interpretation. Several
mountain chains on Titan are localized in equatorial latitudes
and have a general west-east orientation. Coupled with the
lack of similar equatorial chains oriented in other directions,
this suggests a possible common origin of these mountain
chains, plausibly as contractional. Radial contraction could
produce regionally large lithospheric strain compared to the
overall global value. However, global contraction should
produce an isotropic stress field on Titan’s surface that does
not favor any specific orientation of tectonic features. Perhaps
during the satellite’s contraction additional nonisotropic
stresses not modeled here would yield preferential orienta-
tions of tectonic structures on a global scale.

[50] It is remarkable that different thermal-orbital evolu-
tions and internal structures have conspired to produce sig-
nificant differences in the respective tectonic styles of icy
satellites. Ganymede’s surface is characterized by extensional
tectonism manifested as grooved terrains. Passage through an
eccentricity-pumping resonance during Ganymede’s evolu-
tion could have led to global thermal runaway of Ganymede
[Showman et al., 1997; Bland et al., 2009]. During the largest
thermal runaway, Ganymede could have undergone signifi-
cant melting of the ice I shell and high-pressure layer and,
consequently, global volume expansion and formation of
grooved terrains [Showman et al., 1997; Bland et al., 2009].
McKinnon [2006] has argued that Callisto probably had a
convecting ice I shell in the past, and a transition from con-
vection to conduction would cause a great thinning of the ice
shell, volume change, and consequent tectonics. Because
these effects are not observed, McKinnon concluded that
the ice I shell must still be convecting today.

[s1] Extensional tectonism is observed on almost all icy
satellites of the outer solar system, but we have little evi-
dence of contractional tectonism on icy satellites. If in fact
most of Titan’s mountains were due to contractional tecto-
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nism, then Titan would be the only icy satellite on which
contraction is the predominant style of tectonism.
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