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Numerical modelling of sedimentary structures in rivers on Earth and Titan
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The differences in the evolution of rivers on Earth and on Titan are investigated. Dynamical analysis of the rivers was per-
formed using a numerical package CCHE2D developed by the National Center for Computational Hydroscience and Engi-
neering, University of Mississippi. The model is based on the Navier-Stokes equations for depth-integrated two-dimensional
turbulent flow and the three-dimensional convection-diffusion equation of sediment transport. The model enables investiga-
tion of the evolution of rivers as a function of total discharge and other parameters of the river. Series of short (from one to
several hours) and long (up to 67 days) simulations were performed. We have found that three different liquid hydrocarbons
considered for Titan’s rivers give similar velocity fields. It was also found that the suspended load is the main means of trans-
port in Titan’s rivers, while in terrestrial ones, for the same discharge, the bedload could be of the same order as suspended
load. Moreover, we suppose that for specific boundary conditions, the evolution of rivers on the Earth promotes the develop-
ment of braided rivers, while for the same conditions evolution on Titan favours regular meandering rivers.

2

Key words: Titan, Earth, meandering river, erosion, sedimentation.

INTRODUCTION

Our knowledge about Titan increased substantially since
2004 when the spacecraft Cassini reached the Saturnian Sys-
tem and the probe Huygens landed on the surface of this satel-
lite. On Titan, there is not liquid water on the surface, but liquid
methane and other hydrocarbons. Water ice is the main com-
ponent of the surface Titanian rocks and of its regolith
(Tomasko et al., 2005), i.e. its role is similar to that of the sili-
cates and other rocks on Earth. Moreover, the Cassini-
Huygens mission indicates the existence of a methane cycle
analogical to the terrestrial hydrologic cycle. Therefore, we can
assume that the surface of Titan is shaped by analogous (e.g.,
aeolian, fluvial) processes like on Earth. These processes form
similar types of geomorphologic features, such as dunes, river
valley, lakes, and so on (Lunine and Lorenz, 2009). The radar
images sent by Cassini show a number of such features recog-
nized on the basis of different radar albedo and topography
(Barnes et al., 2007; Lorenz et al., 2008).

Most of the data used here are from the Cassini systems:
RADAR (radarin 13.76 GHz), ISS (cameras of the Imaging Sci-
ence Subsystem), and VIMS (Visible and Infrared Mapping
Spectrometer). The present resolution of the global maps of Ti-
tan is too low to determine many details of river valley morphol-
ogy (VIMS and ISS data — a few km/pixel, RADAR data — from
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350 m/pixel to 1.7 km/pixel — e.g., Burr et al., 2013b). However,
the resolution is good enough to recognize the general pattern
of well-developed river valleys and large depositional bodies
(e.g., alluvial fans). The characteristic time of evolution of a
given river's feature varies from days to dozens of years, and
depends on the discharge and other parameters, including li-
thology and erodibility; for example, during flooding the change
of meander is faster. Because precipitation depends on sea-
son, it is still possible that significant changes of some river val-
leys will be observed during the Cassini mission.

The models of Titan'’s rivers could help with understanding
their evolution. Note that the rate of evolution depends also on
features not observable by Cassini, e.g. details of topography of
a channel bed, size and distribution of deposits, discharge, and
its temporal changes and so on. Understanding their roles in
evolution would make it possible to determine at least some of
these unobservable features. For example, consider D50. The
sense of D50 is that the total mass of grains smaller than D50 is
equal to half of the total mass. The knowledge of the role of D50
of any grain distributions (bedload, suspended load or bed sedi-
ments) will help to determine the value of D50 from the Cassini
observation of the rate of channel changes. Note that the lack of
visible changes after heavy precipitation also gives some limits
for unobservable parameters. Concluding, we hope that numer-
ical models of Titan’s rivers will help to determine some impor-
tant parameters of the rivers and to understand their evolution.
This is the aim of our research.

Meandering-like channels are observed for various condi-
tions. They are observed on the surface of Mars (e.g., Carr and
Clow, 1981) where the density and the gravity are different than
on Earth. Martian rivers show many similar geomorphological
features to terrestrial ones, indicating similar interactions with
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the Martian environment (e.g., Craddock and Maxwell, 1993).
Carved riverbeds and valleys have been observed, including is-
lands (Baker and Kochel, 1979), curvatures, and characteristic
valley shapes (e.g., Kereszturi 2003, 2005). Moreover, such
channels are found on the oceanic floor of Earth (Abad et al.,
2010; Sequeiros et al., 2010). Meandering channels could also
be a result of lava flow, e.g. on the Moon (Hulme, 1973). There-
fore, we believe that our investigations could have some value
not only for understanding processes on Titan but also for gen-
eral knowledge of fluvial processes.

There are several interesting publications regarding Tita-
nian rivers (e.g.,Tomasko et al., 2005; Burr et al., 2006; Lorenz
et al., 2008; Lunine and Lorenz, 2009; Langhans et al., 2012);
they are discussed in the text. However, according to our best
knowledge, our research is the first model of fluvial processes
on Titan using a dynamical model based on physical equations
of motion, continuity, and sedimentation. The present paper is
an extension of the conference presentation of Misiura and
Czechowski (2013). Witek and Czechowski (2015) presented
similar research concerning the evolution of river deltas.

GENERAL INFORMATION ABOUT RIVERS

The flow of liquid on the surface of a planet results in various
forms of accumulation and erosional features found in river val-
leys. Their formation depends on the type of flow, properties of
the liquid, method of transport, and characteristics of the trans-
ported material.

Generally, accumulation and erosion change in a dynamic
way, both in temporal and spatial aspects. The main subjects of
this research are the river valleys, where accumulation domi-

Single channel

nates over erosion. We choose this type of river because accu-
mulation is easier to recognize by remote sensing than by ero-
sion. If we know the processes forming valleys on Earth, we
could — by analogy — discover what kind of processes operate
on Titan.

