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Abstract 
Saturn’s largest moon, Titan, has a dense reducing atmosphere, where organic aerosols are 

formed from methane (CH4) and nitrogen (N2) via photochemical reactions. These organic 
aerosols would deposit on the surface, where an active CH4-based hydrological cycle exists. 
Thick organic sediments exist as dunes only at low latitude regions of Titan, but not in the 
middle latitude regions, although both low and middle latitude regions are generally arid. Given 
that no thick organic sediments exist on middle latitude regions where potentially H2O ice crust 
exposed, organic aerosols at middle latitudes may have been transported spontaneously. Previous 
studies, however, have considered that saltation of organic aerosols would occur only by strong 
winds due to CH4 storms at low latitudes but would not occur by seasonal wind at low and 
middle latitudes based on the high cohesiveness of Titan’s organic aerosol analogs (Titan tholin) 
measured at room temperature. However, the cohesive force would be different at Titan’s surface 
temperature (~93 K). In addition, various chemical process on the surface of Titan would result 
in the formation of organic materials with different chemical structures, which would show 
different cohesiveness. However, the temperature dependence and chemical structure 
dependence of cohesiveness, which depends on the surface energy and elasticity, of Titan’s 
organic analog materials have been poorly understood. 

The objectives of the present study are to investigate the temperature and chemical 
structure dependence of both surface energy (cohesion force) and elasticity (elastic wave 
velocities) of organic analog materials on Titan. 

In Chapter 2, laboratory experiments generated three types of organic materials; the 
present study produced laboratory analogs of Titan’s organic materials; 1) films and particles of 
Titan tholin, 2) films of altered tholin, and 3) films and solids of hydrothermal organics. 
Morphological observations were conducted using a field emission-scanning electron 
microscopy (FE-SEM) and an atomic force microscopy (AFM), while the chemical structures 
were investigated using a Fourier Transform Infrared (FT-IR) spectroscopy, elemental analysis, 
an ultraviolet/visible (UV/Vis) spectroscopy, and High-Performance Liquid Chromatography 
(HP-LC). Our results suggest that the organic films on the tip of the cantilever and Si wafer 
substrates have smooth surfaces at the nanometer scale. The chemical structure of film and 
particles of Titan tholin and film of hydrothermal organics would be N-bearing polycyclic 
aromatic compounds (N-PACs) connected with polymer-like chain structures. Altered tholin 
contains N-bearing heterocyclic aromatic structures with little aliphatic compounds. Solids of 
hydrothermal organics show the polyolefin with an abundance of C=O bonds in the structure. 

In Chapter 3, the cohesion force and surface energy measurements of organic analog 
materials were performed using an atomic force microscope (AFM). Our results suggest that the 
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apparent surface energy of Titan tholin decreases as temperature decreases, following the 
Arrhenius equation with an activation energy Esurf = 1760 ± 190 J mol−1 and the surface energy 
of Titan tholin at absolute zero γ0= 180 ± 20 mJ m-2. The temperature dependence of the apparent 
surface energy would be derived from the decreasing of contact radius due to increasing of the 
elasticity and/or the reduction of the energy dissipation caused by a molecular stick-slip 
mechanism during separation with temperature drop, which results in the the observed 
temperature dependence of cohesion force. Our results also suggest that the surface energy of 
altered tholin and hydrothermal organics are 159 ± 39 mJ m-2 or 226 ± 77 mJ m-2, and 57 ± 8 mJ 
m-2, respectively. These values are higher than values obtained by contact angle measurements 
but are comparable to graphene measured by surface force balance (SFB) and lower than that of 
paraffin estimated from tensile strength measurement. The difference could arise from energy 
dissipation during separation, such as molecular stick-slip and mechanical adhesion effects, 
which are not considered in static contact angle measurements. Surface energy is influenced by 
factors, including elemental ratios such as C/H and C/N, the abundance of unsaturated bonds, 
and molecular size. 

In Chapter 4, elastic wave velocities and elasticity measurements of organic analog 
materials were performed by synchrotron radiation X-ray experiments and ultrasonic wave 
experiments. Our results of ultrasonic wave experiments suggest that P-wave velocity (Vp) and 

S-wave velocity (Vs) of Titan tholin and hydrothermal organics at 300 K are 3260 ± 390 m/s and 
1830 ± 60 m/s for Titan tholin and 2830 ± 60 m/s and 1740 ± 40 m/s for hydrothermal organics, 
respectively. The Vp values of the organic materials are consistent with the acoustic wave 
velocities estimated from phonon dispersion, which were determined through measurements of 
inelastic X-ray scattering (IXS) spectra at 300 K. Temperature dependence of the 2θ dependence 
of the intensity of elastic contribution S(Q, 0) and the least square fitting results of phonon 
dispersion curve indicates that the overall lattice structure of Titan tholin does not change 
significantly between 300 K and 93 K. With assuming a constant density, temperature 
dependence of the longitudinal modulus of Titan tholin are estimated to be M0 = 7.3 ± 1.2 GPa 
and Ea = -500 ± 230 J mol-1 for Arrhenius equation and in 𝑀𝑀0 = 15 ± 2 GPa and Tm = 340 ± 110 
K for linear relationship by least square fittings. Large errors indicate significant uncertainty in 
the temperature-dependent mechanism, requiring further analysis and alternative measurements. 
Our results of comparison of the Young’s modulus of Titan tholin and hydrothermal organics 
with various organic materials as a function of their C/H ratio suggest that the elastic properties 
of organic materials could be determined by not only the elemental ratio but also elemental 
composition, functional groups, and the molecular configuration of aromatic and aliphatic 
structures. The comparison of phonon dispersion obtained from the IXS and ultrasonic methods 
for Titan tholin demonstrates that the ultrasonic measurements align with the phonon dispersion 
curve near the zero point, within the error. This suggests that the long-wavelength approximation 
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remains valid at the phonon scale of a few unit cells, indicating that the extrapolation of 
ultrasonic method results to the 0.1–10 Hz frequency range of the seismometer onboard NASA’s 
Dragonfly mission is feasible. At Titan’s surface temperature (~93 K), the elastic properties are 
estimated to be K = 11 ± 3.8 GPa and G = 6 ± 2.0 GPa for Titan tholin-like structure, and K = 9.1 
± 3.1 GPa and G = 6.9 ± 2.4 GPa for hydrothermal organic-like structure. 

In Chapter 5, the saltation threshold wind speed u* on Titan’s surface temperature was 
estimated with the temperature dependence of the surface energy of Titan tholin (Chapter 3). 
Then, mass flux of sand transports from middle latitude regions toward lower latitude regions 
was compared with the deposition flux of organic aerosols. Our results suggest that the saltation 
threshold wind speed u* would decrease by a factor ~3 than values previously expected, 
suggesting that saltation would occur by tidal wind at middle latitude regions in the summer. The 
mass flux of sand transportation would be larger than the deposition rate of organic aerosols. 
Sand transport from middle latitude regions toward low latitude regions by tidal wind in the 
summer would explain the absence of thick organic sediments exist on middle latitude regions 
where potentially H2O ice crust exposed. To prove the hypothesis of transport of organic 
aerosols from middle latitude regions toward low latitude regions, the active seismic survey by 
NASA’s Dragonfly will be useful. A sensitivity study of the detection limit of depths of organic 
sediments in shallow subsurface to the elasticity of organic materials (Chapter 4) was also 
performed using a rock physics model. Our results suggest that the detection limits of depths of 
P-wave and S-wave would be ~30 m at 10 Hz of frequency. P-wave and S-wave velocities of 
Titan’s organic materials constrained in the present study are essential for estimating the 
thickness of organic sediments based on the travel time of reflected seismic echoes, which will 
be measured during the active seismic survey of NASA’s Dragonfly mission. 

In Chapter 6, the findings of the present study were synthesized. The fragmentation 
velocity of organic mantle grains (OMGs) was also calculated based on the temperature 
dependence of surface energy (Chapter 3) and elasticity (Chapter 4) of organic analog materials. 
The results indicate that the collisional growth of the OMGs would not proceed as efficiently as 
previously expected. Furthermore, our results of the temperature dependence of the surface 
energy indicate that the surface energy is not the factor controlling the haziness of the exoplanet 
atmosphere by effective wet/dry removal. This suggests that other factors are needed to explain 
the equilibrium temperature dependence of haziness in the atmospheres of exoplanets. 
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2θ Scattered angle 
Am Molar surface area 
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1.1. Titan: Its climate and surface environments 

Titan, Saturn’s largest moon, possesses a dense, N2-rich atmosphere with liquid CH4-
based hydrological cycles on the surface (e.g., Hörst, 2017 and references therein). In the upper 
atmosphere of Titan, complex organic aerosols are formed from N2 and CH4 via photochemical 
reaction induced by solar UV and charged particles from Saturn’s magnetosphere (e.g., Sagan et 
al., 1992). These aerosols are considered to settle in the atmosphere and eventually deposit on the 
surface (e.g., Rannou et al., 2016). The organic aerosols deposited on the surface would cover 
the icy surface, interacting with wind, and potentially liquid CH4 (Barnes, 2015; Hirai et al., 
2023). Through these interactions, organic aerosols would be a constitute of surface 
geomorphologic features, such as organic-rich dunes in the low latitude regions (Lorenz et al., 
2006; Radebaugh et al., 2008; Rodriguez et al., 2014) and evaporites on Titan (Barnes et al., 
2011; MacKenzie et al., 2014; MacKenzie & Barnes, 2016). 

One of the fundamental questions on Titan’s surface is how long this atmosphere-surface 
system has been maintained against the efficient CH4 consumption by the atmospheric chemistry 
(e.g., Sotin et al., 2012; Hayes et al., 2018; Nixon et al., 2018). The current CH4 in the 
atmosphere-surface system will be photochemically consumed in ~107 years (e.g., Yung et al., 
1984; Wilson and Atreya, 2004), which should induce an atmospheric collapse due to a decline 
in the greenhouse effects (Lorenz et al., 1997; Charnay et al., 2014). CH4 may have been 
replenished from the interior through degassing (e.g., Tobie et al., 2006); however, the detailed 
quantity and timing of the degassing have been largely unknown. Since CH4 and N2 in the 
atmosphere would be irreversibly consumed as deposition of organics, including organic aerosols 
and C2H6, by atmospheric chemistry, knowledge of the fate and inventory of organic aerosols on 
the surface is a key to understanding the duration and evolution of the current atmosphere-
surface system. For instance, such knowledge of the fate of organic aerosols includes the 
processes by which aerosols are transported, where they would accumulate, and what physical 
and chemical alterations they undergo after the deposition. Knowledge of the inventory of 
organic aerosols includes how thick organic aerosols deposit on the low, middle, and high 
latitudes of Titan. 

In this chapter, we review the geological characteristics of Titan’s surface based on 
Cassini’s observations (Sec. 1.1.1) and climate patterns for different latitudes (Sec. 1.1.2) based 
on both observations and numerical climate modeling. Then, we discuss the discrepancy in the 
distribution of deposited organic aerosols and climate patterns on Titan (Sec. 1.2). Finally, the 
objectives of the present study and structure of this thesis are summarized (Sec. 1.3). 
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1.1.1. Geomorphic mapping and its characteristics 

Titan’s surface exhibits a variety of geological units, including dunes, plains, labyrinths, 
hummocky, craters, and lakes and seas (Lopes et al., 2019) (Fig. 1.1). The northern polar regions 
with latitudes 55–90° are characterized by the presence of large seas (103–104 km2 in area) and 
small lakes (102–103 km2 in area) composed mostly of liquid hydrocarbons (Stofan et al., 2007; 
Hayes et al., 2008; Hayes et al., 2011; Sotin et al., 2012; Hayes, 2016; Hayes et al., 2017; Birch 
et al., 2017; Hayes et al., 2018). The existence of liquid CH4 is confirmed by radar-dark features, 
high emissivity and lacustrine morphologies based on Ku band (wavelength = 2.16 cm) Synthetic 
Aperture Radar (SAR) images. Morphologies of shorelines of large seas in the northern polar 
regions are characterized by drowned river valleys (Stofan et al., 2007) and abrupt termini of 
large river valleys (Aharonson et al., 2014), suggesting that the liquid level changes over a long-
period CH4 cycle (Hayes, 2016). Small lakes show unique morphology so-called sharp-edged 
depression (SEDs), which are characterized by relatively flat floors, steep walls, hundred-meter-
scale of depth and rims, and absence of inflow and outflow channels. Based on altimetry 
observations, the liquid surface of each large sea shows a single equipotential surface (Hayes, 
2016). The elevations of floors of empty lakes within the drainage basin tend to be higher than 
the liquid surface of lakes nearby and large seas (Hayes et al., 2017). The elevations of large seas 
are also the same within the observation resolution (Hayes, 2016). These observations infer the 
presence of local subsurface connectivity of lakes and seas, such as ground liquid CH4 (Hayes, 
2016; Hayes et al., 2017). Indeed, the distribution of clouds is well-explained with a general 
circulation model (GCM) assuming subsurface CH4 table above 60° latitude (Turtle et al., 2018; 
Faulk et al., 2017). In the southern polar region, there is only one large lake (1.6 × 104 km2 in 
area) (Hayes, et al., 2018), which is in contrast with the presence of multiple large seas and a 
number of small lakes in the northern pole region. This lake in the southern pole region is 
surrounded by dry broad depression of paleo basins, characterized by paleo shorelines, 
abandoned delta (Wall et al., 2010), and channels (Hayes, 2016), suggesting that the presence of 
more amounts of liquid in the past. Overall, the high latitude (60–90°) regions are geologically 
characterized as lakes, seas, and wetland of liquid CH4 and other hydrocarbons. 

Titan’s middle latitude regions (30–60° in latitude) are mostly composed of three 
geological units; plains, hummocky terrains, and labyrinth terrains. Plains are mainly called as 
undifferentiated terrains of radar dark and uniform features without major topographical relief 
(Lopes et al., 2016). Hummocky terrains are characterized as radar-bright, mountain chains, and 
isolated terrains. Hummocky terrains are usually located at topographic high (Malaska et al., 
2016). Labyrinth terrains are characterized as dissected, elevated terrains with high density of 
valleys (Malaska et al., 2020). 
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The surface materials of plains, hummocky terrains, and labyrinth terrains at middle 
latitudes have been also investigated with the Visual and Infrared Mapping Spectrometer (VIMS) 
(e.g., Solomonidou et al., 2018) and Radar radiometry (e.g., Janssen et al., 2016). Plains in 
higher latitude regions (30–50°N) at middle latitudes are suggested to be covered with a thin 
layer of organic materials on the H2O ice crust based on the recent VIMS observation 
(Solomonidou et al., 2018); whereas, plains in relatively low-latitude regions at middle latitudes 
would be largely covered with organic materials based on high radar emissivity (Solomonidou et 
al., 2018; Malaska et al., 2016). This suggests that there are regional differences in the 
abundance of organic materials on plains of middle latitudes. Low radar emissivity feature of 
hummocky terrains suggests that these terrains are largely covered with H2O ice of the icy crust 
with less organic materials on the surface (Janssen et al., 2016). The result of VIMS observation 
supports the conclusions of H2O-rich surface of hummocky terrains (Barnes et al., 2007). VIMS 
observation suggests that the surface of labyrinth is also covered with H2O ice (Solomonidou et 
al., 2018). Higher radar emissivity of labyrinth suggests the presence of organic materials on 
labyrinth (Lopes et al., 2016; Janssen et al., 2016; Malaska et al., 2020). To summarize, there are 
significant regional differences in an abundance of organic materials on the surface depending on 
the geological units and latitudes. At middle latitudes, H2O ice together with organic materials is 
suggested to be exposed in labyrinth, hummocky terrains, and plains in higher latitude regions in 
the middle latitudes (Fig. 1.1). Plains in lower latitude regions in middle latitudes are considered 
to be covered with organic materials with less H2O ice exposure, although the depth of organics 
is unclear. 

In the low latitude regions (0–30° in latitudes), vast dune fields dominate the surface 
(Lorenz et al., 2006; Radebaugh et al., 2008; Rodriguez et al., 2014). The dunes are characterized 
as dark-brown spectra in atmospheric window wavelength regions at 5, 2, 1.6, and 1.3 -μm taken 
with Visual and Infrared Mapping Spectrometer (VIMS) (Barnes et al., 2007; Rodriguez et al., 
2014; Soderblom et al., 2007). The spectral features of dark-brown show very weak absorption 
of 1.6 -μm and 2.0 -μm of H2O-ice, suggesting that organic materials are the major constitutes of 
dunes (Soderblom et al., 2007). The Cassini spacecraft also performed active radar investigations 
for dunes during the flybys (Elachi et al., 2005). Radar dark features with low dielectric 
conductivity are attributed to weakly polarized structures of dune materials, which are consistent 
with organic materials rather than H2O ice (Lorenz et al., 2006). Titan’s equatorial dunes would 
reach heights of hundreds of meters and extend for several hundred kilometers (Lorenz et al., 
2006). On the other hand, the interdune areas show the different IR spectra (dark-blue) and 
emissivity compared to dunes, suggesting that the interdune areas are sand-free areas (Bonnefoy 
et al., 2016). The dunes are oriented in an eastward, longitudinal direction (Lorenz & 
Radebaugh, 2009; Malaska et al., 2016). Longitudinal dunes are formed by winds from two 
different directions (i.e., winds from northwest and southwest) (Wasson and Hyde, 1983; Pye 
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and Tsoar, 1990; Lancaster, 1995). In addition to dunes, hummocky terrains exist in the low 
latitude regions. The largest hummocky terrain at low latitudes is called Xanadu. Similar to 
hummocky terrains at middle latitudes, hummocky terrains at low latitudes exhibit H2O ice 
absorption features at 2.8 μm wavelength obtained by VIMS (Barnes et al., 2007). Based on 
these observations of dunes and hummocky, organic materials seem to be accumulated in the low 
latitude regions, forming thick aeolian sediments of dunes. Comparing the middle to the low 
latitudes of Titan, the surface organic materials would have been affected by winds at low 
latitudes.  

1.1.2. Climate and wind patterns 

As on Earth, Titan’s obliquity (~26.7°) results in seasonal weather cycles. However, the 
weak Coriolis force due to Titan’s slow rotation (~16 days) and Titan’s low gravity leads to a 
single cell of Hadley circulation from pole to pole during summer/winter (Fig. 1.2) (e.g., 
Mitchell & Lora, 2016). At equinoxes, this Hadley circulation cell would be divided into two, in 
which air upwells at the equator and transports toward the poles (Fig. 1.2) (e.g., Mitchell & Lora, 
2016). Along with this circulation, the intertropical convergence zone (ITCZ) on Titan migrates 
from one pole to the other pole throughout one Titan year (e.g., Mitchell and Lora, 2016; Hörst, 
2017). During the summer of Titan, high insolation evaporates liquid CH4 in the summer pole 
and upwells them into the atmosphere, leading to the formation of convective clouds and rains 
(Fig. 1.2) (Lora et al., 2015). In the winter pole, liquid CH4 would become more 
thermodynamically stable due to colder temperatures (Aharonson et al., 2009; Lora et al., 2015). 
Both evaporation of liquid CH4 and the atmospheric circulation would result in transport of 
liquid CH4 to the winter pole. As a result, the climate of the polar regions is generally wet with 
evaporation and precipitation of liquid CH4 (Aharonson et al., 2009; Lora et al., 2015). Owing to 
this climate, organic aerosols deposited at high latitudes would be transported by flow of liquid 
CH4 and be altered with liquid CH4 on the surface (Hirai et al., 2023). 

In contrast to the high latitudes, Titan’s middle to low latitude regions (0–60° in latitude) 
are considered to be generally arid in climate, because dried air generated at the colder polar 
regions is transported to these latitudes through pole-to-pole atmospheric circulation (Fig. 1.2) 
(Aharonson et al., 2009). In the middle to low latitudes, precipitation of CH4 is expected to be 
available only at the equinoxes, when the ITCZ temporally passes these regions upon the 
division of one Hadley cell into two. In the low latitudes (0–30° in latitude), CH4 storms would 
be grown due to interactions of multiple convective clouds (Fig. 1.2), which are formed by wind 
gust induced by other convective clouds and downdrafts (Charnay et al., 2015). Titan’s linear 
dunes could be formed by CH4 storm, whose wind directions are slightly converging to the 
equator (<12°N/S latitudes) and diverging from the equator (>12°N/S latitudes) (Charnay et al., 
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2015). along with mean transport direction, called the resultant drift direction (RDD), in limited 
amount of sediment (Charnay et al., 2015).  

Due to arid climates in the middle and low latitude regions, winds may play an important 
role in determining the distribution of deposited organic aerosols. The wind on the surface is, 
however, poorly constrained based on observations. Direct observations of wind on Titan have 
been conducted based on the measurements for doppler shifts in the emission of atmospheric 
components and tracking cloud movement (Folkner et al., 2006; Kostiuk et al., 2001; 2005; 
2006; 2010; Luz et al., 2005; 2006; Moreno et al., 2005; Bouchez and Brown, 2005; Porco et al., 
2005; Turtle et al., 2011); however, the wind on the surface has been poorly constrained. 
According to the lack of observations, wind speed and direction on the surface are theoretically 
investigated using general circulation models (GCMs) (Tokano, 2008; 2010; Charnay et al., 
2015; Lebonnois et al., 2012; Lora et al., 2019). These models generally show that there are two 
types of seasonal winds in the summer, which are induced by differences in insolation and by 
mechanical forces from Saturn’s tides, respectively. The direction of the seasonal wind induced 
by insolation flows from the winter pole to the summer pole (e.g., Tokano, 2010); whereas the 
tidal wind flows from the middle latitudes toward the equator (e.g., Tokano, 2002; 2008) (Fig. 
1.2). The mean wind speeds near the surface predicted by GCMs are (1–2) × 10-2 m/s at the 
middle latitudes and (2–3) × 10-2 m/s at low latitudes (Tokano, 2008). Easterly strong wind with 
a speed of approximately 4 × 10-1 m/s near the surface can occur upon CH4 storms at low 
latitudes during the equinox (Charnay et al., 2015; Tokano, 2010). 

1.2. Discrepancy between geomorphic characteristics and climate 

The geomorphologic characteristics of Titan (Sec. 1.1.1) (Fig. 1.1) are generally 
consistent with the climate pattern predicted by the general circulation models (Sec. 1.1.2) (Fig. 
1.2). First, the existence of dunes at low latitudes with ± 30° indicates an arid climate (Mitchell 
and Lora, 2016; Lora et al., 2015; Lora and Ádámkovics, 2017). Formation of dunes requires that 
cohesion force of (organic) sands is sufficiently low to saltate by wind (Yu et al., 2017; Comola 
et al., 2022), which generally needs dry surface of (organic) sand grains. Second, the 
concentration of seas and lakes in the northern (and southern) polar regions shows good 
agreement with wet and humid climates in the high latitude regions (Mitchell and Lora, 2016; 
Lora et al., 2015; Lora and Ádámkovics, 2017). 

However, there is also a discrepancy between the geomorphic characteristics and climate 
patterns on Titan; that is, the climate models predict that both middle and low latitude regions are 
arid; meanwhile, thick aeolian organic sediments (i.e., dunes) are present only at low latitudes. 
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At middle latitudes, the amounts of organic materials on the surface would vary depending on 
the locations and geological units. Previous work proposed that the difference in organic 
inventory between the middle and low latitudes could be explained by a combination of sintering 
and erosion of organic particles (Lapôtore et al., 2022). In this model, the balance between the 
size growth of organic sand due to sintering and the size reduction due to physical erosion (i.e., 
ablation) may lead to continuous sand transport in the low latitude regions. In contrast, in the mid 
latitude regions, high CH4 humidity would trap particles and promote sintering, which results in 
the inhibition of transport. However, as mentioned above, the middle latitude regions expose 
H2O ice on the surface together with organic materials (Solomonidou et al., 2018). No thick 
organic sediments have been found in the middle latitude regions (Solomonidou et al., 2018). 
These observations suggest that deposited organic aerosols at the middle latitudes may have been 
transported spontaneously, rather than trapping at the location where organic aerosols deposit at 
middle latitudes. In addition, the moisture of mid-latitude regions would not always be higher 
compared to low-latitude regions based on the results of GCMs (Mitchell and Lora, 2016; Lora 
and Ádámkovics, 2017). Thereby, these facts may call for any mechanisms that can transport 
deposited organic aerosols at middle latitude. 

As discussed later in this section, previous experimental and theoretical studies suggested 
that the speed of seasonal surface winds on Titan might be insufficient to transport organic 
materials, except for low-latitude CH4 storm at the equinox (Burr et al., 2015; Comola et al., 
2022). Sand particles are floated in air by wind, which is called as saltation. Sand particles, 
including organic materials, can saltate when wind speed exceeds the saltation threshold 
velocity. This threshold velocity is derived from the force balance exerted on a grain (Fig. 1.3a), 
which occurs when the aerodynamic drag force exceeds a sum of gravitational and interparticle 
forces (Bagnold, 1941; Greeley and Iversen, 1985; Shao and Lu, 2000; Kok, 2012) (Fig. 1.3a). 
Based on this force balance, the following equation of the saltation threshold velocity, u*, can be 
obtained (Shao and Lu, 2000; Comola et al., 2022), 

𝑢𝑢∗ = �𝐴𝐴N �
𝜌𝜌p
𝜌𝜌f
𝑔𝑔𝑔𝑔 +

𝛾𝛾
𝜌𝜌f𝑑𝑑

� , (1.1) 

where AN  is an empirical constant (AN = 0.0123 for spherical grains: Iversen & White, 1982), 𝑔𝑔 
is the gravitational constant (𝑔𝑔 = 1.35 m s-2 for Titan’s surface), d is the particle diameter, 𝜌𝜌f  is 
the air density (𝜌𝜌f = 5.2 kg m-3 at Titan’s surface), 𝜌𝜌p is the density of the particle (𝜌𝜌p = 950 ± 
450 kg m-3 assuming that organic sands on Titan are composed of organic aerosol analogs (Titan 
tholin) (Hörst and Tolbert, 2013; Imanaka et al., 2012; He et al., 2017)), and γ is a cohesion 
coefficient. Following the previous study (Comola et al., 2022), γ on Titan (γTitan) can be derived 
from the following equation, 
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𝛾𝛾Titan
𝛽𝛽Titan

=
𝛾𝛾Earth
𝛽𝛽Earth

, (1.2) 

𝛾𝛾 ∝ 𝛽𝛽 = 𝐹𝐹ϕ 𝑑𝑑⁄ , (1.3) 

where βEarth and βTitan are the average cohesive force between grains on Earth and Titan, 
respectively, γEarth is a cohesion coefficient on Earth, and FΦ is the cohesive force between 
particles. Here, the ratio of the cohesion coefficient γ to the average cohesive force β between 
grains is assumed to be equal on Earth and Titan because the proportionality constant between γ 
and β is unknown, as suggested by Comola et al. (2022). 𝛾𝛾Earth ≈ 0.33 ± 0.17 mN m-1 and 𝛽𝛽Earth 
≈ 1.2 mN m-1 are estimated based on measurements of both threshold wind speed for quartz sand 
on Earth (Shao & Lu, 2000) and a study on adhesion of particles (Corn, 1961). 𝛽𝛽Titan ≈ 27 ± 20 
mN m-1 is obtained based on cohesion force measurements of Titan tholin at room temperature, 
that is 𝐹𝐹ϕ = 0.8 ± 0.6 μN for 30 μm-size organic particles (Yu et al., 2017). The cohesion 
coefficient of organic sand on Titan is estimated to be 𝛾𝛾Titan ≈ 7.3 ± 6.7 mN m-1 with Eq. (1.2) 
and considering error propagation. Based on Eq. (1.1), the saltation threshold velocity, u*, on 
Titan can be calculated (Fig. 1.3b). Comparing with the suggested mean wind velocity at low and 
middle latitudes ((1–3) × 10-2 m/s: see Sec. 1.1.2) (Tokano, 2008), organic sands on Titan may 
be difficult to saltate by seasonal winds induced by insolation and tidal force (Comola et al., 
2022). On the other hand, CH4 storms at low latitudes with wind velocity of ~ 4 × 10-1 m/s would 
saltate organic sands on Titan's surface (Charnay et al., 2015; Lucas et al., 2014; Tokano, 2010). 
However, these studies fail to account for the saltation of organic sands in the middle latitude 
regions, which is necessary to explain the absence of thick organic sediment layers in these 
areas. This limitation is primarily due to the predicted highly cohesive properties of organic 
materials (Yu et al., 2017), which inhibit saltation and sand transport under the current 
environmental conditions on Titan.  

However, cohesive forces may exhibit temperature and compositional dependence, as 
cohesion is determined by the surface energy and the contact area between materials. Cohesion 
mechanisms can be broadly categorized as (1) mechanical interlocking due to surface roughness 
and irregularities, (2) molecular interactions such as dipole-dipole interactions or van der Waals 
forces, which are defined by the surface energy of the material, and (3) other mechanisms 
including diffusion or interdiffusion, electrostatic attraction, chemical bonding, and weak 
boundary layer effects (e.g., Baldan, 2012; Awaja et al., 2009). Elasticity, a fundamental material 
property that quantifies a material's resistance to deformation under applied stress, plays a critical 
role in determining the contact mechanics at the interface, thereby influencing both the effective 
contact area and the resultant cohesive forces. 

Organic aerosols on Titan are believed to be complex, amorphous organic materials 
containing C, H, and N (e.g., McKay et al., 2001; Israël et al., 2005). Additionally, as discussed 
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later, different chemical processes on Titan's surface could produce amorphous organic materials 
with varying chemical compositions (see Chapter 2). Previous studies on the surface energy of 
amorphous carbon films and simulated organic aerosols in planetary atmospheres have shown 
surface energy values in the range of 10–100 mJ m-2 (e.g., Rahman et al., 2011; Yu et al., 2017; 
2020; 2021; Li et al., 2022). However, the temperature dependence of the surface energy of these 
amorphous organic materials has never been investigated. Given that the surface energies of 
other materials tend to increase at lower temperatures, as observed in metals (McLean & 
Mykura, 1966; Zhang et al., 2019) and silicates (Lai et al., 2020), it is plausible that a similar 
trend might be observed for Titan’s organic materials. 

The elasticity of amorphous organic materials has been studied in analogous substances 
such as graphite and amorphous carbon films (Ferrari et al., 1999; Mason & Knibbs, 1967; 
Schultrich et al., 1996; Qasim et al., 2019; Lu & Komvopoulos, 1999). For instance, increased 
nitrogen or oxygen content reduces elasticity (Qasim et al., 2019; Lu & Komvopoulos, 1999), 
while higher densities or increased sp3-bond fractions enhance elasticity (Schultrich et al., 1996; 
Xu et al., 1997). These behaviors, however, result in elasticity values significantly higher (by 
two to three orders of magnitude) than those observed for Titan's tholin (Yu et al., 2018). 
Furthermore, the elasticity of amorphous organic materials is known to vary significantly above 
and below their glass transition temperature (e.g., Gilbert et al., 1986). Nevertheless, the 
temperature dependence of the elasticity of Titan tholin remains poorly understood. 

Thus, the cohesive properties of Titan's surface organics under low-temperature 
conditions are still unclear. Understanding the cohesive forces of Titan’s organic materials is 
essential for constraining surface processes such as organic sand transport on Titan. Therefore, it 
is crucial to investigate the temperature and compositional dependence of the physical properties 
of Titan’s organic analog materials. 

1.3. Objectives of this thesis 

The objectives of the present study are to investigate the temperature and chemical 
structure dependence of both surface energy (cohesion force) and elasticity (Young’s modulus 
and Poisson’s ratio) of organic material analogs on Titan. The present study initially produces 
Titan’s organic sand analogs and characterizes their chemical structure based on multiple 
chemical analyses (Chapter 2). Then, the present study investigates the cohesion force of organic 
materials at different temperatures using an atomic force microscope (AFM) to obtain the surface 
energy (Chapter 3). We also perform synchrotron radiation X-ray experiments and ultrasonic 
wave experiments to measure elastic wave velocities of the organic materials to determine the 
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elasticity (Chapter 4). Using the obtained cohesion force and surface energy, the present study 
discusses the saltation threshold velocity, u*, of organic particles on Titan (Chapter 5). Then, we 
discuss the fate of deposited organic aerosols in the middle latitude regions on Titan and explain 
why thick organic sediments are absent in these regions (Chapter 5). Our results shown in 
Chapter 5 suggest that organic aerosols deposited at middle latitudes can saltate by seasonal 
winds and accumulate at low-latitude regions given the temperature dependence of surface 
energy. To prove our hypothesis, the on-site measurements of the thickness of organic sediments 
at Titan’s low and middle latitudes by future missions are necessary. Our measurements of 
elastic wave velocities at low temperatures are essential not only to obtain elasticity of organic 
materials, but also to evaluate the ability of seismic measurements on Titan in future missions, 
including NASA’s Dragonfly mission. In particular, at middle latitudes, there may be a 
significant regional difference in the amount of organic materials on the surface (labyrinth, 
hummocky, and plains: Sec. 1.1.1). The thickness of organic materials on plains at middle 
latitudes is largely unknown; however, revealing the inventory of organic materials on plains is 
essential to estimate the duration of current environments with a thick atmosphere and liquid 
CH4 cycles. We also discuss the detection limit of depths of organic sediments in shallow 
subsurface with active seismic measurements assuming the seismometer of the Dragonfly 
Geophysics and Meteorology Package (DraGMet) (Chapter 5). Finally, we discuss the transport 
and accumulation of organic sands on Titan (Chapter 6). The cohesive properties of organic 
materials are also important for discussing the collisional growth of both dust particles in the 
protoplanetary disks and organic aerosols in reducing atmospheres of early Earth and exoplanets. 
We also discuss our future perspectives of this thesis (Chapter 6). 
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Figure 1.1 Typical SAR images of main geomorphological units on Titan including a) crater, b) 
plains, c) labyrinth, d) hummocky, e) lake, and f) dunes, shown in Fig.1 in Lopes et al. 
(2019). Each scale bar indicates 50 km. 
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Figure 1.2 (a) Schematic illustrations of Titan’s climates at northern winter, equinoxes and 
northern summer, respectively. Red arrows indicate the direction of Hadley circulation. 
Purple arrows indicate the direction of tidal wind in the summer at each hemisphere. (b) 
Schematic illustration of formation of gust wind at CH4 storm during equinoxes as 
indicated by dashed box in (a). Gust wind formed with convective clouds induces 
formation of another convective clouds.  
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Figure 1.3. (a) Schematic diagram of the forces exerted on a sand particle resting on other 
particles. The black allow coincide with FG indicates the gravity force. The red allow 
coincide with Fcoh indicates the cohesive force. The black allow coincide with FD 
indicates the drag force by the shear wind. (b) The u* required to saltate the sticky 
organic particles on Titan (black curve with error). The green region indicates mean 
velocities on the surface of the equatorial region on Titan (Tokano, 2008). How u* would 
be changed given the temperature and compositional dependence of cohesiveness is not 
understood.  
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Chapter 2. Characterization of laboratory analogs of 

Titan’s organic materials used in the present study 
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2.1. Objectives of Chapter 2 

The objective of this chapter is to describe the chemical structure and morphology of 
organic materials used in the present study. 

One of organic materials on Titan is organic aerosols formed in Titan’s atmosphere 
(Waite et al., 2007). After a fall in the atmosphere, these organic aerosols would deposit on the 
surface of Titan. Another is the evaporite appeared after evaporation of liquid CH4 on Titan 
(Barnes et al., 2011; MacKenzie et al., 2014). Wet-and-dry cycles of liquid CH4 on Titan may 
have altered deposited organic aerosols through dissolution of a soluble part and precipitated as 
evaporites (Hirai et al., 2023). Organic materials on Titan could also include complex organic 
matter formed through hydrothermal reactions induced by hypervelocity impacts (Artemieva and 
Lunine, 2003). Hypervelocity impacts on Titan could have induced melting of icy crust at the 
impact site, which can promote hydrothermal reactions near the surface. If the icy crust contains 
simple cometary organic molecules, such as NH3 and HCHO, complex organic materials would 
be formed through the impact-induced hydrothermal reactions (Cody et al., 2011; Kebukawa et 
al., 2013). 