The typical terrestrial lowland river valley, where accumula-
tion dominates over erosion, has the following basic elements:
a riverbed, a floodplain, and a fluvial terrace (or terraces). A
well-developed lowland river valley, especially a meandering
river, has:

— afew terraces;

— afloodplain with structures indicating past flooding (e.g.,

broken levees, crevasses);

— signs of continuous changes of channel position (e.g.,

oxbow lakes and bogs in old river beds);

— the channel's sedimentary structures (different exam-

ples of point bars).

We distinguish a few different types of river, depending on
the chosen criteria. According to the channel sinuosity, the
number of channels, and their lateral migration, one can distin-
guish the following types of river: straight, meandering, braided,
and anastomosing (Fig. 1).

Our numerical model could be used for any river type, how-
ever, the time that would be required for a comprehensive mod-
elling of all the river types is outside the possibility of this re-
search. Therefore, in this study, we focus on the channels of
simple morphology, i.e. meandering rivers. We explore sedi-
ment transport in a river channel under conditions relevant to Ti-
tan and we compare them with similar models in terrestrial con-
ditions. The knowledge of the terrestrial processes and their dif-
ferences compared to Titan will enable us to infer the analogous
processes on Titan.

Multiple channels
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Fig. 1. River types based on their sinuosity, number of channels and lateral movement
(based on Schumm, 1981; Nichols, 1999)
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BASIC INFORMATION ABOUT TITAN

Titan is the largest moon of Saturn and the second largest
moon in the Solar System. It is the only celestial body, besides
Earth, where current p-T conditions allow for the permanent
presence of liquid on its solid surface. The average surface
temperature on Titan is ~93.7 K and the average surface pres-
sure is ~1496 hPa (Atreya et al., 2009). Titan’s surface liquids
are composed mostly of nitrogen and light hydrocarbons (i.e.
methane, ethane). They form a number of lakes and rivers,
usually in the polar regions (Hayes et al., 2008; Lopes et al.,
2010; Moore and Howard, 2010; Langhans et al., 2012; Burr et
al., 2013b).

The Titan year lasts 29,423 terrestrial years, which is equal
to the orbital period of Saturn. The inclination of Titan’s rota-
tional axis with respect to the plane of Saturn’s orbit is similar to
the terrestrial inclination axis with respect to the plane of the
ecliptic (26.7° versus 23.45°). Therefore, the distribution of cli-
matic regions and seasonal changes on Titan are similar to ter-
restrial ones.

Pictures from the Cassini mission made in 2007 during winter
on the northern hemisphere indicate the existence of lakes and
seas. Some of them are very large (e.g., Kraken Mare
~400 000 km?, Ligeia Mare ~100 000 km?). At the same time,
lakes observed on the southern hemisphere were smaller. How-
ever, some observations indicate that these lakes were larger in
the past (Moore and Howard, 2010; Turtle et al., 2011a). This
fact could be explained by a lower temperature on the winter
northern hemisphere (condensation and precipitation are ex-
pected in regions of low temperature — Langhans et al., 2012).

Since 2004, when the Cassini probe reached Saturn’s sys-
tem, the surface of Titan has been observed several times ev-
ery terrestrial year. Our discussion is based on the interpreta-
tion of data by other scientists. We present a short summary of
their conclusions only. Comparison of the radar pictures ac-
quired for different times indicates that the sizes of
some lakes are changing (Mitri et al., 2007). More-
over, it is also found that the surface of Ontario Lacus
changed its brightness between consecutive obser-
vations. These changes of size and brightness of the
dark area could be explained as a result of evapora-
tion (e.g., Cornet et al., 2012). Note that “brightness”
or “albedo” often refer to results of RADAR data.
There are also observations of the opposite process,
for condensation. This can be linked with observa-
tions of clouds in the southern polar region. The dis-
appearance of these clouds coincided with the de-
creasing albedo of the surface (Turtle et al., 2011b).
This phenomenon could be explained as a result of
intense precipitation, which leads to wetting/moisten-
ing of the surface. It could be treated as proof of exis-
tence of a methane cycle on Titan (Griffith et al.,
2000; Lunine and Atreya, 2008), analogous to the ter-
restrial hydrological cycle (Atreya et al., 2009).

The methane cycle can be described in the follow-
ing way: methane causes a noticeable part of Titan’s
atmosphere to form clouds at the cold polar region.
Later, in the form of the rain, it reaches the moon’s
surface (Jaumann et al., 2008). Next, the liquid, ac-
cording to gravity, flows from an upper to a lower re-
gion, eventually forming streams, rivers, and lakes
(Lunine and Lorenz, 2009). During runoff, the liquid
could infiltrate the regolith and form “groundwater”
(Tomasko et al., 2005; Czechowski and Kossacki,
2012).

For numerical simulations we use the package CCHE2D
developed by the National Center for Computational Hydro-
science and Engineering (University of Mississippi), adapted for
the specific conditions on Titan (Wu, 2001; Zhang, 2006). The
package solves the Navier-Stokes equations for depth-inte-
grated two-dimensional turbulent flow and the three-dimen-
sional convection-diffusion equation of sediment transport (Jia
and Wang, 2001).

CHARACTERISTICS
OF THE RIVERS STUDIED

EAST FORK RIVER

For our simulations we used some Earth analogue data
concerning East Fork River (Fig. 2). This river is situated in Wy-
oming (USA); its total length is approximately 72 km. Itis a tribu-
tary of New Fork River and is oriented south-west. In our model
we consider its 2 km section (Fig. 3). In the model we use the to-
pography of the river bed given by Wu (2001), Jia and Wang
(2001), and Zhang (2006). We chose this particular geometry
as an example of a meandering river with a well-developed river
bed. Note that starting from the natural initial topography has
some advantages because in an artificial channel some tran-
sient artificial phenomena could be stronger. We want to con-
centrate on the physical conditions of simulations, so we use
the same geometry for terrestrial and Titan’s models. In fact, we
don’t know the geometry of any of Titan’s rivers, so the use of a
terrestrial one is justified. Note that the present resolution of Ti-
tan pictures is not good enough to determine the channel
courses of Titan’s rivers; we know only the course of their val-
leys.

Below we describe the topography of the chosen fragment
of the river bed. The lowest point of its topography is on the level

Fig. 2. The section of East Fork River used in our simulations —
photography of the river by Google Maps

Red arrow indicates the direction of flow in the river
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Fig. 3. Initial topography of the bed of East Fork River
used in simulations

Topography is given with respect to the chosen frame of reference; dots mark
approximate places of mesh nodes: no. 886 — red, no. 5620, 5633 and 5728 —
blue, no. 15084 — yellow; thick, black line marks cross-section J = 172 dis-

cussed in Figure 14

of 4.37 m (river bed in the lower course) with respect to the cho-
sen frame of reference, and the highest point is on the level
8.77 m (bank of the upper course; Fig. 3). In short simulations
(from one to several hours) we assume hydraulic head as 1 m
and in long simulations as 2 m — these are the lowest hydraulic
heads for which simulations proceed quickly enough. The initial
water surface changes linearly for long simulations from 7.5 m
(on the inflow) to 5.5 m (on the outflow), and for short simula-
tions from 8-10 and 11 m (on the inflow) to 7-9 and 10 m, re-
spectively (on the outflow). The Manning coefficient, determin-
ing the roughness of the bed, is chosen as 0.03 for the whole
riverbed, because a similar value is usually used for terrestrial
channels filled with coarse sand (Jaromin et al, 2008;
Arcement and Schneider, 2013). In our simulation we also used
mainly coarse sand.

In our work we performed two types of simulations: short
(from one to several hours) and long (from one day to 67 days).
The basic parameters of the river used for long simulations,
which could be controlled by the user, are shown in Table 1.
Other parameters are discussed further in the text.

RIVERS ON TITAN

On Titan there are many river valleys. They have either high
radar brightness (probably presently dry river beds) or low
brightness (probably with some liquid hydrocarbons) (Lorenz et
al., 2008; LeGall et al., 2010; Langhans et al., 2012; Burr et al.,
2013a, b). They are placed in many regions, e.g. Shangri-La
(landing place of the Huygens; Fig. 4; Langhans et al., 2012;
Burr et al., 2013b), in both of the polar regions, and in the
Xanadu region (i.e. an equatorial region; Fig. 5). Some of these
river valleys have tributary systems (Tomasko et al., 2005;
Soderblom et al., 2007), although besides the polar region, they
are probably dry under the current climate (Kereszturi, 2010).

MATERIAL PROPERTIES

PROPERTIES OF LIQUIDS

3

Consider now the liquids flowing on Earth and on
Titan (Cordier et al., 2009; Lorenz et al., 2010; Cze-
chowski and Kossacki, 2012). The water is the liquid in
terrestrial rivers; its parameters are given in Table 2.

For Titan we have a slightly more complicated sit-
uation. At least 5 different liquids are considered
(Lunine and Atreya, 2008; Atreya et al., 2009; Strobel
et al., 2009; Cordier et al., 2009; Czechowski and
Kossacki, 2009, 2012; Lorenz et al., 2010). They are
mixtures of light hydrocarbons (methane, ethane,
propane) and nitrogen N2 (Table 2). The following
compositions are the most probable:

— 75% methane + 25% nitrogen — correspond-

ing to Titan’s rain;

— 74% ethane + 10% methane + 8.5% butane +
7% propane + 0.5% nitrogen — corresponding
to the liquids of the lakes;

— 100% methane.

This uncertainty is a result of changing composi-
tions during the methane cycle, e.g. the initial com-
position is changing as a result of evaporation
(Lunine and Atreya, 2008; Atreya et al., 2009). This
could cause problems for simulations because sim-
ulations should be performed with all liquids. Fortu-
nately, our preliminary calculations give similar ve-
locity fields for all the liquids mentioned (e.g., Fig. 6). There-
fore, for later calculations we choose one liquid only that corre-
sponds to the expected composition of rains on Titan (Perron
et al., 2006; Strobel et al., 2009).

B BGOAAAINICIO I~ 0O
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~NDOAWRAINDO> RO~

PROPERTIES OF SOLIDS

Below, the parameters of the transported material are con-
sidered. It is difficult to select the particle size distribution as we
do not have enough information concerning the regolith of Ti-
tan, so we choose sand and fine gravel which are easily trans-
ported by a river. These fractions are found in most of the me-
andering rivers on Earth. Note that most of our calculations are
for such rivers. Because of the lack of specific information about
rivers on Titan, we used the same grain-size distribution for Ti-
tan as for Earth, as mentioned before. We used a modified dis-
tribution of Leopold and Emmett (1976) for grain-size distribu-
tion. Table 3 shows the granulometric composition that they
proposed.

For Wista River, the authors of numerical package CCHE2D
(Wu, 2001; Jia and Wang, 2001; Zhang, 2006) used finer frac-
tions. Note that photos made during the landing of the Huygens
probe indicates the existence of large stones (up to ~15 cm in
size) on the bed of the dry lake (e.g., Tomasko et al., 2005).
Eventually, following these three suggestions, we used
grain-size distribution in the bed of the considered section of the
river given in Table 4. This distribution results in fast erosion and
sedimentation (important because of the limited speed of simula-
tion), and corresponds to the grain distribution in the bed of me-
andering rivers. The same distributions are used for bedload and
suspended loads at the inflow. The choice of distributions at the
inflow is not crucial because “natural” distributions (i.e. distribu-
tions corresponding to current velocity fields) will be established
in a few tens of metres from the beginning of the section of the
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Table 1
The list of long simulations (total 18) and values of basic parameters
. Bedload Suspended load Thickness of each Time
Model D'F:}Q?;Q% Q transport rate B | concentratign S | ofthree layers forming | of simulations
[kg-m s [kg - m™] the river bed [m] tsim