The present study used three types of organic materials; 1) laboratory analogs of organic 
aerosols (Titan tholin: Khare et al., 1984; Imanaka et al., 2004; Sekine et al., 2008; Hirai et al., 
2023), 2) laboratory analogs of evaporites formed by alteration of Titan tholin with liquid CH4 
(hereafter, we call this as altered tholin: Hirai et al., 2023), and 3) complex organic materials 
formed by hydrothermal reactions (hereafter, we call this as hydrothermal organics: Cody et al., 
2011; Kebukawa et al., 2013; Sekine et al., 2017). In Sec. 2.2, we describe the methodology of 
formation of these organic materials, chemical analyses, and morphological observations. The 
results of chemical analyses and morphological observations are reported in Sec. 2.3. In Sec. 
2.3., we also discuss the chemical structure of the organic analogs based on the comparison with 
other organic materials reported in previous studies. 
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2.2 Methods 

 This section describes the methodologies of formation of laboratory organic analogs (Sec. 
2.2.1), the morphological observations (Sec. 2.2.2), and the chemical analyses (Sec. 2.2.3), 
respectively. 

2.2.1. Sample preparation 

2.2.1.1. Titan tholin formation 
A variety of Titan tholin has been formed under different experimental conditions such as 

energy source (ultraviolet (UV) light, cold plasma, and discharge), temperature (room 
temperature to low temperatures), pressure (1 bar to 10 Pa), and composition of initial gas 
mixtures (N2/CH4 ratio) (e.g., Cable et al., 2012 and references therein). In the present study, 
Titan tholin was formed by cold plasma irradiation onto a gas mixture of N2 and CH4 (N2/CH4 = 
90/10), following the experimental conditions developed by Khare et al. (1984). This was 
because the optical constant, IR spectra and pyrolysis products of Titan tholin formed by cold 
plasma irradiation are in general consistent with observations of Titan’s aerosol by Voyager and 
Huygens probe (e.g., McKay et al., 1989; Israël et al., 2005; Coll et al., 2013). Cold plasma 
irradiation simulates bombardment of charged particles and UV irradiation, which are the energy 
source of photochemical reactions in Titan’s atmosphere (e.g., Khare et al., 1984; Cable et al., 
2012 and references therein). 

Figure 2.1 shows a schematic illustration and picture of the reaction chamber for Titan 
tholin formation. A pre-mixed CH4/N2 gas mixture (10.1% (CH4): 89.9% (N2) by volume; 
Suzuki Shokan Inc.) was introduced into a quartz glass tube at a flow rate of 2.4 standard cm3 
min-1 (sccm) using a mass-flow controller (KOFLOC3200, Kofloc Inc.). Gas pressure inside the 
quartz tube was maintained at ~200 Pa, as measured using a transducer gauge (ConvecTorr 
gauge, Agilent Inc.). Cold plasma irradiation onto the introduced gas mixture was performed 
using a copper coil cooled with water circulation system (LTC-450α, AXEL Inc.) and equipped 
with matching networks, a 13.56 MHz RF power supply (Nihon Koshuha Inc.) at 80 W. 

With the cold plasma irradiation onto N2/CH4 gas mixtures, Titan tholin was formed as 
both films and particles in our experiments (see Sec. 2.3.1 below). Films of Titan tholin were 
produced on the wall of the quartz tube, where cold plasma irradiation occurred. Similar films of 
Titan tholin were also reported previously (Imanaka et al., 2004; Sekine et al., 2008). Given the 
flat surface of films of Titan tholin (see Sec. 2.3.1 below), they were grown on the wall by 
heterogeneous additions of C/N-bearing radicals and molecules to the surface of Titan tholin 
(Sekine et al., 2008; Hong et al., 2018). Particles of Titan tholin were collected in a cold trap, 
allocated at the downstream of cold plasma irradiation. Similar particles of Titan tholin were 
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generated in cold plasma irradiations onto C2H2-containing gas mixtures (Clarke and Ferris, 
1997). These particles would be generated by polymerization of gas molecules and growth by 
addition of radicals and molecules on the surface in the gas phase (Clarke and Ferris, 1997). 

To estimate the surface energy and cohesion force of organic materials, we used films of 
Titan tholin for an atomic force microscope (AFM) analysis because AFM analysis required flat 
surface of sample (see Chapter 3 in detail). In AFM measurements, a cohesion force between a 
cantilever and materials was measured (e.g., Derjaguin et al., 1999; Johnson et al., 1971). To 
measure cohesion force between organic materials, we covered Si wafer substrates (Figure 2.4a; 
~5 × ~5 mm; thickness 0.5 mm; SI-500443, Niraco Inc.) and cantilevers with Si tip (~10 nm tip 
diameter) (Figure 2.4b; SI-DF3-A, Seiko Instruments Inc.) with films of Titan tholin. To this 
end, Si wafer substrates and cantilevers were placed in the glass tube. A CaF2 optical window 
(diameter 10 mm; thickness 0.5 mm; IR System Inc.) was also set on the quartz tube for IR 
transmittance analysis of the sample. After 100 mins of plasma irradiation, the Si wafer 
substrates, cantilevers, and CaF2 window were coated with thin films of Titan tholin (see Sec. 
2.3.1 below). The Si wafer substrate, cantilevers, and CaF2 window were collected and stored in 
a desiccator until the analyses. After the AFM analysis, the surface of Si wafer substrates and 
cantilevers with Titan tholin were observed using a field emission-scanning electron microscope 
(FE-SEM) and AFM. 

To measure the elastic wave velocities (Chapter 4), we used particles of Titan tholin 
because the elastic wave velocity measurements need a large amount of sample (~100 mg), and 
because particles of Titan tholin were generated in larger quantities than films. In the glass trap, 
Al foil tips (~5 × ~5 mm; thickness 0.5 mm; Niraco Inc.) were placed to effectively trap aerosol 
particles of Titan tholin flown with the reacted gas mixtures. After a total of 177 hours of 
irradiation, a total of ~170 mg of particles was collected. Titan tholin particles were stored into a 
glass vial in a desiccator. 

2.2.1.2. Altered tholin formation 

The chemical composition of organic evaporites on Titan has been poorly understood due 
to their limited spectral features, which are insufficient to identify the compounds that constitute 
the evaporites (MacKenzie et al., 2016). Theoretical studies on the chemical composition of 
Titan’s lakes have predicted that simple hydrocarbons such as C2H2 and C4H10 are responsible 
based on the ground-level atmospheric compounds and considering thermodynamic equilibria 
(Cordier et al., 2009; 2013; Glein & Shock, 2013; Tan et al., 2013). On the other hand, 
laboratory experiments have indicated that Titan’s organic aerosols could be dissolved in non-
polar solvent (Carrasco et al., 2009; He & Smith., 2014; Maillard et al., 2018) and even in 
cryogenic liquid CH4 (Hirai et al. 2023). In the present study, Titan’s evaporite analog materials 
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were produced by soaking Titan tholin into liquid CH4, followed by the evaporation of the liquid 
CH4 solution, representing one possible pathway for the formation of evaporites on Titan.  

Figure 2.2 shows a schematic illustration and picture of the experiments that form altered 
tholin, which was developed in the previous work of the present study (Hirai et al., 2023). Si 
wafer substrates coated with films of Titan tholin were set on the dent of the cryo-chamber (Fig. 
2.2b). Then, the cryo-chamber was evacuated to a pressure ~1 Pa with a rotary pump (GLD-051, 
ULVAC Inc.). After evacuation, the cryo-chamber was cooled to 110 K by immersing itself into 
a liquid N2 bath. Subsequently, CH4 gas (purity 99.999%; Suzuki Shokan Inc.) was into the cryo-
chamber. The introduction of CH4 results in a temperature decrease to ~90 K because the 
bellows between the bottom part of the cryochamber and the top part of the flange extended due 
to gas pressure, which thermally isolated from the bottom part from the top flange. Then, liquid 
CH4 was produced at the bottom of the cryo-chamber (Fig. 2.2c). The temperature inside the 
chamber was controlled to 91–97 K during the experiments by adjusting the level of liquid N2 in 
the cooling bath. Films of Titan tholin on Si wafer substrates were completely immersed into 
liquid CH4 with approximately 10 mL of volume (Fig. 2.2c). After immersing into liquid CH4 for 
3 hours, the liquid CH4 was slowly evaporated by evacuation of gaseous CH4 of the cryo-
chamber for 30 min by adjustment of a leak valve while avoiding boiling (Fig. 2.2d). The 
temperature was maintained at less than 100 K during the evacuation. After the evaporation, 
dissolved matter in the liquid CH4 would deposit and coat on the surface of Titan tholin (Fig. 
2.2e). After complete evaporation of liquid CH4, the liquid N2 bath was removed, which raised 
the interior temperature to room temperature (~300 K). With the same procedure of a wet-and-
dry cycle of liquid CH4, our previous study found a formation of evaporites on the surface of 
sample (Hirai et al., 2023). The collected sample on Si wafer substrates was stored in a 
desiccator for AFM measurements.  

2.2.1.3. Hydrothermal organics formation 
Formation of hydrothermal organics could occur in the melting of icy crust formed by 

hypervelocity impacts (Artemieva and Lunine, 2003) if NH3 and HCHO exist in the icy crust on 
Titan. NH3 could be supplied in icy crust and on the surface of Titan from subsurface ocean 
(Choukroun & Grasset, 2010) through cryovolcanic activity (Sotin et al., 2005; Lopes et al., 
2007; Wall et al., 2009). Indeed, the presence of NH3 on the surface of Titan has been inferred 
from Visual and Infrared Mapping Spectrometer (VIMS) observations (Nelson et al., 2009). On 
the other hand, the presence of HCHO has not been confirmed (Nixon et al., 2024), although 
HCHO could be supplied to icy crust on Titan by cometary impacts. 

The methodology of synthesis of hydrothermal organics was based on the previous studies 
(Cody et al., 2011; Kebukawa et al., 2013; Sekine et al., 2017). A 2-ml starting solution with 1 
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mol.% CH2O as paraformaldehyde, 1 mol.% NH3, and 0.5 mol.% C2H4O2 relative to H2O was 
introduced into a Pyrex glass ampoule (Makuhari-Rikagaku Inc.) (Fig. 2.3b). The abundance of 
these non-H2O volatiles in initial liquid was determined based on the composition of comets 
(Goesmann et al., 2015). The sealed ampoules were heated at 130–150 °C for 36–168 hours in an 
electric oven (Fig. 2.3a; DOV-300A, AS ONE Inc.). After heating, the solution color changed to 
a deep red brown color from transparent (Fig. 2.3c). The reacted samples were filtered using a 
0.22 μm PTFE syringe filter (AS ONE Inc.). After filtering, the solid precipitates were washed 
with ultrapure water (MilliQ: Millipore) to rinse soluble organic materials on the surface. 20 μl 
of filtered liquid sample was dried on a cantilever, Si wafer substrates, and CaF2 optical window 
in a draft chamber, leading to the formation of films of hydrothermal organics on their surfaces. 
IR transmittance of hydrothermal organics formed on a CaF2 optical window was measured 
using a Fourier-transform infrared spectrometer (FT-IR). The cohesion force of hydrothermal 
organics on the cantilever and Si wafer substrate was measured using AFM. After the AFM 
analyses, the surface of the Si wafer substrate and the tip of the cantilever were observed using 
the FE-SEM. 

To measure the elastic wave velocities (Chapter 4), we used the solid precipitates of 
hydrothermal organics because the elastic wave velocity measurements need a large amount of 
sample (~100 mg), as mentioned above. IR transmittance of solid precipitates of hydrothermal 
organics was also measured using FT-IR. The solid precipitates of hydrothermal organics were 
stored into a glass vial in a desiccator. 

2.2.2. Morphological analysis for organic analogs 

2.2.2.1. FE-SEM analysis 
To observe the morphologies of films of Titan tholin, altered tholin, and hydrothermal 

organics, FE-SEM (LEO1550, ZEISS Inc.) was employed after the AFM measurement shown in 
Chapter 3. The samples were fixed on a sample holder of FE-SEM with carbon tape. The 
electron voltage of the observations was 3 keV or 20 keV. In order to estimate the surface energy 
of organic materials from the cohesion force, the contact radius between the tip and films of the 
samples on a Si wafer substrate was needed (see Chapter 3). The contact radius of the tip was 
obtained based on the images taken with the FE-SEM using the software of Image-J (Version 
1.54k). 

2.2.2.2. AFM analysis 
 To constrain the surface roughness of films of Titan tholin and altered tholin on Si wafer 
substrates, the substrates were analyzed using an AFM (Dimension Icon, Bruker Inc.) in the 
tapping mode. In this mode, the topography image of the sample was obtained by monitoring 
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changes of cantilever’s oscillation amplitude. Cantilevers with Si tip (Figure 2.4c; AC200TS, 
Olympus Inc.) were used. The measurements were performed on the film of Titan tholin for a 
square area of 2×2 μm (512×512 points) and on the film of altered tholin for square area of 
500×500 nm (512×512 points). The measurements were conducted in ambient conditions, i.e. 
300 K and 1 bar atmosphere. 

2.2.3. Chemical analysis for organic analogs 

2.2.3.1. Infrared spectroscopy 
Fourier-transform infrared spectrometer (FTIR; Frontier, PerkinElmer) was used to 

analyze the functional groups of film and particles of Titan tholin, and dried film and solid 
precipitates of hydrothermal organics. Transmittance spectra of the samples on CaF2 windows 
were obtained at the wavenumbers of 4000–400 cm−1 with a resolution of 1 cm−1. CaF2 windows 
without samples were measured as background spectra to obtain the transmittance spectra. The 
IR transmittance spectra of particles of Titan tholin and solid precipitates of hydrothermal 
organics were measured with a diffuse-reflection method and mixing with KBr powder. Pellet of 
KBr powder without sample was measured as background spectra. To eliminate the effects of 
atmospheric H2O and CO2 during the measurements, pure nitrogen gas (G1 grade, N2 > 
99.99995%, Suzuki Shokan Inc.) was purged in the sample room of the FTIR throughout the 
measurements. 

2.2.3.2. Elemental analyses 
Elemental analysis was performed for Titan tholin particles and solid precipitates of 

hydrothermal organics. About 2 mg of the sample was set on a platinum boat and introduced into 
a CHN elementary analyzer (CHN Coder; JM10, J-Science Inc.). The relative amounts of C, H, 
and N were determined via combustion in the presence of O2 (the Pregl-Dumas method) and 
subsequent measurements of collected CO2, H2O, and N2. For the analysis of oxygen, precisely 
weighed samples in a gold capsule are subject to combustion to decompose, collected as CO gas, 
and detected using NDIR (Non-Dispersive Infrared) spectroscopy.  

2.2.3.3. HP-LC measurements 
 High-Performance Liquid Chromatography (HPLC) was performed to analyze amine and 
amino acids in liquid sample of hydrothermal organics, following the experimental protocol 
described in Li et al. (2023). A Jasco HPLC system was composed of an autosampler (AS-4550, 
Jasco Inc.), a HPLC Pump (PU-4580, Jasco Inc.), a column oven (CO-4060, Jasco Inc.), a 
degassing unit (LV-4500, Jasco Inc.), a tertiary gradient unit (LG-1580-02, Jasco Inc.), and an 
interface box (LC-NetII/ADC, Jasco Inc.). The interface box was equipped with post-column 
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derivatization with opthalaldehyde and a fluorescence detector (FP-4025, Jasco Inc.) operated at 
345 nm for excitation and 455 nm for emission. A cation-exchange column (AApak Na II-S2, 
Jasco Inc.) was used at 50 °C. Five citrate buffer solutions of different citrate concentrations and 
pH values were used as eluents in a stepwise manner. 

 The liquid sample of hydrothermal organics produced at 150℃ for 168 hours was 
diluted with ultrapure water (MilliQ: Millipore) by ten times to avoid the detection of excessive 
ions. Seventeen amino acids, i.e. histidine, aspartic acid, methylamine, ammonium chloride, 
ethylamine, L-alanine, γ-aminobutyric acid, β-alanine, glycine, DL-serine, glutamic acid, α-
aminobutyric acid, L-histidine, phenylalanine, threonine, L-tryptophan and tyrosine, and 
ammonia water were used as standards. A solution before heating was also analyzed to measure 
the levels of amino acids and amines in the starting solutions. 

2.2.3.4. UV-VIS spectroscopy 
An ultraviolet-visible (or UV/Vis) spectrometer (LAMDA 650; PerkinElmer, Inc.) was 

performed to analyze liquid samples of hydrothermal organics produced at 150℃ for 168 hours. 
The liquid sample was diluted with ultrapure water by five times. Approximately 350 μl of liquid 
sample was filled in a quartz cuvette cell (45 × 12.5 mm, total thickness of 3.5 mm (sample 
thickness of 1 mm); B0631007, PerkinElmer Inc.). The wavelength range of the UV/Vis 
spectrometer was set to be 250−800 nm with a wavelength resolution of 1 nm.   



22 
 

Figure 2.1 (a) Schematic illustration of Titan tholin production experiment with cold plasmas. A 
pre-mixed CH4/N2 gas mixture was introduced into a quartz glass tube at a constant flow 
rate using a mass-flow controller. Gas pressure inside the quartz tube was measured using 
a transducer gauge. Cold plasma irradiation onto the introduced gas mixture was 
performed by using a copper coil cooled with water circulation system and equipped with 
matching networks, a 13.56 MHz RF power supply. Si wafer substrates, cantilevers, and 
CaF2 optical windows were set on the quartz tube during irradiation. (b) A picture of a 
quartz tube, copper coils, and matching box. (c) Cold plasma irradiation onto substrate on 
the SiO2 slide glass. Redish pink glow is plasma formed in a N2/CH4 gas mixture. (d) 
Cold trap to collect particles of Titan tholin used in the present study.  
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Figure 2.2 (a) A cryo-chamber for altered tholin film production developed in Hirai et al. (2023). 
(b-d) Schematic diagram of altered tholin production experiment. (b) Titan tholin on a Si 
wafer substrate was set on the dent of the chamber. After evacuation, the chamber was 
cooled to ~110 K by using liquid N2 bath (~77 K). (c) Liquid CH4 was generated after 
inlet CH4 gas. The sample was immersed in liquid CH4 for several hours. (d) After 
immersing, liquid CH4 was slowly (~30 mins) evaporated by evacuating the gas phase 
CH4. (e) After evaporation, the surface of Titan tholin was chemically altered, resulting in 
the formation of altered tholin.  
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Figure 2.3 (a) An electric oven for the hydrothermal organics production experiments used in 
the present study. (b) An ammonia, formaldehyde, and glycolaldehyde solution in a glass 
vial before the experiment. (c) Same as (b) but after heating at 130℃ for 36 hours. 
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Figure 2.4 (a) Cantilevers (SI-DF3-A, Seiko Instruments Inc.), (b) Si wafer (SI-500443, Niraco 
Inc.), and (c) cantilevers (AC200TS, Olympus Inc.) used in the present study.  
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2.3 Results & Discussion 

2.3.1. Morphologies of organic samples 
Figure 2.5 shows the FE-SEM images of the tip of cantilever coated with and without 

film of Titan tholin. The FE-SEM image without organic sample was taken before measurement 
(Fig. 2.5a). Circular patterns were seen on the surface, which would be the surface texture of Au 
coated on the tip. The FE-SEM images with Titan tholins were taken after cohesion force 
measurements Run #2 in Chapter 3 as described below. The panel of b of Fig.2.5 shows a FE-
SEM image with 20 keV electron acceleration. The panel c was the same as the panel b, but with 
3 keV electron acceleration. The surface of the tips coated with film of Titan tholin were 
relatively smooth compared to tip without organic sample (panel of a in Fig. 2.5). The boundary 
between Titan tholin and the tip of the cantilever can be distinguished in the image with 20 keV 
because electrons accelerated with higher voltage could penetrate deeper depth of the organic 
layer. The thickness of film of Titan tholin on tip of the cantilever is estimated to be ~20 nm. The 
diameters of the tip coated with film of Titan tholin were measured to constrain the contact 
radius to estimate surface energy in Chapter 3 below.  