1T 20 0 0 0.05 50d 12 h 30m
1Z 20 0 0 0.05 54 d6h13m
1T 2 20 1.0 0.5 0.05 22d 15h 46m
122 20 1.0 0.5 0.05 24d 13 h 25m
1T_3 20 0.5 1.0 0.05 37d23h11m
123 20 0.5 1.0 0.05 37d5h17m
EF_T 40 0 0 0.05 30d 17 h 46m
EF Z 40 0 0 0.05 30d 8h48m
1T 6 40 1.0 0.5 0.05 66 d 22 h 29m
126 40 1.0 0.5 0.05 66 d 16 h 24m
1T 7 40 0.5 1.0 0.05 25d 20 h41m
127 40 0.5 1.0 0.05 26d 10 h 4m
179 40 0 0 0.5,1.0,1.5 37d14h11m
12_9 40 0 0 0.5,1.0,1.5 37d14h11m
17_10 40 1.0 0.5 0.5,1.0,1.5 54 d 6 h43m
1Z_10 40 1.0 0.5 0.5,1.0,1.5 54 d 6 h 46m
1T_11 40 0.5 1.0 0.5,1.0,1.5 29d 5h 55m
1Z_11 40 0.5 1.0 0.5,1.0,1.5 29.d 5 h 50m

As the boundary conditions on the inflow we used two values of total discharge Q (20 and 40 m®. s'1), three values
of bedload transport rate B (0, 0.5, 1.0 kg - m~" - s™') and suspended load concentration S (0, 0.5, 1.0 kg - m™); mod-
els indicated by letter Z and EF_Z are the terrestrial ones and with T and EF_T — Titan’s

Fig. 4. Photo made by the Huygens probe during descent Fig. 5. Meandering dry valleys (indicated by arrows) on Xanadu
region (Tomasko et al., 2005; Perron et al., 2006, NASA 2006
We can see the well-developed river valley system; the main type PIA08604 — modified)

of supply considered for this system is the runoff (Tomasko et al.,
2005; Perron et al., 2006, NASA 2005 PIA07236)
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Table 2

our simulations (Cordier et al., 2009; Lorenz et al.,

Kinematic viscositil/ and density of the liquids used in
2010; Czechowski and Kossacki, 2012)

Table 4

Distributions of grain size of suspended load at the inflow,
bedload at the inflow and initial bed composition in the section

of the river considered

i

Maximal velacity magnitude [m/s]

o 0 a0 60 20 100 120
Total discharge [m?/s]

Fig. 6. Maximal velocity magnitude V.« versus total
discharge Q for four different liquids

Titan’s rain (75% methane + 25% nitrogen), lake liquid (74% eth-
ane + 10% methane + 8.5% butane + 7% propane + 0.5% nitro-
gen), 100% methane and water; the lines for three Titan’s fluids
are overlapping; boundary condition: the level of the liquid on the
outflow is assumed to be 10 m (with respect to the chosen frame of
reference); it corresponds to 5.5 m depth

Table 3

Distributions of grain size used by Leopold
and Emmett (1976)

Name Kinematic viscosity Density Diameter [cm] 0.01] 0102505 2 | 4 |16
Symbol v P Boundary condition for 35 25 15 |15 110 | 0o 0
Unit m2.s™ kg - m™ suspended load at inflow [%]

Water 1.52.10°° 999.84 Boundary condition for bed 10 | 10 | 20 |25 | 25| 9 | 1
75% methane 7 518 load at inflow [%]

; ’ 29210
25% nitrogen Initial bed composition [%] 0 | 10 | 20 | 25| 25| 9 | 1
100% methane 4.58-107" 454

river considered — the fine fraction will become the suspended
load, while the coarse fraction will become the bedload.

The specific gravity, i.e. the ratio of (density of grain)/(den-
sity of liquid), is an important factor in determining transport and
sedimentation (Table 5). We assume that terrestrial grains are
composed of pure quartz, and grains on Titan of pure water ice
(Table 5; Elachi et al., 2005; Litwin et al., 2012). We know that
some organic solids are also present in the regolith of Titan
(e.g., Lorenz et al., 2003), but the water ice is the main compo-
nent (Tomasko et al., 2005). Therefore, in the present calcula-
tions we used only water ice for Titan.

NUMERICAL MODEL

In our research we use a numerical model to determine dif-
ferences in the evolution of rivers on Earth and on Titan. The
dynamical analysis of rivers is performed using the numerical
package CCHE2D, adapted for the specific conditions on Titan.
The package uses the finite element method. The numerical
mesh for the model of East Fork River consists of quadrilateral
finite elements with 16533 mesh nodes (for details — see Zhang,
2006). In these mesh nodes the package gives: velocity vector,
velocity magnitude (i.e. the absolute value of the velocity),
depth of the river, bed change (i.e. the difference of the current
bed topography from the initial bed topography), bedload, sus-
pended load, etc. The notation of some parameters used in the
paper is shown in Table 6.

Table 5

Density of the transported materials and the specific gravity
for Earth’s and Titan’s rivers used in our calculations

Grain size Grain-size distribution . : Quartz Water ice
[mm] (%] Properties | Symbol | Unit | hcorms Earth) | (concerns Titan)

16.0-8.0 1 Density p kg-m™ 2650.0 980.0
8.0-4.0 4
4.0-2.0 20 Substances specific gravity
2.0-0.5 45 Quartz/water 2.650
0.5-0.25 25

under 0.25 5 Water ice/liquid of composition of Titan’s rain 1.892
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Table 6

Notation of some parameters used in the paper

Symbol Meaning of symbol

Q total specific discharge [m® - s™]

Vv velocity magnitude depth-averaged [m - s7"]

8,,, maximal bed change for given time [m]

D50 median of particle size distribution [m]

D50y,.x | maximal median of particle size distribution [m]
suspended load concentration [kg - m’3]

Shmax maximal suspended load concentration [kg - m’3]

B bedload transport rate [kg - m™"- s7"]

Subscript “max” denotes the maximum value of the given
parameters for the part of the river considered

ADDITIONAL PARAMETERS OF THE MODEL

We used the following gravitational acceleration: g =
9.817 m - s7 (for Earth), g; = 1.352 m - s7 (for Titan). Since
many details about Titan’s rivers are still unknown, we chose
the same values of the required parameters as for terrestrial
meandering rivers. The von Karman constant is assumed to be
0.41 (see also discussion in Frenzen and Vogel, 1994). The
grain-size distribution could be characterized by the parameter
known as median of particle size distribution, D50. lts definition
assumes that the total mass of grains smaller than D50 is equal
to half of the total mass. For our distribution D50 = 0.5 cm (cal-
culated on the basis of Table 4). The porosity of bed sediments
is assumed to be 24%. In our simulations the material is trans-
ported only as the bed load and as the suspended load. For the
values of Q used in our simulation, the flow is ap-
proximately steady and the bed change is relatively 02

Titan’s rain. It is also the liquid most likely to be found in Titan’s
rivers (Perron et al., 2006; Atreya et al., 2009; Strobel et al.,
2009).

A few other results of the short simulations are presented in
Table 7. General properties of the flows in Titan’s and terrestrial
rivers are also compared in this table.

The next parameter of the flow investigated in the short sim-
ulations is the velocity magnitude V. The dependence of the
maximum value of V=V« (Q) — could be represented by a
piecewise linear function of total discharge Q (Fig. 6). Note that
for a lower total discharge (i.e. for Q <40 m* - s™") the slope of
the graphs is steeper than for a higher Q, i.e. the rate of change
for Vinax decreases with Q.

In the short simulations we also solved the problem of the
transient effects of the flow. For some time after starting the
simulation, there are temporary effects resulting from certain
specific initial conditions. These transient effects do not exist in
natural rivers (they do not have a starting time). The results are
presented in Figure 7. The figure presents the x-component of
the velocity vector U in a few chosen mesh nodes.

Table 7

Summary of comparison of three basic parameters
of the rivers obtained in the short simulations

Parameters Titan compared to the Earth

similar for low value of total
discharge Q (Q<30m*-s™)

Maximal velocity

magnitude higher on Earth for big value

of total discharge Q (Q >30 m®.s™)

lower on Titan for low value
of initial water surface level

Total specific discharge
P 9 similar for big value of initial
water surface level

larger on Titan than on Earth

Eddy viscosity

slow. Note that the domain of calculations is con-
stant, so lateral boundaries represent “rigid banks”
that cannot be eroded. Fortunately, the stream of
the river modelled is narrower than the domain, so
the stream is often separated from the boundary of
the domain by belts of the bed material. These belts
could be a subject of erosion, so the minor lateral
motion of the river channel could be also simulated
(in the range of the domain).
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RESULTS

THE RESULTS OF SHORT SIMULATIONS

A series of short simulations was performed to
solve some specific problems. The transport of
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sediments is not included in this series. First, we 07,
had to know whether simulations with many liquids
on Titan are necessary. Therefore, the flows with
different liquids are simulated for ~60 min. We
found that all the liquids considered (Table 2) gave
similar flow properties (e.g., see Vmax in Fig. 6).
Based on this result, for the rest of the simulations
we used only one fluid; the one that corresponds to

1
0.1 02 03 0.4 05 06 07 0.8 08 1
Time in [h]

Fig. 7. The dependence of x-component of the velocity vector U versus
time in three chosen mesh nodes, for Titan (T) and for the Earth (E)

(see Fig. 3 for positions of the mesh nodes)

Note that stabilization of the flow is reached after ~0.5 h
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The mesh nodes are chosen in the following way (see Fig. 3
for positions of the mesh nodes): in the upper course (no. 886), in
the mid course (no. 5728), and in the lower course (no. 15084).
For all these three mesh nodes, we assumed the same Q = 40
m®-s™'. Figure 7 shows that stabilization is reached after ~0.5 h.

RESULTS OF SIMULATIONS
OF SEDIMENT TRANSPORT

The calculations of flow are used for simulations of erosion
and sedimentation (Misiura and Czechowski, 2013). Consider
now the changes of the topography of the river channel result-
ing from those processes. The changes are expressed by bed
changes with respect to the initial bed topography. Generally,
for low values of total discharge Q, the bed changes are low
(i.e., the changes of topography are rather limited). For large
values of Q, the bed changes are large.

Figure 8 presents maximal bed change (3,,) as a function of
total discharge Q. For discharge lower than 15 m* - s, the bed
change for Titan is slightly higher than for Earth. The situation
changes for higher Q; the bed change for Earth is significantly

3.5 T T T T T

higher than for Titan. However, the later evolution for very long
simulations (e.g., 50 days) is different (see Fig. 16).

The distribution of sediments in the river bed could be char-
acterized by D50. If D50 is low, then the channel bed is built by
grains of small diameters. For high D50, large grains dominate.
The changes of D50 in time are large and they strongly depend
on Q. Figure 9 presents D50y, i-€. the maximum value of D50.
One can see that D50y« is an increasing function of Q — as
would be expected. Moreover, for Titan’s conditions, D50,x(Q)
is larger than the D50.«(Q) for Earth for the considered range
of Q. Also, the rate of increase is larger on Titan than on Earth.
Both of these statements are in agreement with existing publi-
cations (e.g., Burr et al., 2006). It means that in some parts of
the channels on Titan the coarse sediments accumulate more
effectively than on Earth, and the finer sediments are also re-
moved more effectively (see also Fig. 13). This fact could be ex-
plained by considering buoyancy and hydrodynamic forces
(e.g., Burr et al., 2006).

Consider now changes of D50.x in time for constant Q =
30 m?*-s™ (Fig. 10). Initially, for time below ~2.5 - 10* s = ~7 h,
D50« for Titan is higher than for Earth. This means that on Ti-
tan, small grains are being more easily removed out of the part

of the river channel considered. For longer periods
(for time >4 - 10* s = ~11 h), D50nay is larger for

25

Bed change [m]

Prie

-
-

—Earth
——-Titan |_|

Earth. This figure suggests that, initially, fine mate-
rial is eroded faster on Titan than on Earth. This
conclusion is not a result of assumed grain-size dis-
tribution, because we assumed the same distribu-
tions for Titan and Earth. Therefore, the difference
in behaviour is the result of different conditions on
these celestial bodies.