Figure 2.5d shows the FE-SEM image of a tip of the cantilever without Titan tholin after 
cohesion force measurements with film of (altered) Titan tholin on Si wafer substrates at Run #3 
in Chapter 3.  Compared with the FE-SEM image before measurements, small materials were 
covered with the tip of the cantilever, suggesting that the samples on Si wafer substrate were 
peered and stuck on the tip during measurements.  The small materials attached to the tip would 
be Titan tholin and/or altered tholin. The surface of the small materials on the tip appeared to be 
rough compared to film of Titan tholin shown in panels of b and d. The diameters of the tip stuck 
with the small materials were measured to constrain the contact radius to estimate surface energy 
in Chapter 3 below. 

Figure 2.5e shows the FE-SEM image of the tip of cantilever coated with hydrothermal 
organics measured with 20 keV electron acceleration before measurement. The amoeboid 
patterns of relatively rough structure (roughness ~20 nm) were seen on the surface, suggesting 
that the film of hydrothermal organics was deposited on the tip of the cantilever. Figure 2.5f 
shows the tip of cantilever coated with hydrothermal organics after measurement of Run #4 in 
Chapter 3. A small grain (~200 nm) is attached to the top of the tip during measurements. We 
assumed that the small grain was the contact point during measurements. The diameters of the 
small grains were measured to constrain the contact radius to estimate surface energy in Chapter 
3 below. 

In the AFM measurements, a tip coated with organics was contacted and pushed to the 
surface of a sample coating a Si wafer substrate. In order to estimate the cohesion force, the 
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contact radius of the tip to the sample is required. However, organic materials on both tip and 
substrate may be deformed due to the force of pushing the tip onto the sample. We thereby 
estimated an upper limit of the contact radius from the maximum diameter of coated organic 
sample on the tip, because the original tip was made of silicon covered with gold and would not 
be easily deformed due to the contact in the AFM measurements. Figures 2.6–2.8 show the 
results of images to determine the maximum diameter of coated Titan tholin (Fig. 2.6), altered 
tholin (Fig. 2.7), and hydrothermal organics (Fig. 2.8) after the AFM measurements. The tips 
observed using FE-SEM before measurements were not used because the chemical composition 
of the organic films would be altered by irradiation of electron beam during FE-SEM 
measurements. Since the actual contact angle to the sample surface was unknown, the maximum 
diameters were measured nine times randomly in angle to calculate the average diameters and 
errors. The measured length of contact radius was chosen along with the boundary between the 
film of organics and Au-coated Si tip of the cantilever. The average diameters of tips were 
estimated to be 83 ± 5 nm for Titan tholin, 63 ± 15 nm for tip with the small materials potentially 
composed of Titan tholin or altered tholin, and 192 ± 25 nm for hydrothermal organics. These 
average diameters correspond to the maximum contact radius during cohesion force 
measurements. 

Figure 2.9 shows the FE-SEM images of the surface of films of Titan tholin (Fig. 2.9a) 
and hydrothermal organics (Fig. 2.9b) deposited on Si wafer substrates. The surface roughness of 
the samples appeared to be less than the order of μm. Flat surface of films of Titan tholin was 
confirmed with AFM measurements. On the other hand, the surface of films of hydrothermal 
organics would be deduced to be ~20 nm, given the surface roughness of the tip of the cantilever 
coated with hydrothermal organics would be ~20 nm (Fig. 2.5e,f). Figure 2.10 shows the AFM 
images of the surface of film of Titan tholin (Fig. 2.10a) and film of altered tholin (Fig. 2.10b) on 
Si wafer substrates. In both figures, white areas show the higher topography regions, whereas the 
black areas show the depression of the structure. The surface roughness of film of Titan tholin is 
estimated to ~7 nm within an area of 2 μm × 2 μm. The surface roughness of film of altered 
tholin is estimated to as ~1 nm, suggesting that the surface of altered tholin was flattened due to 
dissolution and precipitation of dissolved species as evaporites. These results indicate that the 
surfaces of films of Titan tholin, altered tholin, and hydrothermal organics are flat in scale of ~10 
nm or less, which are smaller than the diameter of the tip of the cantilever coated with organic 
materials. 

2.3.2. Chemical structure of organic samples 
Figure 2.11 shows the IR spectra of film and particles of Titan tholin, film of altered 

tholin, film of hydrothermal organics that were produced by evaporation of liquid sample, solid 
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of hydrothermal organics filtered from the liquid sample. These spectra were normalized at 1600 
cm-1. 

Based on the IR spectra (Fig. 2.11), both film and particles of Titan tholin contain N-H 
bonds (3300 cm-1), C-H bonds (2950 cm-1), C≡N bonds (2200 cm-1), conjugated C=C and/or 
C=N bonds (1620 cm-1) and aromatic C=C and/or C=N bonds (1580 cm-1) (e.g., Imanaka et al., 
2004). Film of Titan tholin shows relatively strong absorption of aromatic C=C and/or C=N 
bonds (1580 cm-1) and weak absorption of C≡N bonds (2200 cm-1) compared to particles of 
Titan tholin. The absorption features of film of Titan tholin are consistent with the previous 
results of IR analysis of Titan tholin formed via cold plasma irradiation onto CH4/N2=10/90 gas 
mixture at ~150 Pa (Imanaka et al., 2004; Sekine et al., 2008). The results of the elemental 
analysis show that particles of Titan tholin have C/H = 0.7 and C/N = 2.1 (Table 2.2). C/N ratio 
of our particles of Titan tholin was comparable to Titan tholin formed by Imanaka et al. (2004) 
and less than Titan tholin formed by Sekine et al. (2008), whereas C/H ratio was comparable to 
the values in the previous studies (Imanaka et al., 2004; Sekine et al., 2008), although 
experimental apparatus for cold plasma irradiation used in the present study was the same 
apparatus used by Sekine et al. (2008). The difference in C/N ratios of Titan tholin between 
Sekine et al. (2008) and the present study would result from the difference of the formation 
processes; Titan tholin formed by Sekine et al. (2008) was produced in a quartz tube reaction 
chamber where catalysis and nucleation processes may occur on the wall of the chamber, 
whereas particles of Titan tholin formed in the present study were generated in levitation. 
Imanaka et al. (2004) performed UV/Vis spectroscopy, laser-desorption and laser-ionization 
mass spectrometry (μL2MS), Raman analysis, and elemental analysis. Their results suggest that 
the chemical structure of Titan tholin formed at middle pressure contains N-bearing polycyclic 
aromatic compounds (N-PACs) connected with polymer-like chain structures terminated with -
CH3 and -C≡N (Figure 2.14). Given the results of the similarity of IR spectra, C/H ratio, and C/N 
ratio between particles of Titan tholin and Titan tholin formed in Imanaka et al. (2004), the 
chemical structure would be similar. Figure 2.14 shows the proposed chemical structure of film 
and particles of Titan tholin, based on the analysis performed by the present study and Imanaka 
et al. (2004).  As described above in Sec. 2.2.1.1, we use film of Titan tholin for the AFM 
measurements (Chapter 3) and particles of Titan tholin for the elastic wave measurements 
(Chapter 4). 

The IR spectrum of altered tholin shows the strong absorption at 1500–1400 cm-1 (Figure 
2.11), which is derived from semi-circle stretching of aromatics, such as N-bearing hetero-
aromatic rings (Larkin, 2017). The absorption at 1500–1400 cm-1 does not appear in the IR 
spectra of Titan tholin. Compared with Titan tholin, the C–H absorption at ∼2,900 cm-1 is absent 
in altered tholin. These results show that altered tholin has a different chemical structure due to 
alteration by liquid CH4. In particular, altered tholin seems to contain N-bearing heterocyclic 
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aromatics through selective dissolution of Titan tholin and precipitation upon drying. A possible 
dissolution mechanism of these N-bearing heterocyclic aromatics into liquid CH4 would involve 
them being detached from Titan tholin through the dissolution of polymer-like potential chains 
of the original structure (Hirai et al., 2023). Figure 2.14 shows a potential chemical structure of 
altered tholin, suggested by Hirai et al. (2023). We use altered tholin for the AFM measurements 
(Chapter 3).  

The IR spectra of solids of hydrothermal organics show that they contain the absorptions 
of N-H and/or O-H (2800–3600 cm-1), C-H (2950 cm-1), C=O (1650–1750 cm-1), and small 
aromatic C=C and C=N (1580 cm-1) (Figure 2.11). The IR spectra of film of hydrothermal 
organics are distinct from that of solid of hydrothermal organics (Figure 2.11). Film of 
hydrothermal organics contain relatively strong aromatic C=C and C=N (1580 cm-1) and less 
C=O (1650–1750 cm-1), compared with solid of hydrothermal organics (Figure 2.11). The IR 
spectra of film of hydrothermal organics are similar to those of Titan tholin, but the former does 
not contain strong C≡N bonds (Figure 2.11). 

Our IR spectra of solid of hydrothermal organics are similar to those of organic solids 
formed via polymerization of formaldehyde or formaldehyde and ammonia shown in the 
previous studies (Cody et al., 2011; Kebukawa et al., 2013; Sekine et al., 2018). The results of 
elemental analysis show that C/N (= 5.3) and C/O (= 2) ratios of our hydrothermal organic solids 
are lower than those of the previous studies (C/N = 4.2–12.5 and C/O = 2.5–2.9) (Table 2.3; 
Kebukawa et al., 2013; Sekine et al., 2018), suggesting that our solids of hydrothermal organics 
contain more N and O. This could be derived from the higher NH3 concentration of initial 
solution in the present study. Based on the NMR, XANES, and Raman analyses performed by 
the previous studies (Cody et al., 2011; Kebukawa et al., 2013), they suggest that the chemical 
structure of the hydrothermal organics is N incorporated polymers composed of poly-olefin with 
aromatic structure (Figure 2.14). Figure 2.14 shows a potential chemical structure of solids of 
hydrothermal organics. Compared with the previous studies (Kebukawa et al., 2013), our sample 
should contain more N and O; however, the chemical structure would be similar to them given 
the similarity in the IR spectra. We use solids of hydrothermal organics for the elastic wave 
measurements (Chapter 4). 

The chemical structure of film of hydrothermal organics, which were generated by 
evaporation of filtered liquid sample after the reaction (Sec. 2.2.1.3), can be investigated not only 
with IR analysis but also with the analysis of liquid sample with HPLC. Figure 2.12 shows the 
results of HPLC analysis of the filtered liquid sample of hydrothermal organics, compared with 
the results of the initial solutions and standard materials. This figure shows that glycine, α-
alanine, α-aminobutyric acid, β-alanine, methylamine, and ethylamine are formed due to the 
reaction. These amine compounds, amino acids, formaldehyde, and ammonia would form N-
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bearing imidazole and pyrrole upon dehydration (Kebukawa et al., 2013). Figure 2.13 shows the 
UV/Vis spectra of the filtered liquid sample after the reaction. The continuous absorption peaks 
at wavelength of 260–270 nm and 300–330 nm suggest the presence of aromatics. These results 
are consistent with the strong absorptions due to aromatic C=C/C=N in IR spectra (Fig. 2.11). 
Given the possible presence of N-bearing aromatic compounds, a possible chemical structure of 
film of hydrothermal organics is shown in Figure 2.14. Considering the similarity in the IR 
spectra with Titan tholin, film of hydrothermal organics may have a similar chemical structure, 
N-bearing aromatics (e.g., pyrrole), but contain less C≡N at the termination of carbon chains due 
to the lack of the C≡N absorptions. We use film of hydrothermal organics for the AFM 
measurements. 
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 Figure 2.5 The FE-SEM images of cantilevers. (a) Tip of SI-DF3-A without organic sample. 
Circular patterns are seen on the surface. (b) Tip of SI-DF3-A coated with film of Titan 
tholin observed with 20 keV electron acceleration after Run #2 in Chapter 3. Thin film 
(~20 nm) of Titan tholin was indicated by white arrow. (c) Same as b but observed with 3 
keV electron acceleration. The surface appears to be relatively smooth. (d) Tip of SI-
DF3-A coated with small materials of Titan tholin or altered tholin observed with 20 keV 
electron acceleration after Run #3 in Chapter 3. (e) Tip of SI-DF3-A coated with film of 
hydrothermal organics before measurements observed at 20.00 keV. Amoeboid patterns 
are seen on the surface. (f) Same as e but after measurement of Run #4 in Chapter 3. A 
small grain (~200 nm) are attached to the top of the tip.  
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Figure 2.6 The FE-SEM images of Titan tholin cantilevers after AFM measurements in Chapter 
3. The diameter of the tips is determined to be 83 ± 5 nm. Each yellow line indicates the 
measured length.  
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Figure 2.7 The FE-SEM images of Au-coated Si cantilevers with Titan tholin and/or altered 
tholin flake after AFM measurements in Chapter 3. The diameter of the tips is determined 
to be 63 ± 15 nm. Each yellow line indicates the measured length. 
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Figure 2.8 The FE-SEM images of hydrothermal organics cantilevers after AFM measurements 
in Chapter 3. The diameter of the tips is determined to be 192 ± 25 nm. Each yellow line 
indicates the measured length. 
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Figure 2.9 The FE-SEM images of (a) Titan tholin and (b) hydrothermal organics on Si wafer 
substrate after AFM measurements in Chapter 3. The surface of each sample appears to 
be smooth. 
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Figure 2.10 The AFM images of (a) Titan tholin and (b) altered on Si wafer substrate obtained in 
tapping mode of AFM. Each contour shows the topography of each point. White areas 
show higher topography regions, whereas the black areas shows the depression of the 
structure. The surface roughness of Titan tholin could be within ~7 nm, whereas the 
surface roughness of altered tholin could be within ~1 nm. 
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Figure 2.11 Infrared transmittance spectra of Titan tholin (film) (red), Titan tholin (particle) 
(magenta), hydrothermal organics (liquid) (black), and hydrothermal organic (solid) 
(gray). The surface of altered tholin would be covered with the evaporitic deposits (blue) 
(Hirai et al., 2023). Transmittance spectra are normalized and offset for clarity. The 
signal-to-noise ratio for evaporitic deposits is large because its original absorption is 
small. Gray hatching indicates absorption owing to CO2 in air. 
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Table 2.2 Summary of the results of Elemental analysis of Titan tholin (particle) compared with 
the results of the previous studies (Imanaka et al., 2004; Sekine et al., 2008). 

 

Table 2.3 Summary of the results of Elemental analysis of hydrothermal organics (solid) 
compared with the results of the previous studies (Kebukawa et al., 2013; Sekine et al., 
2018). 
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Figure 2.12 Chromatogram of (a) liquid samples of hydrothermal organics formation 

experiments and (b) standard solutions. After heating the starting solution, amines and 
amino acids such as glutamic acid, glycine, α-alanine, α-aminobutyric acid, β-alanine, 
methylamine, and ethylamine are detected. In addition, four unknown peaks are detected 
that were not present in the standards. 

 
Table 2.4 The list of the detected compounds in Fig. 2.12  
  



40 
 

Figure 2.13 UV/Vis spectrum of liquid sample of hydrothermal organics formation experiments. 
The continuous absorption from 200 to 400 nm in the solution after heating is consistent 
with the deep red brown color shown in Fig. 2.3c. Two allows indicate the peaks at 260–
270 nm and 300–330 nm of polycyclic aromatic compounds. 

  



41 
 

Figure 2.14 Possible explanation for the structure differences between each organic materials produced in the present study. Titan 
tholin film and Titan tholin particles are composed of combinations of N-bearing polycyclic aromatic compounds (N-PACs) 
terminated with -CH3 and -C≡N. Altered tholin could be covered by nitrogen-bearing aromatics with less aliphatic structure. 
Hydrothermal organic film and solid could contain the poly-olefin with aromatic structure.
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2.4. Summary of Chapter 2 

In order to investigate surface energy with the AFM measurements (Chapter 3) and 
elasticity with the elastic wave measurements (Chapter 4) of organic materials on Titan, the 
present study produced laboratory analogs of Titan’s organic materials; 1) films and particles of 
Titan tholin, 2) films of altered tholin, and 3) films and solids of hydrothermal organics. The aim 
of this chapter is to characterize the morphology and chemical structure of these organic 
materials before the AFM and elastic wave measurements. We performed FE-SEM observations 
and AFM analysis to examine the surface morphology, and FT-IR spectroscopy, elemental 
analysis, UV/Vis analysis, and HP-LC analysis to investigate the chemical structures. 

Our results of morphology analyses show that the tips of the cantilever and Si wafer 
substrates used in the AFM measurements are covered with films of the organic materials with 
smooth surface in the scale of several nanometers. The contact radius between the tip and 
substrate coated with the organic materials in the AFM measurements are also obtained with the 
results of the microscopic observations.  

Figure 2.14 summarizes proposed chemical structures of organic materials. Films and 
particles of Titan tholin and film of hydrothermal organics would have similar chemical 
structures as seen from the similarity in the IR spectra. In these three organic materials, N-
bearing polycyclic aromatic compounds (N-PACs) would be connected with polymer-like chain 
structures. Films of Titan tholin would contain more aromatic rings than particles of Titan tholin 
particles and film of the other. Particles of Titan tholin would contain more polymer-like chain 
structures with conjugated C=C / C=N and nitrile -C≡N structures than the others. Films of 
hydrothermal organics contain N-bearing aromatics, e.g., pyrrole, with less C≡N at the 
termination of polymer-like chain structures than the others. Altered tholin contains N-bearing 
heterocyclic aromatic structures with little aliphatic compounds. Solids of hydrothermal organics 
show the poly-olefin with an abundance of C=O bonds in the structure. In Chapters 3 and 4, the 
differences in the surface energy and elasticity among these organic materials are examined. 
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Chapter 3. Cohesion force and surface energy of Titan’s 

organic analog materials 
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3.1 Objectives of Chapter 3 

As described in Chapter 1, thick organic sediments exist as dunes at low latitudes of 
Titan, but they would be absent in the middle latitude regions (e.g., Lorenz et al., 2006; 
Radebaugh et al., 2008, Rodriguez et al., 2014). Since both low and middle latitude regions are 
generally arid, deposited organic aerosols at middle latitudes may have been transported 
spontaneously. Saltation of deposited organic aerosols on Titan would occur by strong winds due 
to CH4 storms at low latitudes (Tokano, 2010; Charnay et al., 2015); whereas seasonal winds at 
middle and low latitudes would be unable to saltate organic sands based on the measured high 
cohesiveness of Titan tholin at room temperature (Yu et al., 2017). However, the cohesive force 
should have temperature dependence. In addition, cohesion force should depend on their 
chemical structures. In fact, wet-and-dry cycles of liquid CH4 on Titan may have altered 
deposited organic aerosols through dissolution of a soluble part of aerosols and precipitation as 
evaporites (Hirai et al., 2023). Hypervelocity impacts on Titan could have induced melting of icy 
crust at the impact site, which can also induce hydrothermal reactions near the surface. If the icy 
crust contains simple non-H2O molecules, such as NH3 and HCHO, complex organic materials 
would be formed through the impact-induced hydrothermal reactions. 

In this chapter, we conduct cohesion force measurements for Titan’s organic analog 
materials produced and characterized in Chapter 2. Through cohesion force measurements, we 
aim to investigate both temperature and chemical structure dependence of surface energy of 
organic analogs. In Sec. 3.2, we describe the principle and methodologies of cohesion force 
measurement with an AFM. In Sec. 3.3, the results of cohesion forces of films of Titan tholin at 
temperatures from 300 K to 117 K are reported. The measured cohesion forces of films of altered 
tholin and hydrothermal organics are also compared in Sec. 3.3. In Chapter 3.4, we initially 
discuss the uncertainty of the cohesion force and surface energy measurements, and then discuss 
temperature and chemical structure dependence of cohesion force and surface energy of organic 
materials.  
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3.2 Experiments and data analysis 

 This section describes methodologies of cohesion force measurement of laboratory 
organic analogs formed in Chapter 2 with an atomic force microscope (AFM) and the 
methodologies of data analysis. 

3.2.1. Atomic Force Microscopy 

3.2.1.1. Principles of the measurements and analyses 
An AFM can measure cohesion force between a tip of a cantilever and a sample on a Si 

wafer substrate. In the present study, the AFM was used in the contact mode to measure the 
cohesion force of organic materials whereby a spherical tip of a cantilever covered with organic 
materials was pulled off from the flat plane of organic substrate. The morphologies of organic 
materials were characterized in Chapter 2. 

Figure 3.1 shows a typical force curve obtained in the present study with schematic 
illustrations of interactions between a tip of a cantilever and sample on substrate. First, the tip 
approaches to the surface of the sample (Figure 3.1A). Due to the attractive force, the tip snaps in 
the sample. Then, the attractive force can be measured by the bending of the cantilever (i.e., the 
cantilever deflection from the baseline). (Figure 3.1B). As the distance between the tip and 
sample becomes close, the cantilever is deflected due to the repulsive force (Figure 3.1C). After 
the tip measures the repulsive force, the tip is pulled off the sample. Due to the cohesion force 
between the tip and sample, the cantilever is bent (Figure 3.1D). Finally, the tip and sample are 
separated, and the cantilever returns to its unperturbed state (baseline). The cohesion force, Fcoh, 
can be calculated by the cantilever deflection given for spring constant of the cantilever. 

The deflection of the cantilever was measured by optical lever method (e.g., Alexander et 
al., 1989); The angle of an incident laser beam reflected from the back side of the cantilever and 
was continuously monitored by a photodetector. To calibrate the deflection of the cantilever and 
the voltage signal from the photodetector, i.e. the deflection sensitivity [mV/nm], a relationship 
between the displacement (deflection) of the cantilever on hard substrate, such as a Si wafer 
substrate, was measured. 

Ideally, the spring constant of the cantilever in vacuum can be calculated by the mass of 
the cantilever and the resonant frequency (Sader et al., 1995). However, for most cantilevers, 
determination of mass of the cantilever is difficult due to the large uncertainty of the thickness 
and density. Furthermore, during the resonant frequency measurement, the surrounding fluid 
such as air and/or liquid can reduce the resonant frequency (Sader et al., 1995). According to 
Sader et al. (1999), the equation of the spring constant of the cantilever 𝑘𝑘𝑠𝑠 that is taken into 
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account the effect of fluid, especially the quality factor in fluid, and is independent of thickness 
and density of the cantilever, can be described as below: 

𝑘𝑘s = 0.1906𝜌𝜌atm𝑏𝑏2𝐿𝐿𝑄𝑄f𝛤𝛤i(𝑅𝑅𝑅𝑅)(2𝜋𝜋𝑓𝑓r)2,
𝑅𝑅𝑅𝑅 = 2𝜋𝜋𝑓𝑓r𝜌𝜌atm𝑏𝑏2 (4𝜂𝜂)⁄ ,

(3.1) 

where 𝜌𝜌atm is the density of air (𝜌𝜌atm = 1.3 kg/m3), b and L are the width and length of the 
cantilever, respectively, 𝑄𝑄f and 𝑓𝑓r are the quality factor and resonant frequency of the cantilever 
in the air, respectively, 𝜂𝜂 is the dynamic viscosity of the air (𝜂𝜂 = 1.8 × 10-5 Pa s), and 𝛤𝛤i(𝑅𝑅𝑅𝑅) is 
the imaginary part of the hydrodynamic function. The hydrodynamic function 𝛤𝛤(𝑅𝑅𝑅𝑅) can be 
described as below (Sader, 1998): 

𝛤𝛤(𝑅𝑅𝑅𝑅) = 1 +
4𝑖𝑖𝐾𝐾1�−𝑖𝑖√𝑖𝑖 𝑅𝑅𝑅𝑅�
√𝑖𝑖𝑖𝑖𝑖𝑖𝐾𝐾0�−𝑖𝑖√𝑖𝑖 𝑅𝑅𝑅𝑅�

, (3.2) 

where the functions of 𝐾𝐾0 and 𝐾𝐾1 are modified Bessel functions of the third kind (Abramowitz 
and Stegun, 1972). 𝛤𝛤i(𝑅𝑅𝑅𝑅) at each value of Re was obtained from Fig. 1 in Sader et al. (1999) 
(Table 3.1). In the present study, for the width b and length L of the cantilever (Figure 2.4a; SI-
DF3-A, Seiko Instruments), the commercial values (b = 55 μm and L = 450 μm) were used. The 
quality factor 𝑄𝑄f and the resonant frequency 𝑓𝑓r of each cantilever were measured before and after 
cohesion measurements by measuring the amplitude of oscillation of the cantilever with varying 
the frequency in dynamic force microscope (DFM) mode of the AFM. The results of the spring 
constant of the cantilever and each parameter were summarized in Table 3.1. 

To derive the surface energy of the organic materials from the measured cohesion force, 
the DMT theory (Derjaguin et al., 1999) was applied instead of the JKR theory (Johnson et al., 
1971), the latter of which can be applied to soft materials. As shown below in Chapter 3, Titan 
tholin and hydrothermal organics have 9.7 ± 1.8 GPa and 10.4 ± 1.3 GPa of Young’s modulus. 
Materials with Young’s modulus of the order of higher than GPa are generally considered as 
relatively hard materials, to which the DMT theory can be applied (Nakajima et al., 2013). 
According to the DMT theory, the cohesion force, Fcoh, can be described as below: 

𝐹𝐹coh = 2𝜋𝜋Wcoh𝑅𝑅, (3.3) 

where R is the radius of the material and 𝑊𝑊coh is the work of cohesion, which is the energy 
needed to separate two solid surfaces (Israelachvili, 2011). As for the radius, R, of the tip, R was 
obtained as FE-SEM image analyses from the electron microscopic observations of the tip (see 
above in Sec. 2.3.1). Concerning the sample, we assumed the surface of sample as flat plane, 
because the typical roughness of sample was within a few nm, which is the order of less than the 
R of the tip.  

Errors of work of cohesion 𝛿𝛿𝑊𝑊coh were calculated as below: 
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𝛿𝛿𝑊𝑊coh = 𝑊𝑊coh��
𝛿𝛿𝐹𝐹coh
𝐹𝐹coh

�
2

+ �
𝛿𝛿𝛿𝛿
𝑅𝑅
�
2

, (3.4) 

where 𝛿𝛿𝐹𝐹coh is the error of cohesion force, and 𝛿𝛿𝛿𝛿 is the error of the radius of the tip. If the 
materials on the tip are same as that on the sample, the adhesion energy can be described as 
below: 

 Wcoh = 2𝛾𝛾, (3.5) 

where 𝛾𝛾 is the surface energy of the materials. On the other hand, we assumed that the adhesion 
energy between different materials is equal to the sum of the surface energy of each material: 

 Wcoh = 𝛾𝛾1 + 𝛾𝛾2, (3.6) 

where 𝛾𝛾1 and 𝛾𝛾2 was the surface energy of different materials. 

3.2.1.2. Experimental setup and parameters 

The cohesion force measurements at cryogenic temperatures were carried out at National 
Institute of Advanced Industrial Science and Technology (AIST). The experimental setup at 
AIST composed of an AFM (SII Nanonavi E-sweep, SII technology Inc.) (Figure 3.2a), a 
temperature controller and a thermocouple equipped with the AFM (Figure 3.2c), optical 
microscopes (MX-51, Olympus Inc.) (Figure 3.2d), a cold cathode gauge (IKR 251, PFEIFFER 
Inc.), a scroll pump (ISP-250B, ANEST Iwata Inc.) and a molecular turbo pump (STP251S, 
BOC EDWARDS Inc.). The temperature of the sample stage and a cold finger were measured 
with a thermocouple and controlled with a heater set under the stage. The cold finger was cooled 
with liquid N2 (~77 K) (Figure 3.2b). The pressure of the chamber of the AFM was evacuated 
and maintained less than 2.0 × 10-4 Pa during the measurements. To avoid the condensation of 
vapor onto the sample surface, the temperature of the cold finger was initially cooled to 273 K 
before the measurements, whereas the temperature of the sample stage was maintained above 
273 K for a few minutes. This would lead to trapping atmospheric vapor on the cold finger as a 
cold trap. The deflection sensitivity of the cantilever was calibrated by indenting on a Si wafer 
substrate (Figure 2.4b; SI-500443, Nilaco Inc.). 

Table 3.2 summarizes the combination of materials deposited on the tip of cantilever and 
Si wafer substrate in our experiments. As explained above in Sec. 2.2.1, Titan tholin or 
hydrothermal organics were deposited on an Au-coated Si tip (Figure 2.4a; SI-DF3-A, Seiko 
Instruments). Titan tholin, altered tholin, and hydrothermal organics were also deposited on a Si 
wafer substrate. The radius of the tip and the surface roughness of the samples on the Si wafer 
substrate was examined with a field-emission scanning probe microscope (FE-SEM) (LEO1550, 
ZEISS Inc.) and/or an AFM (Dimension Icon, Bruker Inc.) with the tapping mode as shown in 
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Chapter 2. The present study measured the cohesion force at temperatures of 118–300 K or 117–
300 K for Si tip and Si wafer substrate coated with film of Titan tholin (Run #1 and Run #2) 
(Table 3.2). The cohesion force between Si tip coated with organic flake and Si wafer substrate 
coated with film of altered tholin was measured at temperature of 300 K (Run #3) (Table 3.2). 
The cohesion force for Si tip and Si wafer substrate coated with film of hydrothermal organics 
(Run #4) was measured at temperatures of 300 K (Table 3.2). As mentioned above in Chapter 2, 
this organic flake could be composed of film of Titan tholin or film of altered tholin because this 
flake was found after cohesion force measurement between Si tip without organics and film of 
Titan tholin and subsequent measurement between the tip and film of altered tholin. The 
measurements using a Si tip and Si wafer substrate without organic samples (Run #5), together 
with those using a Si tip coated with film of Titan tholin and Si wafer substrate without organic 
samples (Run #6), were also conducted to examine the deflection sensitivity (Table 3.2). 
Although the surface temperature of Titan is 90–95 K, the lower limit of the measurement 
temperature was 117 K. This is because the temperature of the sample stage was determined by 
the balance between the cooling by the cold fingers with liquid nitrogen (~77 K) and the ambient 
heat. The cohesion force at lower temperatures comparable to Titan’s surface is estimated by 
extrapolating the obtained results using the measured activation energy of the cohesion force for 
the temperature range of 117–300 K. The cohesion force measurements were conducted at a scan 
duration of 3 seconds in the contact mode of the AFM. There was no significant change (e.g., 
less than 1 % of cohesion force) in the measured cohesion force for the scan durations of 0.3, 1, 
3, 5, and 10 seconds. The force curve measurements were conducted 3–10 times in total at 2–5 
different locations on the sample. The errors of cohesion force were calculated by standard 
deviation of all force curves measured at different timing and location at each temperature 
condition.  
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Figure 3.1 (upper) An illustration of force distance curve obtained with an AFM. The solid line 
represents the approaching phase, whereas the dashed line represents the retraction phase. 
(bottom) Schematic illustrations of interactions between a tip of cantilever and sample on 
a substrate during the force curve measurement. (A) The tip is approaching to the surface 
on substrate. (B) The tip snaps in the sample owing to the attractive force. (C) As the 
distance between the tip and sample becomes close, the cantilever is deflected due to the 
repulsive force. (D) The tip is pulled off the sample. 
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Figure 3.2 The experimental setup for the cohesion force measurement at cryogenic 
temperatures at AIST. (a) An atomic force microscope (AFM) (SII Nanonavi E-sweep, 
SII technology Inc.). (b) A cantilever holder and a sample holder indicated solid arrow 
and dashed arrow, respectively. (c) A temperature controller equipped with AFM and a 
monitor of a cold cathode gauge (IKR 251, PFEIFFER Inc.). (d) Optical microscopes 
(MX-51, Olympus Inc.)  
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Table 3.1 Summary of the calculated spring constants of the cantilever and each parameter of cantilever used each experimental run 
with Eq. (3.1) and Eq. (3.2). The quality factor Qf and the resonant frequency fr of the cantilevers were measured before and 
after cohesion force measurements as indicated in timing. The width of the cantilever b = 55 μm, the length of the cantilever L 
= 450 μm, the density of air ρatm = 1.3 kg/m3, the dynamic viscosity of the air η = 1.8 × 10-5 Pa s were used. 

 
 
Table 3.2 Experimental conditions for AFM measurements at AIST. * Organic flake could be composed of Titan tholin or altered 

tholin. ** The order of the temperature indicates the order of the measurements. 
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3.3 Results of the experiments 

3.3.1. Cohesion force and the surface energy of Titan tholin 
Figure 3.3 shows the temperature dependence of deflection sensitivity between (a) Si tip 

to Si wafer substrate without organic samples (Run #5) and (b) Si tip with Titan tholin to Si 
wafer substrate without organic samples (Run #6). These figures indicate that the deflection 
sensitivity decreases linearly with the slope of 0.003 independent of the materials of the tip. 
These results indicate that the deflection sensitivity decreases as the temperature decreases. Since 
the output of deflection of cantilever in the instrument is based on the deflection sensitivity at 
room temperature, it is needed to correct the deflection value by considering the deflection 
sensitivity at each temperature. The corrected deflection of cantilever at each temperature T was 
corrected by using equations as follows: 

(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) = (𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) ×
(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎 300 𝐾𝐾)

(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎 𝑇𝑇 𝐾𝐾) ,

(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎 𝑇𝑇 𝐾𝐾) = 0.003(𝑇𝑇 − 300) + (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎 300 𝐾𝐾).
(3.7) 

Figure 3.4 shows results of force curves for Si tip and Si wafer substrate with Titan tholin 
for different temperatures measured at Run #1 (Fig. 3.4a) and Run #2 (Fig. 3.4b), respectively. 
The cohesion forces are calculated by the spring constant of the cantilever ks =1.2 N/m (Table 
3.2) and corrected deflection sensitivity with Eq. (3.7). These results indicate that the deflection 
of the cantilever decreases as the temperature decreases. Since the spring constant of Si 
cantilever increases only a few percent at 117 K compared to 300 K (Cho, 2009; Shirai, 2013; 
Liu, 2020), the decreasing of deflection could be derived from the decreasing of cohesion force 
rather than the increasing of the spring constant of the cantilever. The shape of the force curve at 
117 K is different from the force curves measured above 117 K. This would be derived from the 
intrinsic properties of instrument or the phase change of the sample. Given the cohesion force is 
defined as the force that is needed to separate materials, the cohesion force at 117 K could be the 
with considering of the temperature dependence of the deflection sensitivity.  

As the temperature decreases, the jump-in of the cantilever tends to occur at smaller 
cantilever displacements (Figure 3.4). Three possible explanations for this tendency are as 
follows: 1) temperature dependence of scanner sensitivity, 2) deflection of cantilever due to the 
difference of thermal expansion coefficient of Si cantilever and film of Titan tholin, and 3) 
temperature dependence of intermolecular interaction would be responsible. To evaluate the 
impact of temperature changes on scanner sensitivity, the height change of a grating (STS2-
440P, VLSI Standard Inc.) was measured using a cantilever (OMCL-AC200TS-R3, Olympus 
Inc.) in dynamic force microscopy (DFM) mode with an AFM system (Figure 3.2; SII Nanonavi 
E-sweep, SII technology Inc.). The results show that the errors remain within 1.7% across 
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different temperatures, indicating that the temperature dependence of the scanner sensitivity does 
not significantly affect the results. The thermal expansion coefficient of Si is approximately 10-9 
K-1 (Middelmann et al., 2015), whereas that of amorphous carbon nitride—an analogous material 
to Titan tholin—is around 10-6 K-1 (Champi et al., 2002). This significant difference in thermal 
expansion coefficients likely contributes to the variation in the timing of the cantilever jump-in. 
Additionally, as discussed later, intermolecular forces may increase as temperature decreases, 
which could result from a reduction in the thermal energy of molecules (Awada et al., 2011). 