CASE STUDY ON BEHAVIOUR
OF THE RIVER MODELS

5 10 15 20 25 30 35 40
Discharge Q [m3/s]

Fig. 8. Maximal bed change &, versus discharge Q [m® - s

for the Earth than for Titan

45 50

_1]

Boundary condition: the level of the liquid on the outflow is 8 m;
that corresponds to ~4 m depth; note that for Q > 25 m®. s 8y is higher

Below we discuss some examples of the pro-
cesses considered in the river models. Figures 11
and 12 present sedimentation and erosion in the
river channel for Titan (Fig. 11) and for Earth (Fig.
12) for the same initial and boundary conditions (Q
=40m®-s™", transport rate of bedload B=1kgm™" -
s™' and concentration of suspended load S = 0.5
kg - m™ —models 1T_6 and 1Z_6 in Table 1).

For Titan (Fig. 11), we can see the formation of
the characteristic structure of the meandering river:

on the inside bend of meanders there are accumu-
4 lation structures — point bars, while on the other
y side, the bank is eroded, and so the material is ac-
P cumulated and eroded in expected locations. For a
y much longer simulation than we made in this work,
the effect of lateral migration of the channel would
be visible. This effect is characteristic for meander-
ing rivers.
For Earth (Fig. 12), point bars and mid-channel
bars formed. This type of channel could evolve into
a braided river with a longer simulation than we

L 1 1
10 15 20 25 30 35 40
Discharge Q [m3/s]

Fig. 9. Maximal values of median of particle size distribution D50,,,x

versus discharge Q [m® - s7"]

Boundary condition: the level of the liquid on the outflow is 7 m;
that corresponds to ~3 m depth; note that D50,.«x characterizes

the whole part of the river channel considered

made in this work.

Figure 13 presents the distribution of the final
bed composition for the model 1T. For Titan’s con-
dition, the following sequence of distributions of
fractions in river channel is observed: the coarsest
sediments are in the mainstream, while moving
away from the mainstream the contribution of finer
sediments is increasing.
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Fig. 10. Maximal values of the median of particle size distribution D50,.«
versus time

Note that for duration shorter than ~2.5 - 10* s (~7 h), D50max for Titan is higher
than D50y, for Earth, and for duration longer than ~4 - 10*s (~11 h) the situation
changes — D50y for Earth is higher than D50y, for Titan; the fluctuation in the
graph for the Earth is the result of the general sensitivity of maximal values to the
details of the model; boundary condition: the level of the liquid on the outflow is
10 m; this corresponds to ~6 m depth

Fig. 11. The bed change after ~46 days, simulation for Titan (model 1T_6)

Black arrows indicate point-bars (results of accumulation);
red arrows indicate structures of erosion
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Fig. 12. Simulation for the Earth (model 1Z_6),
the bed change after ~11 days

For explanations see Figure 11

The results discussed in this subsection indi-
cate that the package CCHE2D gives realistic re-
sults for Titan’s as well as for terrestrial conditions.
Note also that the package is often used in practical
applications and scientific research (e.g., Magnu-
szewski and Gutry-Korycka, 2009a, b), therefore
its use for our modelling is fully justified.

RESULTS OF SIMULATIONS

The strategy of this work is to investigate differ-
ences in the processes in Titan’s rivers compared
to terrestrial ones, instead of making a model of a
specific river on Titan. In fact, the present data con-
cerning any of Titan’s rivers are not sufficient for
such modelling (e.g., the lack of bed topography).
Our method of investigation requires also the use
of the same values of corresponding parameters of
rivers on Titan and Earth unless the basic differ-
ences of liquids (hydrocarbon versus water), solids
(water ice versus silicate grains),and conditions
(e.g., different gravity) require the opposite. For this
reason we use the same geometry and distribution
of grain size for Titan’s and for terrestrial rivers.

In the long simulations we modelled the rivers’
evolutions for 22-66 days (Table 1). Generally,
these calculations confirm the results presented in
subsection “The results of short simulations”. More-
over, we found some new properties that we dis-
cuss below.

In this subsection, we investigate how the trans-
port and accumulation of the material depend on
some boundary conditions. In our simulation we
use various boundary conditions, for example:
transport rate of bedload, concentration of sus-
pended load, and total discharge (see Table 1).

Based on the result of the short simulation we
decided to use two values of total discharge Q = 20
m® . s and 40 m®. s for which the topographic
bed change rises rapidly with increasing Q (Fig. 8).
However, the initial long simulations indicated that
Q=20m*-s™ is too low, because after ~20 days
some of the simulated rivers dry locally (e.g., 1T_2);
this makes further calculations impossible. For dis-
charge 40 m® - s this effect does not appear. Our
model does not include evaporation or infiltration
(see parameters of the model in Section Material
Properties). The “drying” means that discontinuity
of the water stream is observed. Generally, this is a
physical effect observed if sandy bedforms slow
down the flow in the upper course of the river, while
in the lower course the flow is not slowed down.
Then the stream in the midcourse becomes so nar-
row that it is below the resolution of the numerical
model.

For some values of the transport rate of the
bedload and the concentration of the suspended
load we found interesting differences between Ti-
tan’s and Earth’s rivers. For Earth (for Q = 40 m® -
s™', transport rate of bedload B=1kg-m™"-s™" and
concentration of suspended load S=0.5kg-m™), a
river evolves towards a quasi-braided river (Fig.
12). For the same boundary conditions the river on
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Fig. 13. Final bed composition for simulation 1T (Titan)

for the chosen meander

The scale is from blue (0%) to red (100%) showing the given particle size in all
sediments; A — sand — 0.01 cm; B — gravel — 2 cm; C — pebble — 4 cm; note that
the largest grains accumulate in the main stream, while the finest sediments ac-

cumulate mostly in the point-bars

Titan is still a regular meandering river (Fig. 11). We believe that
this could be an important result of our models. The evolution
toward a quasi-braided river is a result of a large volume of sedi-
ments that could not be transported further in terrestrial condi-
tions, and are deposited in the modelled section of the river. We
hoped that we could determine the conditions necessary for de-

veloping typical braided rivers on Titan. Note, that
the number of channels of a given river could be de-
termined even from data with the present resolu-
tion, so some limits on the properties of liquids or
solids in Titan’s rivers could be determined.