The temperature dependence of the cohesion force calculated from the force curves (Fig. 
3.4) is shown in Fig. 3.5 for Run #1 and Run #2, respectively. These figures indicate that the 
cohesion forces decrease as the temperature decreases for both experimental runs using Titan 
tholin. Using the obtained cohesion force together with the average diameter of the tip, the 
surface energy of Titan tholin can be obtained through Eqs. (3.3) and (3.5). As discussed later in 
Sec. 3.4.2, this value represents apparent surface energy, rather than the intrinsic surface energy. 
Figure 3.6 shows the temperature dependence of the surface energy of Titan tholin for Run #2 
(Table 3.1). This figure shows that the surface energy follows an exponential law as temperature 
changes (the Arrhenius relationship). The fitted curve using the Arrhenius relationship can be 
expressed as following: 

𝛾𝛾s = 𝛾𝛾0 exp �−
𝐸𝐸surf
𝑅𝑅gas𝑇𝑇

� , (3.8) 

where 𝐸𝐸surf is the activation energy, Rgas is the gas constant of 8.31 J mol-1 K-1, and T is 
temperature. The result of the least square fitting shows 𝛾𝛾0 = 180 ± 15 mJ m-2 and 𝐸𝐸surf = 1780 ± 
170 kJ mol-1. All experimental results for Run #1 and Run #2 were summarized in Table 3.3. 

3.3.2. Cohesion force and surface energy of altered tholin and hydrothermal organics 
Figure 3.7a shows the typical result of a force curve measurement for Si tip with organic 

flake which composed of Titan tholin or altered tholin, and Si wafer substrate with altered tholin 
at Run #3, whereas Figure 3.7b shows the typical result of a force curve for Si tip with 
hydrothermal organics and Si wafer substrate with hydrothermal organics at Run #4. The 
cohesion force and the work of cohesion between Si tip with organic flakes and Si wafer 
substrate with altered tholin at 300 K are 63 ± 2.3 nN and 318 ± 77 mJ/m2, respectively, with the 
tip diameter of 63 ± 15 nm. If the organic flakes are composed of altered tholin, the surface 
energy of altered tholin could be 159 ± 39 mJ/m2 based on Eq. (3.5). On the other hand, if the 
organic flakes are composed of Titan tholin, the surface energy of altered tholin could be 226 ± 
77 mJ/m2 based on Eq. (3.6) and the surface energy of Titan tholin at 300 K obtained in 
experimental Run #2 (92 ± 6 mJ/m2). The cohesion force and the surface energy of hydrothermal 
organics at 300 K are determined to be 69 ± 1.9 nN and 57 ± 8 mJ/m2, respectively, with the tip 
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diameter of 192 ± 25 nm. All experimental results for Run #3 and Run #4 were summarized in 
Table 3.3. 
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Figure 3.3 The results of Run #5 and Run #6 showing temperature dependence of the deflection 
sensitivity of (a) SI-DF3-A (Au-coated Si tip) and (b) Titan tholin tip to Si wafer 
substrate, respectively. Both results show the slope of the curve is 0.003, suggesting that 
the deflection sensitivity increases as the temperature increases linearly with the slope of 
0.003 which does not depend on the presence of Titan tholin on the tip.   
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Figure 3.4 Typical results of force curves measured between Si tip and Si wafer substrate coated with Titan tholin at different 
temperature conditions in (a) Run #1 and (b) Run #2, respectively. Each color indicates the temperature condition of the 
measurement. The slope of the baseline increases as the temperature decreases. The black double arrows indicate the cohesion 
force at 117 or 118 K analyzed in the present study.
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Figure 3.5 Temperature dependence of the cohesion force of Titan tholin obtained in (a) Run #1 and (b) Run #2, respectively. Circle 
shows the mean value of the cohesion force, whereas each bar shows the error of the standard deviation in each experimental 
Run. Both results indicate that the cohesion forces decrease as the temperature decreases.
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Figure 3.6 Temperature dependence of the surface energy of Titan tholin obtained in the present 
study. Circle shows the mean value of the cohesion force, whereas each bar shows the 
error of the standard deviation in Run #2. The blue region shows Titan’s surface 
temperature (Jenning et al., 2019). The black curve shows the fitting results of Arrhenius 
equation with the value of 𝛾𝛾0 = 180 ± 20 mJ m-2 and 𝐸𝐸surf = 1760 ± 190 kJ mol-1, 
respectively.  
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 Figure 3.7 Typical results of force curve measurements of (a) altered tholin and (b) hydrothermal organics obtained in Run #3 and 
Run #4, respectively. 
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Table 3.3 Summary of surface energy (cohesion force) measurements in the present study. *The organic flakes on the tip of 
experimental Run #3 could be altered tholin or Titan tholin. For the former case, the surface energy of experimental Run #3 
was calculated with Eq. (3.5), whereas, for the latter case, with Eq. (3.6) and the surface energy of Titan tholin obtained in 
experimental Run #2.
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3.4. Discussion 

 In this section, we first discuss the uncertainty in our cohesion force and surface energy 
measurements (Sec. 3.4.1). Then, the temperature and structure dependence of cohesion force 
and surface energy are discussed, based on the comparison with the results reported in the 
previous studies (Sec. 3.4.2). 

3.4.1. Uncertainty in the experiments 

The uncertainties in the cohesion force and surface energy measurements derived from 
the uncertainties of spring constant of the cantilever ks, deflection sensitivity of the cantilever, 
contact radius of the tip R, and the theory which is applied to derive surface energy.  

 As shown in the Sec. 3.2.1, the spring constants of the cantilevers are estimated from 
measured resonant frequency fr and quality factor Qf of the cantilevers, respectively. The 
difference of the estimated spring constants of Si tip with Titan tholin between before and after 
measurements for Run #2 are within 1 % (Table 3.1), suggesting that the contact of the tip to 
sample does not affect the surface condition of the tip significantly throughout cohesion force 
measurement, although the errors of the cohesion force at 153 K and 210 K are larger compare to 
that measured at other temperature conditions (Fig. 3.5). In Run #1, the spring constant of the 
cantilever was calculated based on the resonant frequency and quality factor of the cantilevers 
after measurement. Hence, the difference of the condition of the tip before and after 
measurements is not unclear. The surface energies of Titan tholin at 300 K and 270 K obtained 
both Run #1 and Run #2 are within 5 %, whereas those of Titan tholin below 240 K obtained 
both Run #1 and Run #2 are different significantly. The difference of the values of surface 
energy at each temperature could be derived from the change of the surface condition of the tip 
of the cantilever in Run #1 due to deposition of small organic flakes or ablation of the tip during 
measurement. The spring constant of the cantilever in Run #3 and Run #4 are changed before 
and after measurements within 5 % and 40 %, respectively. Given the 5 % of errors in Run #3, 
cohesion force and surface energy of altered tholin could be still larger than other organic 
materials. On the other hand, hydrothermal organic could show lower cohesion force and surface 
energy because spring constant of the cantilever ks = 0.8 is the upper limit of the values of the tip 
with hydrothermal organics. 

Deflection sensitivity at 300 K is measured at 2–3 times before each cohesion force 
measurement. The values are within ~5 %. In addition to this, as mentioned in Sec. 3.3.1, the 
temperature dependence of deflection sensitivity is considered to calculate deflection of 
cantilever at each temperature conditions. This error could be also within a few percent. 
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Therefore, the error of the deflection sensitivity does not change our experimental results of 
cohesion force measurements significantly. 

The radius of the tip (shown in Table 3.2 and Table 3.3 as diameter of the tip) used for 
estimation of surface energy should be the upper limit of the contact radius. Therefore, the 
estimated surface energy is the lower limit of surface energy of each organic materials. Although 
the values of the estimated surface energy are subject to some uncertainty, the trend that the 
cohesion force of Titan tholin decreases with decreasing temperature, as shown in Figures 3.4 
and 3.5, remains unaffected by the contact radius used in the analyses. 

The present study analyzes the surface energy of each sample by applying DMT theory 
instead of JKR theory for simple approximation because Titan tholin has 9.7 ± 1.8 GPa of 
Young’s modulus (see Chapter 4). On the other hand, the contact theory which can be applied to 
the materials could change depending on the elasticity of the materials following the elasticity 
parameter 𝜆𝜆𝐸𝐸 (Haugstad, 2012; Yu et al., 2017) as below: 

𝜆𝜆𝐸𝐸 =
2.06
𝜉𝜉0

�
𝑅𝑅∗𝛾𝛾s2

𝜋𝜋𝐾𝐾2 �
1 3⁄

, (3.9) 

where the interatomic distance 𝜉𝜉0 = 0.16 nm, the reduced contact radius R*, the bulk modulus 
1
𝐾𝐾

= 3
2
1−𝜈𝜈2

𝑌𝑌
 , Y is the Young’s modulus, the Poisson’s ratio ν, and the surface energy γs. If 𝜆𝜆𝐸𝐸 > 5, 

JKR can be applied, whereas 𝜆𝜆𝐸𝐸 < 0.1, DMT can be applied. For Titan tholin at 300 K, the bulk 
modulus K and Poisson’s ratio ν are ~7 GPa and ~0.27, respectively (see Chapter 4). Given the 
surface energy of Titan tholin γs is ~100 mJ m-2 and R is ~83 nm, the elastic modulus 𝜆𝜆𝐸𝐸 at 300 K 
of Titan tholin could be ~2.8. On the other hand, 𝜆𝜆𝐸𝐸 at 117 K could be different from the value at 
300 K based on the temperature dependence of surface energy and elasticity constrained in the 
present study (Chapter 3 and Chapter 4); With the values of K ~14.7 GPa, ν ~0.27 (constant), γs 
= 31 mJ m-2, R = 83 nm (constant), 𝜆𝜆𝐸𝐸 would be ~0.6. Therefore, our results would be 
intermediate; The cohesive property of Titan tholin at room temperature appears to be closer to 
JKR theory, whereas that at 117 K seems to be closer to DMT theory. Given the estimated 
surface energy by applying to JKR theory is 4/3 times higher than that of DMT theory, the 
surface energy of Titan tholin at higher temperature would be larger than the value obtained in 
the present study. Therefore, the activation energy obtained in the present study could be the 
lower limit of the activation energy of the surface energy of Titan tholin. 

3.4.2. Temperature and structure dependence of cohesion force and surface energy 

Temperature dependence: The experimental results of the previous studies on the 
cohesion force of H2O ice (Musiolik and Wurm, 2019; Jabaud et al., 2024) and polymers such as 
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poly(n-butyl methacrylate) and polystyrene (Cappella and Stark, 2006) suggest that the cohesion 
forces decrease as the temperature decreases. Musiolik and Wurm, (2019) and Jabaud et al. 
(2024) attribute the decreasing of the cohesion force to the decreasing the surface energy, 
assuming the constant contact area. On the other hand, Cappella and Stark, (2006) have 
considered that the cohesion forces could be changed along with the changes of elastic-plastic 
properties; the decreasing of yielding forces along with increasing the temperature results in 
plastic deformations and increasing contact area. 

However, there are several experimental studies on AFM measurements showing 
opposite temperature dependence (Awada et al., 2011; Nelson et al., 2003; Tambe and Bhushan, 
2004; Lai et al., 2019). Awada et al. (2011) have measured cohesion force between Si tip 
modified with methyl (-CH3) group and surface of cross-linked polydimethylsiloxanes (PDMS), 
whereas, other previous studies have measured cohesion force between Si tip and mica (Nelson 
et al., 2003), Si tip and Si wafer substrate (Lai et al., 2019), and Si3N4 tip and various sample 
including poly(dimethylsiloxane) (PDMS) and poly(methylmethacrylate) (PMMA) (Tambe and 
Bhushan, 2004) over the temperature range of 300–400 K. All their results indicate that the 
cohesion force decreases as the temperature increases. 

Awada et al. (2011) attribute the temperature dependence to the decreasing of the 
intermolecular interaction between organic materials on the tip and sample due to increasing 
thermal energy of molecules. On the other hand, other previous studies (Nelson et al., 2003; Lai 
et al., 2019; Tambe and Bhushan, 2004) consider that these tendencies could be the evaporation 
of water film due to the increasing temperature. The atmospheric water would not affect the 
temperature dependence of cohesion force of Titan tholin because the temperature range of the 
measurement is 117–300 K.  

Decreasing of cohesion force of Titan tholin with decreasing temperature following 
Arrhenius equation (Fig. 3.4 and Fig. 3.5) would be explained by three potential mechanisms; 1) 
A reduction in surface energy with decreasing temperature, as shown in Jabaud et al. (2024). 2) 
A decrease in the contact radius decreases due to increased elasticity as the temperature drops. 3) 
Energy dissipation caused by thermal activated molecular stick-slip process (Chaudhury, 1995; 
Kendall, 1975). 

For the first case, the surface energy could increase as the temperature decreases. This is 
because the intermolecular forces between materials could be weakened due to increasing 
thermal energy as mentioned by Awada et al. (2011) and/or due to lower bond energy due to 
thermal expansion (Sun, 2007; Cheng et al., 2013; Zhang et al., 2019). Furthermore, according to 
Tyson, (1975), the surface energy can be described as below: 

𝛾𝛾(𝑇𝑇)𝐴𝐴𝑚𝑚 = 𝛾𝛾(0)𝐴𝐴𝑚𝑚 − 𝑇𝑇𝑇𝑇, (3.10) 
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where 𝛾𝛾(𝑇𝑇) and 𝛾𝛾(0) are the surface energy at temperature T and absolute zero, respectively, 𝐴𝐴𝑚𝑚 
is the molar surface area, and S is the entropy. This equation suggests the surface energy 
decreases as the temperature increases or the entropy increases, assuming the constant 𝐴𝐴𝑚𝑚. 
Indeed, the results of several studies show that the surface energy decreases as the temperature 
increases, based on theoretical model (Aqra and Ayyad, 2011; Beeler et al., 2020; Cheng et al., 
2017; Schönecker et al., 2015; Xing et al., 2020; Magomedov, 2024), and experiments (Zhao et 
al., 2004). Consequently, it is unlikely that intrinsic changes in surface energy are responsible for 
the observed decrease in cohesion force with temperature. 

 For the second case, the decrease in cohesion force can be attributed to the reduction in 
contact radius caused by the increase in elasticity with decreasing temperature. This phenomenon 
can be explained by time-dependent strain. In this mechanism, the reduction in thermal energy 
limits the occurrence of thermally activated local rearrangements of side groups and short chain 
segments at "loose sites" within the amorphous structure, leading to an increase in elasticity 
(Gilbert et al., 1986). The temperature dependence of elasticity in this mechanism follows an 
Arrhenius-type equation. Given that Titan tholin is an amorphous material, it is plausible that this 
mechanism contributes to the observed decrease in cohesion force at lower temperatures. 

 For the third case, the decrease in cohesion force can be attributed to energy dissipation 
caused by a molecular stick-slip mechanism during separation. This process involves stress 
concentration at the edges of the contact interface, where the breaking and the formation of 
molecular bonds play a key role. When a molecular bond is broken due to an applied external 
force, the molecular chain reforms a bond with a nearby molecule. The time required for this 
process, known as the "unsettled life," depends on the thermal energy of the molecules and 
follows an Arrhenius-type relationship (Kendall, 1975; Chaudhury, 1996). Consequently, as 
temperature decreases and thermal energy is reduced, less frequent bond formation and breaking 
results in a lower cohesion force. 

In summary, the observed temperature dependence of cohesion force can likely be 
attributed to either the second or third mechanism discussed above, both of which related to the 
observed Arrhenius-type behavior of cohesion force. It should be noted that the surface energy 
values presented in Sec. 3.3.1 represent apparent values, as they inherently include contributions 
from both molecular interactions and dynamic factors such as energy dissipation and mechanical 
cohesion. 

 The cohesion force measurements presented in this study carry significant uncertainty, as 
they are influenced by various factors, including molecular interactions, mechanical cohesion, 
and energy dissipation. To better constrain the mechanisms responsible for the temperature 
dependence of cohesion, further investigations are needed. The temperature dependence of 
viscoelastic properties of organic materials can be constrained by Dynamic Mechanical Analysis 



65 
 

(DMA) (e.g., Menard & Menard, 2020), rheometry (e.g., Ferry, 1980), and dielectric relaxation 
spectroscopy (e.g., Ngai & Roland, 1993) from room temperature to low temperatures. This 
approach allows us to determine whether the cohesion force follows the Arrhenius equation due 
to temperature-dependent behaviors in the viscoelastic modulus. Additionally, to examine the 
temperature dependence of cohesion due to interfacial stick-slip phenomena, i.e., frictional 
effects, it is necessary to examine the temperature dependence of frictional forces. This can be 
investigated using techniques such as Surface Force Apparatus (SFA) (e.g., Israelachvili et al., 
2010) in addition to Atomic Force Microscopy (AFM) (e.g., Carpick & Salmeron, 1997). 

Comparison with other materials: Figure 3.8 shows the comparison of the temperature 
dependence of apparent surface energy of Titan tholin and H2O ice. Surface energy of H2O ice 
decreases as the temperature decreases (Jabaud et al., 2024), which is also considered apparent 
surface energy. The difference in magnitude of apparent surface energy between two materials 
would be attributed to the differences in the surface roughness of H2O ice grains used in Jabaud 
et al. (2024). This is supported by the fact that the intrinsic surface energy of Titan tholin and 
H2O ice, as well as the elasticity of Titan tholin and H2O ice below 300 K, are within a factor of 
2 (Chapter 4). 

Table 3.4 presents the surface energy of Titan tholin, altered tholin, and hydrothermal 
organics compared with that of other organic materials, measured using various experimental 
techniques, including AFM measurements (the present study), contact angle measurements (Li et 
al., 2022; Rahman et al., 2011; Israelachvili, 2011 and references therein), surface force balance 
(SFB) (van Engers et al., 2017), and the Brazilian Disc Test (Bischoff et al., 2020). Surface 
energy obtained using the same method, particularly contact angle and AFM measurements, is 
consistent within a factor. In contrast, surface energy derived from the Brazilian Disc Test differs 
by orders of magnitude. This discrepancy arises because surface energy estimated in the 
Brazilian Disc Test is calculated indirectly through tensile strength measurements, which are 
subject to significant error propagation inherent in the method (Bischoff et al., 2020). 

Contact angle methods calculate surface energy based solely on intermolecular 
interactions, whereas AFM cohesion force measurements include additional effects, such as 
mechanical cohesion caused by energy dissipation from the rheological properties and the 
influence of molecular chains or shapes. Surface force balance (SFB) measurements, similar to 
AFM, also directly measure the force required to separate materials, using spring displacement to 
calculate surface energy. These factors contribute to higher measured cohesion forces and 
correspondingly elevated surface energy when compared to contact angle measurements. 

In addition, Table 3.4 indicates that, within the same measurement method, surface 
energy tends to be higher when the C/H ratio is larger and the C/N ratio is smaller. This suggests 
that surface energy may be influenced by the abundance of unsaturated bonds and/or the 
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presence of nitrogen and oxygen. Indeed, Li et al. (2022) discussed that variations in the surface 
energy of organic materials arise from the contribution of polar components in their chemical 
structure. On the other hand, previous studies have shown that surface energy increases with 
molecular size, such as the number of polycyclic aromatic hydrocarbon (PAH) rings (Lechner 
and Sax, 2014). This is consistent with the higher surface energy of altered tholin, which has an 
aromatic-rich composition, compared to other organic materials. Although multiple factors in 
chemical structure can influence surface energy, if organic sand grains on Titan’s surface contain 
highly polar structures, nitrogen-containing compounds, or large, aromatic-rich molecules, their 
surface energy could be higher by a factor of several compared to organic molecules composed 
purely of hydrocarbons.  
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Figure 3.8 Temperature dependence of the surface energy of Titan tholin and H2O ice (Jabaud et 
al., 2024). The surface energy of each material decreases as the temperature decreases. 
Titan tholin shows higher surface energy compared to H2O ice over all temperature 
ranges.   
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Table 3.4 Surface energy values of various materials with C/H and C/N ratios where available. 
Measurement methods and references are also listed. 
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3.5. Summary of Chapter 3 

To reveal the temperature and chemical structure dependence of cohesion force and 
surface energy of Titan’s organic analog materials, we performed 1) cohesion force 
measurements between Si tip and Si wafer substrate covered with Titan tholin over temperature 
ranges from 300 K to 117 K, and 2) cohesion force measurements between Si tip and Si wafer 
substrate covered with altered tholin or hydrothermal organics at 300 K by using atomic force 
microscope (AFM).  

Our results suggest that the cohesion force of Titan tholin decreases as the temperature 
decreases. Given the surface energy of materials would increase with temperature drop, 
decreasing of contact radius due to increasing of the elasticity (see Chapter 4) and/or the energy 
dissipation caused by a molecular stick-slip mechanism during separation would be the plausible 
mechanisms to explain the temperature dependence of the cohesion force. The apparent surface 
energy of Titan tholin follows the Arrhenius equation with the γ0 = 180 ± 20 mJ m-2 and the 
activation energy 𝐸𝐸surf = 1760 ± 190 J mol-1. Additional low-temperature measurements on other 
Titan’s organic analog materials and/or constraints on the contact radius based on indentation 
depth are needed to clarify the contributions of different factors to the observed temperature-
dependent behavior. 

The surface energy of altered tholin is 159 ± 39 mJ m-2 or 226 ± 77 mJ m-2. The surface 
energy of hydrothermal organics is determined to be 57 ± 8 mJ m-2. These values are higher than 
the surface energies of Titan tholin reported in the previous studies measured by contact angle 
measurements. They are, however, comparable to the surface energy of graphene measured by 
surface force balance (SFB) and significantly lower than that of paraffin measured by the 
Brazilian Disc Test. These findings suggest that surface energy estimated from cohesion force 
measurements may be higher than values obtained from contact angle measurements. This 
difference likely arises from energy dissipation during separation, such as molecular stick-slip 
mechanisms, or mechanical adhesion effects, which are not accounted for in static contact angle 
measurements. Furthermore, a comparison of our results with surface energy values measured 
using different experimental techniques indicates that surface energy is influenced by multiple 
factors, including elemental ratios such as C/H and C/N, the abundance of unsaturated bonds, 
and molecular size. If organic sand grains on Titan’s surface contain highly polar structures, 
nitrogen-containing compounds, or large, aromatic-rich molecules, their surface energy could be 
several times higher than that of organic molecules composed purely of hydrocarbons. 
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Chapter 4. Elastic wave velocities of Titan’s organic 

analog materials 
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4.1 Background of Chapter 4 

The shallow subsurface structure on Titan is largely unknown, despite their importance in 
the past and present meteorology, fate of organics on Titan, and replenishments of the 
atmospheric CH4 (see Chapter 1). The subsurface structures include the thickness and inter-
structure of organic sediments (dunes), the mixing ratio of H2O ice and organic materials, and 
liquid CH4 aquifer, and the presence of evaporite layer. 

NASA’s Dragonfly mission will investigate the subsurface structure on Titan with active 
seismic survey using the onboarded seismometer (Lorenz et al., 2018; 2021; Barnes et al., 2021; 
MacKenzie et al., 2021). To quantify the subsurface structure, the physical properties, such as 
elastic wave velocities, of Titan’s organic materials are required. Elastic wave velocity can be 
estimated from a density, Young’s modulus, and Poisson’s ratio of a material (e.g., Mavco et al., 
2009). Many studies performed the density measurements of laboratory analogs of Titan’s 
organic materials (e.g., Titan tholin) (Yu et al. 2023 and references therein); whereas, only a few 
studies have measured Young’s modulus and Poisson’s ratio at room temperature (Yu et al., 
2017; 2018). There have been no measurements of these parameters at low temperatures, 
comparable to Titan’s surface. In addition, given that the frequency range of the seismometer 
onboard NASA's Dragonfly is 0.1–10 Hz, which is significantly different from the frequency 
ranges of laboratory or synchrotron experiments, the frequency dependence of the elastic wave 
velocity in organic materials should be investigated. 

In the present study, two independent methods were applied to measure the elastic wave 
velocities of Titan’s organic analog materials: inelastic X-ray scattering (IXS) method and 
ultrasonic pulse transmission method. In IXS method, acoustic wave velocities were estimated 
by determining phonon dispersion, momentum transfer dependence of phonon excitations in 
materials (e.g., Dorner et al., 1987; Burkel et al., 1987, 2000; Fåk & Dorner, 1997; Sette et al., 
1998; Baron et al., 2000). Small amounts of samples (~1 mm3) were needed to apply this 
method. Furthermore, phonon excitations can be observed at any energy and momentum transfer. 
However, available beamlines for IXS experiments are very limited all over the world. On the 
other hand, by applying the ultrasonic pulse transmission method, P-wave and S-wave velocities 
can be measured directly based on the determination of their travel times through a sample of 
known thickness, using waves generated by a piezoelectric transducer (e.g., McSkimin, 1950; 
Spetzler et al., 1993; Li et al., 1996; Chen et al., 1996; Higo et al., 2009; 2018). This technique 
can be performed on a laboratory scale. However, the results from ultrasonic measurements 
reflect not only the intrinsic material properties but also the bulk structures of the sample, as the 
longer wavelengths of ultrasonic waves could be affected by small structure of samples. By 
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comparing the results of the IXS method (THz) and the ultrasonic method (MHz), the frequency 
dependence of the elastic wave velocity can be constrained. 

These methods have been applied to measure the elastic wave velocities of materials 
relevant to Earth's interior under extreme conditions, such as high temperature and high pressure. 
For instance, the elastic wave velocities of minerals and metals under conditions comparable to 
those in the Earth's deep mantle, the core-mantle boundary, or the core have been extensively 
investigated using the IXS method (Fiquet et al., 2004; Shibazaki et al., 2012; Yoneda et al., 
2014; Nakajima et al., 2015; Kuwayama et al., 2020; Ikuta et al., 2023) and the ultrasonic 
method (e.g., Li & Liebermann, 2014, and references therein). However, to the best of our 
knowledge, elastic wave velocities have not been experimentally measured at cryogenic 
temperatures comparable to Titan’s surface (~93 K) in the context of Earth & Planetary Science. 
Furthermore, for organic materials relevant to planetary science, no measurements have been 
conducted even at room temperature. 

Here, we investigated phonon dispersion of Titan tholin and hydrothermal organics at 
300 K in IXS method to estimate the acoustic wave velocity and elastic properties of these 
organic materials. Furthermore, phonon dispersions Titan tholin at cryogenic temperature were 
investigated to reveal the temperature dependence of acoustic wave velocity and intrinsic elastic 
properties of Titan tholin. On the other hand, P-wave and S-wave velocities of Titan tholin and 
hydrothermal organics were determined to investigate the modulus of both organic materials. In 
Sec. 4.2, we describe the methodology of the IXS and ultrasonic pulse methods. In Sec. 4.3, the 
results of both experiments are shown. In Sec. 4.4, we discuss the material, temperature, and 
frequency dependence of elastic wave velocities of the organic analogs. 
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4.2 Methods of elastic wave velocity measurement 

4.2.1. Sample preparation 

Sample size for IXS experiments must be large enough compared to beam size. Sample 
thickness for IXS experiments must be smaller than the tolerance of the spectrometer, if X-ray 
penetration depth of samples is large. Since the beam size at the sample position of BL35XU in 
SPring-8 is about 0.1 mm in diameter and measured sample is nearly transparent in X-rays for 
IXS measurements, a few millimeter diameter and 2 mm thickness of the samples in maximum 
are acceptable for IXS measurements at BL35XU of SPring-8. Particles of Titan tholin and 
solids of hydrothermal organics (see Chapter 2) were compressed to form pellet samples with 3 
mm of diameter and approximately 2 mm of thickness for IXS measurements (Figure 4.1b,c) to 
obtain sufficient signal rates. On the other hand, the pellets for ultrasonic method were prepared 
using the same process but with a thickness of approximately 100 μm. The compression was 
conducted using a hydraulic press (Mini-Pellet Press, Specas Inc.). Pellet of solid of 
hydrothermal organics was formed under forces of ~700 MPa for 30 sec, whereas pellets of Titan 
tholin particles were formed under forces of ~700 MPa for 30 sec (Titan tholin A) or ~500 MPa 
for 30 sec (Titan tholin B), respectively. The density of Titan tholin pellet was determined by 
measuring the mass of pellet with an electronic balance and the volume of pellet. See Chapter 2 
for the characterization of chemical structure of Titan tholin particles and solid of hydrothermal 
organics. 

4.2.2. Inelastic X-ray scattering (IXS) method 
Principle of determination of elasticity in IXS method: In the IXS method, acoustic 

wave velocity of a material can be determined by constraining phonon dispersion, the 
relationship between energies (angular frequency ω) and momentum (wave number Q) of 
phonon (lattice vibration), through investigation for the interaction of phonon and X-ray photon 
(e.g., Burkel, 2000). Incident X-ray can be scattered inelastically (with energy transfer) due to 
the excitation of phonons (e.g., Dorner et al., 1987; Burkel et al., 1987; Burkel, 2000). With the 
incident X-ray beam of Energy E1 and wavevector k1, and the scattered beam of E2 and 
wavevector k2, the energy and momentum transfer of inelastic scattering of X-ray by interaction 
with phonons can be described as below (Fig. 4.2a: e.g., Burkel, 2000): 

ℏ𝜔𝜔 = 𝐸𝐸1 − 𝐸𝐸2, (4.1) 

ℏ𝑄𝑄�⃗ = ℏ𝑘𝑘1����⃗ − ℏ𝑘𝑘2����⃗ , (4.2) 
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where ℏ is Dirac constant (ℏ = h/(2π) = 1.054 × 10-34 J s), 𝜔𝜔 is the energy (angular frequency) of 
phonon, 𝑄𝑄 is the momentum (wavenumber) of phonon, ℏ𝜔𝜔 is the energy transfer, and ℏ𝑄𝑄�⃗  is the 
momentum transfer. Q can be described as below (e.g., Burkel, 2000): 

𝑄𝑄 = �𝑘𝑘2����⃗ − 𝑘𝑘1����⃗ � = (4𝜋𝜋/𝜆𝜆)sin �
2𝜃𝜃
2
� = 2𝑘𝑘1sin �

2𝜃𝜃
2
� , (4.3) 

where 2θ is scattered angle of beam, 𝑘𝑘1 is the incident wavenumber of X-ray, and 𝜆𝜆 is the 
wavelength of X-ray. Phonon dispersion can be constrained by measuring energy transfer at 
multiple scattered angles. 

Based on the equation of motion of one-dimensional coupled-vibration model of lattice 
vibration (Fig. 4.2b), the phonon dispersion, the relationship between angular frequency ω and 
the wavenumber Q of phonon, can be described as below: 

𝜔𝜔 = 2�
𝑘𝑘
𝑚𝑚

sin �
𝑄𝑄𝑄𝑄
2
� , (4.4) 

where a is the spacing of the lattice plane, m is the mass of each atom, and k is the spring 
constant between atoms. 

Figure 4.2c shows an example of the phonon dispersion curve over the range between 0 
and π/a (so-called the first Brillouin zone). Given the unit of Q is the inverse of the distance, the 
wave number Q = π/a and Q → 0 corresponds to the unit cell scale and the macroscopic scale, 
respectively. Given the slope of the phonon dispersion curve corresponds to the group velocity of 
phonons, the acoustic wave velocity Vp of a material at macroscopic scale can be described as 
below (e.g., Fiquet et al., 2004; Shibazaki et al., 2012; Nakajima et al., 2015; Kuwayama et al., 
2020): 

𝑉𝑉p = �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

�
𝑄𝑄→0

. (4.5) 

Background of IXS measurements: As described later, IXS spectra (phonon spectra), 
the intensity of scattering X-ray as a function of energy transfer and momentum transfer, are 
obtained by measuring photon flux scattered with angle 2θ in IXS measurements (e.g., Baron, 
2000). The scattering cross-section for a photon to be scattered into a solid angle dΩ and into 
some energy bandwidth dE can be described as below (e.g., Burkel, 2000; Baron, 2015): 

𝑑𝑑2𝜎𝜎
𝑑𝑑Ω𝑑𝑑𝑑𝑑

= �
𝐸𝐸2
𝐸𝐸1
� 𝑟𝑟𝑒𝑒2(𝒆𝒆1 ∙ 𝒆𝒆2)2 ∙ 𝑆𝑆(𝑸𝑸,𝜔𝜔), (4.6) 

where re is the classical electron radius (re = 2.818 × 10-13 cm), e1 and e2 are the polarization of 
X-ray beam before and after scattering, S(Q, ω) is the dynamical structure factor of crystal. The 
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term of (𝐸𝐸2 𝐸𝐸1⁄ )𝑟𝑟𝑒𝑒2(𝒆𝒆1 ∙ 𝒆𝒆2)2 represents the Thomson scattering cross-section. The dynamical 
structure factor S(Q, ω) governs the transition for inelastic scattering. S(Q, ω) due to phonon 
excitation in crystals can be described as below (e.g., Burkel, 2000; Baron, 2015): 

𝑆𝑆(𝑸𝑸,𝜔𝜔) = ���𝑓𝑓𝑑𝑑(𝑸𝑸) ∙ 𝑒𝑒−𝑊𝑊𝑑𝑑[𝑸𝑸 ∙ 𝒆𝒆𝑑𝑑(𝑸𝑸, 𝑗𝑗)]𝑀𝑀𝑑𝑑
−12 ∙ 𝑒𝑒−𝑖𝑖𝑸𝑸∙𝒓𝒓𝑑𝑑

𝑑𝑑

�
2

𝑗𝑗

                      ×
〈𝑛𝑛�𝜔𝜔𝑸𝑸,𝑗𝑗,𝑇𝑇�〉 + 1

2 ± 1
2

𝜔𝜔𝑸𝑸,𝑗𝑗
𝛿𝛿�𝜔𝜔 ∓ 𝜔𝜔𝑸𝑸,𝑗𝑗�,

(4.7) 

where 𝑓𝑓𝑑𝑑(𝑸𝑸) is the atomic form factor of the dth atom at position rd, Md is its mass, and 𝑒𝑒−𝑊𝑊𝑑𝑑 is 
the Deby-Waller factor to account for bond strength of each atom. The dot product 𝑸𝑸 ∙ 𝒆𝒆𝑑𝑑(𝑸𝑸, 𝑗𝑗) 
represents the projection of the normalized phonon eigenvector 𝒆𝒆𝑑𝑑(𝑸𝑸, 𝑗𝑗) in the phonon in the 
mode j with phonon wavevector Q for atom d. Note that for amorphous materials such as Titan 
tholin, the wavenumber Q is expressed as a scalar rather than as a wavevector Q. The term 
〈𝑛𝑛�𝜔𝜔𝑸𝑸,𝑗𝑗,𝑇𝑇�〉+12±1

2
𝜔𝜔𝑸𝑸,𝑗𝑗

𝛿𝛿�𝜔𝜔 ∓ 𝜔𝜔𝑸𝑸,𝑗𝑗� represents the probability of phonon excitation normalized by phonon 

energy 𝜔𝜔𝑸𝑸,𝑗𝑗 due to phonon creation (annhilation). 〈𝑛𝑛�𝜔𝜔𝑸𝑸,𝑗𝑗,𝑇𝑇�〉 is the Bose (occupation) factor 
and can be described as below (e.g., Burkel, 2000; Baron, 2015): 

〈𝑛𝑛�𝜔𝜔𝑸𝑸,𝑗𝑗,𝑇𝑇�〉 = �exp�ℏ𝜔𝜔𝑸𝑸,𝑗𝑗 𝑘𝑘𝐵𝐵𝑇𝑇⁄ � − 1�
−1

, (4.8) 

where T is the temperature, kB is the Boltzmann constant (kB = 8.617333262 × 10-5 eV K-1). This 
equation describes that phonons follow Bose-Einstein statistics. The probability of excitation of 
phonon decreases with decreasing temperature because Bose factor decreases as the temperature 
decreases. The probability term for phonon excitation in Eq. (4.7) indicates that the probability 
of phonon creation is greater than that of annihilation. Inversely, the temperature can be 
estimated from the ratio of the scattering intensity due to phonon creation (Stokes scattering) to 
that due to annihilation (anti-Stokes scattering). 

Momentum transfer dependence of the dynamical structure factor has been investigated 
to obtain phonon dispersion relations in materials. The IXS spectrometer can also be applied to 
investigation of static structure factor, say diffraction pattern. When the energy transfer is zero in 
dynamical structure factor, S(Q, 0) provides elastic contribution of S(Q, ω). Since angle 
dependence of elastic X-ray scatteroing means diffraction patterns, momentum transfer 
dependence of S(Q, 0) provides diffraction patterns in materials. 