Let us discuss now the rate of sedimentation.
Figure 14 presents evolution of the bed along a

chosen cross-section (thick line in Fig. 3). One can
conclude that the rate of sedimentation on Titan is
higher than on Earth. The layers of new sediments
on Titan have thicknesses of 10—40 cm. For terres-
trial conditions, the rate of sedimentation is much
lower and subsequent layers are thinner (~5 cm).
Similar behaviour is observed along other cross-
sections. This situation could have two causes:

— flow in Titan’s rivers has a higher effective
power compared to the power required for
moving bedload;

— the power of terrestrial rivers are too high, so
material cannot accumulate. Burr et al.

(2006) and Witek and Czechowski (2013,

2014) suggest that the first option is correct.
This means that the effective power of a stream
on Earth is lower than on Titan, so the effect of this
stream on suspended load is also lower. Such a sit-
uation could be the result of lower gravity on Titan

or a lower viscosity of fluid in Titan’s rivers.

The result discussed in the previous paragraph
is confirmed by our other simulations. For Titan the
coarse sediments accumulate in the lower course
of the river (see distribution of D50 in river channel
in Fig. 15).

The bed change for the chosen mesh nodes is
given in Figure 16 (see Fig. 2 for positions of the
mesh nodes). Initially, the rate of the bed change
for the Earth is very large, but after 300 h the rate
drops almost to zero and the bed change is con-
stant. For Titan, the rate of the bed change is al-
most constant from 100 to 1100 h, however, it is

smaller than that on the Earth. The average bed
change (averaged over whole numerical domain)
for Titan is higher than for Earth. This is a result of
the larger rate of transport of material on Titan.
Note that the same mass of the bed load and sus-
pended load (for Titan and Earth) is assumed for
this simulation. Analogous simulations performed

Time = 50(d): 12(h): 33(m): 50.2937(s)

for the same volume of transported material gave
similar results, i.e. the bed change for Titan in this
mesh node is larger than that for Earth.

Below, values of some quantities in a chosen
mesh node are considered. We chose a typical
mesh node, thus similar conclusions could be
made on the basis of other mesh nodes. The mag-
nitude of velocity of fluid in rivers is shown in Figure
17. The velocity is significantly lower on Titan than
in the terrestrial river (1 m -s™' versus 1.5m-s™).
This suggests that the main sources of difference in
transport and sedimentation are gravity, densities
of fluid and sediments, and different buoyancy
force, rather than the velocity.

Generally, a larger velocity means a higher effective power
of river. Our simulations show that some exceptions are possi-
ble. The transport on Titan is more effective even for signifi-
cantly lower velocities. Similar behaviour is observed also in
other points (mesh nodes).
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Fig. 14. Evolution of river’s topography

40

The cross sections across the river along chosen line (J = 172) and for different times (see legends); A — for simulations 1T_2 (Titan); B — for
simulation 1Z_2 (Earth). Maximal duration of simulation is ~21 days (i.e. 1 793 030 s) for Titan (A) and ~24 days (i.e. 2 121 930 s) for the
Earth (B). The lower black, thick, dashed line indicates the initial bed elevation of the river bed. The vertical black line indicates position of the
mesh node 5620 and the vertical black dashed line indicates the mesh node 5633. The total thickness of sediment on Titan is larger than on
the Earth (note different vertical scales of the both panels), e.g. for the distance equal 15 m the thickness of sediments on Titan is ~1 m while
at the same mesh node on the Earth the thickness is ~0.5 m. C and D shows models 1T_6 (Titan) and 1Z_6 (Earth), respectively
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Fig. 15. Distribution of D50 for Titan and the Earth after ~66 days
for simulations 1Z_6 and 1T_6

Note that D50 in the upper course on Titan is very low (i.e. the bed consists of small grains) and D50 increases
downstream; on the Earth the situation is different — there is not such a large difference between the upper and
the lower courses; distribution of D50 on the Earth is relatively stable; to obtain similar stability of D50 on Titan,
longer simulations are necessary

Figure 18 presents comparisons of the sus-

A pended load and the bedload for Titan and Earth for
mesh node 5620. Simulations show that for Titan

2 T T T T T the maximal value of suspended load concentration

18- . is around 23 kg - m™>, while on Earth it is only around

1 3 kg - m™. On the other hand, bedload transport rate
is much greater on Earth than on Titan — the maxi-

B e ﬁ mal value is around 0.3 kg m™" - s' on Earth and
- T negligible on Titan. This fact suggests that the domi-
£ -~ 7 nant mode of transport on Titan is the suspended
3 7 load.

B A direct comparison of the transport of solid ma-
| terial as suspended load and as bedload requires

8(IJO 1 0‘00 1 2‘00 1 4|00 1600 <
Time [h]
Fig. 16. The bed change for the chosen mesh nodes
B versus time for simulations 1Z_6 and 1T_6

A — mesh node 5620 is close to the main stream of the
%3 river, B — mesh node 5633 is in the point-bar; for mesh
187 e 7 nodes location see Figure 3. Note that initially the rate of
4.6 7 h bed change for the Earth is very high. After ~300 h (at B)
14 e 4 or ~100 h (at A) the rate drops to ~0 and the bed level is
constant or even some erosion is observed. This means
— that topography after ~1200 h is relatively stable; but the
deposition in the point-bars for Titan is significantly
E higher than for the Earth, while deposition in the riverbed
(close to the main stream) is similar. For Titan the rate of
bed change is constant from 100 to 1100 h (for both
mesh nodes) and it is lower than on the Earth. However,
1 the final total bed change for Titan is eventually higher
(~2matBand ~1.4 matA). This is a result of larger vol-
ume of transported material on Titan (the same mass of
the material is assumed)
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: some further consideration because S and B have
e different units and different physical meanings; S is
the mass of suspended load in kg per 1 m®, while B
. is the mass of bedload in kg - s transported through
1 m (perpendicular to the velocity vector) of the bed
in 1 second (see also Table 6). For this reason we
. introduce a modified suspended load defined as:
Smod = S - V- d, where d is the local depth of the river.

Velocity Magnitude [m/s]
2

08" i After this operation Smeg has the same unit as B, so
0.4 - they could be directly compared. Figure 19 presents
55l | the ratio of S,q and B versus time for a chosen
' mesh node. For Titan, the ratio is always very high
% 260 460 B(IJO B(IJO 10‘00 12‘00 14[00 1660 1800 (Sometimes even Smoq > ~31,000 B)' For Earth, the

Time [h] ratio is significantly lower than for Titan (from ~0.1 to
~97). The ratio changes through time as a result of
evolution of the river bed. Both models start from the
same initial topography, so direct comparison could
be made for time t < ~1000 000 s = 11 d (see also
Results for simulations 1T_6 (solid line) and 1Z_6 (dashed line) are presented ~ Fig. 12). Further evolution of the terrestrial river

leads to a quasi-braided river, while for Titan we still

Fig. 17. Changes of the velocity magnitude V versus time
in the mesh node 5620
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Fig. 18A — suspended load concentration; B — bedload transport rate versus
time for mesh node number 5620 for simulations 1T_6 and 1Z_6
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Titan we still have a typical meandering river for
the entire simulation;

— The rate of sedimentation on Titan is
higher than on Earth. The layers of new sedi-
ment on Titan have thicknesses of 10—40 cm.
For terrestrial conditions, the rate of sedimenta-
tion is much lower and subsequent layers are
thinner (~5 cm);

— The bed change averaged over a consid-
ered river channel for Titan is higher than for
Earth. This is a result of a greater rate of trans-
port of material on Titan;

— Suspended load is the main way of trans-
port in Titan’s simulated rivers. For Earth, the be-
haviour of the considered ratio is more compli-
cated. The suspended load S04 could be of the

2,00E+06  3,00E+06  4,00E+06

Time [s]

oo
o=

0E+00  1,00E+06

Fig. 19. Ratio of modified suspended load concentration Spoq
to bedload transport rate B versus time for mesh node number 5620

for simulations 1T_6 and 1Z_6

have a typical meandering river for the entire duration of the
simulation. Note that the chosen mesh node 5620 could be
treated as a typical one. Figure 19 confirms that for Titan’s
rivers the suspended load is the main method of transport. For
the Earth, the behaviour of the considered ratio is more compli-
cated. The suspended load Smod could be of the same impor-
tance as the bedload, lower, or significantly higher, but not
higher than ~100 B.

This conclusion is confirmed also by comparison of the
whole mass of the sediments transported as suspended load
Smod during modeled time ™ through the mesh node 5620.
The mass is given by the following time integral: K = [ ™0
Smod dt in the chosen mesh node. The calculation gives 2.8 -
10° [kg - m™"] for the Earth and 1.18 - 10® [kg - m™"] for Titan.

For Titan, the total mass of transported material through this
mesh node as suspended load is 42 times higher than for Earth.
Integration across the river width leads to a similar conclusion —
transport by suspended load is more effective for Titan than for
Earth. The total transport of the river (suspended load +
bedload) is also higher for Titan. These findings confirm theo-
retical results, based on consideration of the roles of the buoy-
ancy force, hydrodynamic force, and settling velocity, pre-
sented by Burr et al. (2006). Note, however, that the conclu-
sions of Burr et al. (2006) were made for the same velocity,
while we consider the same total discharge.

CONCLUSIONS

The main conclusions of this research are as follows:

— The simulations give realistic results for flow, transport,
and sedimentation for terrestrial and Titan’s rivers. Therefore,
we have concluded that the use of the modelling package
CCHE2D for extra-terrestrial rivers is fully justified;

— Three different liquid hydrocarbons considered for Titan’s
rivers give similar velocity fields;

— For the conditions considered in our research, the evolu-
tion of a terrestrial river leads to a quasi-braided river, while for

5,00E+06

same importance as the bedload, lower, or signif-
icantly higher, but not higher than ~100 B. The
bedload transport rate is also much greater on
Earth than on Titan; the maximal value is around
0.3kg-m™"-s™" on Earth and negligible on Titan;

— Consideration of the stability of D50 parti-
cle distribution of bed sediments indicates that
models for Titan’s river require a longer time of
simulation than for terrestrial rivers. This could be a result of low
bedload on Titan and low significance of suspended load for
erosion of the bed;

— Most of the results of our models could be explained theo-
retically, considering different values of gravity, density and vis-
cosity of fluids, density of sediments, and different buoyancy
forces for Titan and Earth.

Our investigations indicate substantial differences in the
evolution of terrestrial river valleys compared to the evolution of
similar sized valleys on Titan. The differences are the results of
different rates of erosion, transport, and sedimentation. A better
understanding of these processes requires further numerical
simulations, experimental investigations, and more observa-
tional data from space missions. Moreover, detailed compari-
sons with analogous terrestrial processes could be helpful in
determining the conditions necessary for forming braided or
meandering rivers. A better understanding of these conditions
will give scientists an important tool to interpret data from
spacecraft and to explain the evolution of rivers on Titan. Note
that the observational data for Titan are (and will be) mainly of
the remote type (radar data, pictures made from orbiters rather
than in-situ geological survey). Therefore, the development of
special methods for interpretation is necessary. Detailed inves-
tigation of the differences between terrestrial rivers, turbidity
currents, and Martian rivers could be important.
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