Experimental setups & conditions: The measurements were performed at the beamline 
of BL35XU in SPring-8. The details of the beamline were described elsewhere (e.g., Baron et al., 
2015). Figure 4.3 shows the beam path for IXS measurements at the beamline BL35XU. 
Initially, the X-ray beam was generated in-vacuum linear undulator system of 4.5 m insertion 
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devices composed of 32 mm period and 8 mm minimum magnetic gap (Baron, 2000). A roughly 
monochromatic X-ray beam (~20 keV) was obtained by reflection from a pair of Si (1 1 1) and a 
pair of Si (4 0 0) monochromators and directed toward the backscattering monochromator. To 
perform energy scan, the energy of the monochromatic X-ray beam was varied around 21.747 
keV with a resolution of 1.5 meV by reflecting on the temperature-controlled backscattering 
monochromator of Si (11 11 11) (Baron et al., 2000).  The reflected X-ray beam was focused 
onto the sample position through a cylindrical mirror. Avalanche photo diode (APD) was placed 
upstream (apd3) and downstream (apd2) of sample position to measure the photon flux before 
and after X-ray scattering. The angle of the goniometer was varied between each measurement to 
vary the scattered angle 2θ. The scattered beam was passed through slit and analyzed by the 12 
analyzers composed of small blocks of perfect silicon (0.6 × 0.6 × 3 mm3) glued to a spherically 
curved substrate (Baron et al., 2000), placed from 10 m of distance with different scattered angle 
simultaneously. The scattered angles between the top four and the down four analyzer were 
nearly identical (Fig. 4.3). The scattered beam was only reflected on the analyzers when Bragg 
conditions are satisfied. The signals were detected by a Cadmium Zinc Telluride (Cd Zn Te) 
detector placed near the sample. 

In the present study, scattered beam was analyzed by the 12 spherical Si analyzers at 1–3 
different angles of goniometer, which corresponds to 12–36 independent spectra with 8–24 
independent scattered angles (momentum transfer) between 1.97 nm and 11.45 nm. The slits, 
positioned 6 m away from the sample, were set to an aperture size of 50 mm in both the vertical 
and horizontal directions, resulting in a momentum resolution ΔQ ~ 0.9 nm-1. According to Eq. 
(4.7), Stokes and anti-Stokes scattering are expected to appear in positive and negative energy 
transfer symmetrically due to the sample's energy gain (loss) associated with the creation 
(annihilation) of phonons. Therefore, the range of energy scan was set to -10 to 25 meV or -10 to 
30 meV for 2θ = 2.062°, -10 to 30 meV for 2θ = 2.409°, and -10 to 30 meV or -10 to 40 meV for 
2θ = 4.861° of the goniometer. Measurement time for each spectra is between 1 and 6 hours, 
depending on the signal rate and scan range at each scattering angle. It also took about 3 hours to 
measure resolution function of each analyzer, which also provides correction factors of 
reflectivity in each analyzer crystal. In addition, since the raw data of the spectra in each sample 
includes signal scattered from the sample area, background measurements are required, which 
took about 2–4 hours. All experimental conditions were summarized in Table 4.3. 

In addition to the dynamical structure factor S(Q, ω) measurements, S(Q, 0) of Titan 
tholin at each temperature condition was measured to investigate the temperature dependence of 
lattice structure of Titan tholin. In these measurements, the intensity of elastic scattering was 
measured from with various scattered angle 2θ (various momentum transfer) from 2.062° to 
9.106°. 



77 
 

Figure 4.4 shows a schematic illustration and pictures of our measurements at room 
temperature (hereafter setup A). This chamber was initially developed by Sekimoto et al (2019) 
to minimize the background caused by scattering from the beryllium (Be) window and air. This 
was achieved by using a polyimide (Kapton) window and purging the chamber with an inert gas, 
such as helium (He). In addition to minimizing background, we used the chamber to prevent 
alteration of the samples by atmospheric H2O and O2. The chamber of ~100 mm of diameter 
with ~150 mm of height was placed at sample position in the beamline (Fig. 4.3). The chamber 
was connected to a He gas cylinder through a tube and connected to the ambient atmosphere. 
The interior of the chamber was purged with He gas at a rate of a few cm3 per minute during the 
experiment. The sample was set in a 3 mm-diameter hole of the sample holder at the center of 
the chamber (Figure 4.4c). The sample holder, designed by the present study, was made of a Cu 
substrate (Cu1020) with width of 25 mm, height of 15 mm, and thickness of 2 mm. To prevent 
the detection of small-angle X-ray scattering from the air around the sample, a collimator was 
placed upstream of the sample at a distance of 2.5 mm from the sample (Sekimoto et al., 2019). 
The collimator was made of tantalum (Ta), as materials with a high atomic number, such as Ta, 
can effectively attenuate X-rays. The incident X-ray beam was focused on the sample holder 
with an ellipse-shape beam size of 40–50 µm in vertical and 80–100 µm in horizontal. The 
tolerance of X-ray beam at the sample is about 100 μm. The energy resolution for the 
experimental setup of Fig. 4.4 was ~1.5 meV. The resolution function was measured using 
scattering from borosilicate glass (Tempax) (Ishikawa & Baron, 2021). A polyimide film 
(Kapton, DU PONT - TORAY Inc.) was used to fix the sample on the sample holder. To avoid 
both oxidization of the sample and atmospheric scattering due to H2O and CO2, the chamber was 
purged with He gas at a constant flow rate (a few cm3 per minute) continuously during 
measurements. 

Figure 4.5 shows a schematic illustration of our experimental setup for low-temperature 
measurements (hereafter setup B). The sample was set in a sample holder (Figure 4.5b-g), which 
was made of Cu (C1020, AS ONE). The sample holder, designed by the present study, had three 
holes with 3 mm diameter aligned vertically to the sample and two holes with 2 mm diameter in 
the bottom, the latter of which was connected with a Ta collimator (Figure 4.5d-g). The 
collimator had three holes with 0.6 mm in the vertical direction and 0.3 mm in the horizontal 
direction. These holes were aligned vertically and used to collimate the X-ray beam. The 
collimator also had two holes with 2 mm of diameter below the sample holder (Figure 4.5d-g). 
The incident X-ray beam was focused on the sample holder with an ellipse-shape beam size of 
40–50 µm in vertical and 80–100 µm in horizontal. The tolerance of X-ray beam at the sample is 
about 100 μm. The sample holder was set to a chamber with a Be window (Figure 4.5a). To 
enhance the thermal conductivity, the chamber was purged by 1 bar of He gas at room 
temperature. This was also important to avoid the oxidization of the sample. The temperature of 
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the sample holder was controlled with a cold head and heater (within 1 K precision) (Figure 
4.5a). The temperatures at the top of the sample holder and the bottom of the cold head were 
monitored (Figure 4.5a). The temperatures of the measurements were set to be 93, 140, 190, 240, 
and 300 K. The energy resolution was ~1.5 meV. To evaluate the effects of pressure of 
formation of Titan tholin pellets, irradiation of X-ray, heating-and-cooling cycles, oxidation due 
to exposure to the atmosphere, and the heterogeneity of the sample, the measurements were 
performed to different pellets, and the same pellet at multiple positions on the same sample and 
at the same location before and after cooling (Table 4.3).  

Analyses of IXS spectra: As described above, the IXS spectrum is directly related to the 
dynamical structure factor, as shown in Eq. (4.7), although wavenumber is treated as scalar for 
amorphous materials such as Titan tholin and hydrothermal organics. The dynamical structure 
factor consists of terms that are either unrelated or related to phonon energy. At a certain 
momentum transfer, the energy-independent term can be expressed as a constant value, while the 
energy-dependent term represents the contribution from phonon excitations. The latter is 
composed of the probability of phonon excitation and a delta function corresponding to phonon 
excitation energy. In addition to the inelastic scattering contribution, an elastic scattering peak 
appears at zero energy transfer. Ideally, both elastic and inelastic peak would be described by a 
delta function. However, problems related to energy and momentum resolution are inevitable in 
X-ray scattering experiment. IXS experiments employ analyzer response, which consists of high-
energy resolution optics placed upstream of the sample and analyzer placed downstream of the 
sample. Consequentry, observed IXS spectra contain finite linewidth, which is always wider than 
resolution of the spectrometer. (e.g., Ishikawa & Baron, 2021). Furthermore, spectral broadening 
also occurs due to phonon and electron lifetime effects, which reflect the average time a phonon 
or electron remains in an excited state before scattering. As a result, the actual IXS spectrum is 
expressed as the sum of elastic and inelastic scattering contributions, both of which can be 
described using a pseudo-Voigt function, combination of Lorentzian and Gaussian components 
(Wertheim et al., 1974), with the Bose factor for the inelastic term analytically written as 
follows: 

 

𝐼𝐼elastic(Q,𝜔𝜔) = 𝐼𝐼0(𝑄𝑄)
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𝐼𝐼inelastic(𝑄𝑄,𝜔𝜔) = �𝐼𝐼𝑗𝑗(𝑄𝑄)
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𝛤𝛤𝑖𝑖LF = 2√𝑙𝑙𝑙𝑙2𝜎𝜎𝑖𝑖GF (𝑖𝑖 = 𝑛𝑛, 𝑗𝑗), (4.11) 
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(4.12) 

where ωj is the energy of jth phonon mode, 𝛤𝛤𝑖𝑖LF is the full width at half maximum (FWHM) in 
the Lorentzian function, 𝜎𝜎𝑖𝑖GF is the FWHM in the Gaussian function, 𝑓𝑓LF is the ratio of the 
Lorentzian function and the Gaussian function of resolution function, 𝐼𝐼0(𝑄𝑄) is the intensity of the 
elastic contribution, 𝐼𝐼𝑗𝑗(𝑄𝑄) is the phonon intensity of jth phonon mode, and 𝛥𝛥𝛥𝛥 is the offset of the 
peaks from the zero energy transfer. In reality, observed spectra may be shifted by offset of the 
sample position and alignment of the spectrometer. 

 The measured IXS data with samples were subtracted using the data without sample. This 
was done because the raw IXS spectra includes the contribution of scattering not only from the 
sample but also from Be window and polyimide film, as indicated in the blank spectra. In 
general, the phonon energy of an optical mode is much higher than that of an acoustic mode. 
Specifically, the minimum phonon energy of an optical mode of Titan tholin can be expected to 
be approximately 60 meV, as the minimum Raman shift of Titan tholin was observed around 500 
cm-1 in a previous study (Bernard et al., 2006). Since the energy range of the IXS measurements 
in the present study is limited to 40 meV, the contribution of optical phonon modes to the IXS 
spectra would be considered negligible. Therefore, we assumed that each subtracted IXS 
spectrum S(Q, ω) is mainly composed of three peaks: One is a quasi-elastic contribution near 
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zero energy transfer, and the others are a pair of inelastic contributions of Stokes and anti-Stokes 
components. 

 Based on the Eq. (4.4), the phonon dispersion should follow a sine curve as below: 

𝜔𝜔 = 𝐴𝐴𝑠𝑠sin(𝐵𝐵𝑠𝑠𝑄𝑄), (4.13) 

where 𝐴𝐴𝑠𝑠 is the energy of the phonon in meV at Q = π/a, and 𝐵𝐵𝑠𝑠 is the half of the spacing of the 
lattice plane [m] (see Eq. (4.4)). These constants were determined by fitting of phonon dispersion 
with Eq. (4.13) by least-square method. Then, V and the error δV of the sample was determined 
by equations as below: 

𝑉𝑉 = 𝐴𝐴𝑠𝑠𝐵𝐵𝑠𝑠
1/4.13567 × 1012

1 (2𝜋𝜋 × 10−9)⁄ , (4.14) 

𝛿𝛿𝛿𝛿 = �(𝐴𝐴𝑠𝑠𝛿𝛿𝐵𝐵𝑠𝑠)2 + (𝐵𝐵𝑠𝑠𝛿𝛿𝐴𝐴𝑠𝑠)2
1/4.13567 × 1012

1 (2𝜋𝜋 × 10−9)⁄ , (4.15) 

where 𝛿𝛿𝐴𝐴𝑠𝑠 and 𝛿𝛿𝐵𝐵𝑠𝑠 are the error of the least square fitting of phonon dispersion with Eq. (4.13). 
Here, 1 THz = 4.13567 meV, (unit of wavenumber) = 1/(2𝜋𝜋) nm-1 were considered. 

As mentioned later, the acoustic wave velocity estimated in the present study was Vp 
based on the comparison with the results obtained in ultrasonic pulse transmittance method. The 
longitudinal modulus M and the error δM of the sample was calculated as below; 

𝑀𝑀 = 𝜌𝜌𝑉𝑉p2, (4.16) 
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where 𝜌𝜌 and 𝛿𝛿𝛿𝛿 are the density and the error of the sample. 

4.2.3. Ultrasonic pulse method 
Principle: In this method, ultrasonic pulse generated at the front side of a sample passes 

through the sample and reaches to the back side. Elastic wave velocities (i.e. longitudinal P-wave 
velocity and transverse S-wave velocity) are directly obtained by dividing a thickness of the 
samples over a travel time of elastic waves. The elastic modulus, including bulk modulus K, 
shear modulus G, Young’s modulus Y, and Poisson’s ratio ν, and each error 𝛿𝛿𝛿𝛿, 𝛿𝛿𝛿𝛿, 𝛿𝛿𝛿𝛿, and 𝛿𝛿𝛿𝛿 
could be extracted from the measured P-wave velocity Vp, S-wave velocity Vs, and the density ρ, 
and each error 𝛿𝛿𝛿𝛿, 𝛿𝛿𝑉𝑉p, and 𝛿𝛿𝑉𝑉s as below (Mavco et al., 2009);  

𝐾𝐾 = 𝜌𝜌 �𝑉𝑉p2 −
4
3
𝑉𝑉s2� , (4.18) 
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𝐺𝐺 = 𝜌𝜌𝑉𝑉s2, (4.20) 
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Experimental setup and conditions: The elastic wave velocity measurements with the 
ultrasonic pulse method were conducted at the beamline BL04B1 in SPring-8. Figure 4.6a,d 
show the schematic diagram and the picture of the experimental system. Our experimental setup 
was similar to that of the previous study (Higo et al., 2018). The experimental setup was 
composed of a pulse generator (33210A, Agilent Inc.), a high-frequency waveform generator 
(AFG3251C, Tektronix Inc.), a low noise post-amplifier (7T142-4029A, Thamway), a digital 
oscilloscope (MDO4104C, Tektronix Inc.), an attenuator (920-N732AC, Yuuetsu-Seiki Inc.), a 
duplexer (N120-3069A, Thamway Inc.) and a cell assembly as a sample holder (Figure 4.6b,c). 
A sine burst wave was generated from the pulse generator 1000 times per second, following 
generation of three cycles of sine waves (40 MHz, 60 MHz, or 80 MHz for each experimental 
condition) by the waveform generator. These waves were amplified by the amplifier and entered 
the sample cell through the duplexer. Reflected waves were observed by the oscilloscope through 
the attenuator and duplexer, whereas the transmitted waves were observed by the oscilloscope 
directly (Figure 4.6d). The cell assembly was composed of a cylinder, piezoelectric transducers, 
and buffer rods. Crystaline LiNbO3 (10°-Y Cut LiNbO3: Yamaju ceramics Inc.) was used as the 
piezoelectric transducer (Figure 4.6e) because LiNbO3 shows resonant frequency of S-wave 
around 40 MHz and P-wave velocity around 60 MHz, which result in the formation of high 
amplitude of transmitted wave. 
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We measured elastic wave velocities without sample, SiO2 and NaCl samples as 
references, and Titan tholin and hydrothermal organics at room temperature. The thickness of the 
samples was measured to be 410 μm for NaCl, 1310 μm for SiO2, 127 μm for Titan tholin, and 
171 μm for hydrothermal organics using a micrometer. The sample was located in-between the 
buffer rods (Figure 4.7a). Elastic wave of burst sine signals with frequencies of 40, 60, and 80 
MHz were generated at the front side of the rod (Figure 4.7a). Part of wave reflected at the 
boundary between the sample and rod. The reflected wave was detected at the front side of the 
rod with the oscilloscope after passing through attenuator, duplexer (Figure 4.7a). Part passed 
through the sample and reached the back side of the opposing rod. The wave passing through the 
sample and rods was detected at the back side of the opposing rod with the oscilloscope. 
Waveform detected with the oscilloscope was recorded as an average of 512 times burst signals. 
Travel time of wave was determined by cross correlation methods, which is the method to 
measure the similarity between two waveforms as a function of time. At the time where the 
maximum amplitude of cross correlation was analyzed. The elastic wave velocities were 
determined by dividing the sample thickness by the travel time. 
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Figure 4.1 (a) Titan tholin particles and (b) pellet, and (c) hydrothermal organic particles and 
pellet measured in the present study. 
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  Figure 4.2 (a) Schematic diagram of the principle of IXS measurements. The phonon dispersion 
of sample was constrained by investigating the energy transfer ℏ𝜔𝜔 at a given momentum 
tranfer ℏ𝑄𝑄�⃗  between incident X-ray and scattered X-ray. (b) Schematic diagram of the one-
dimensional spring-mass model of lattice vibration. The solution of the equation of motion 
for Xn corresponds to Eq. (4.4). (c) Black line indicates the phonon dispersion curve as a 
solution of the spring-mass model given Figure 4.2 (b). Red line indicates the slope of the 
phonon dispersion curve of the spring-mass model at Q → 0, which corresponds to Vp of a 
material at macroscopic scale. 
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 Figure 4.3 Schematic illustration of X-ray beam path (red line and arrows) for IXS measurement at beamline of BL35XU at SPring8 
(BL35XU Inelastic X-ray Scattering Setup, http://bl35www.spring8.or.jp/ixs/ixs.html). X-ray beam was reflected on a set of 
channel cut crystals of Si(4 0 0) placed upstream of the backscattering monochromator. To perform energy scan, the energy of 
the monochromatic X-ray beam was varied around 21.747 keV with a resolution of 1.5 meV by reflecting on the temperature-
controlled backscattering monochromator of Si (11 11 11) (Baron et al., 2000). The reflected X-ray beam was reflected on a 
cylindrical mirror to focus the beam onto the sample position. Avalanche photo diode (APD) was placed upstream (apd3) and 
downstream (apd2) of sample position measure the photon flux before and after X-ray scattering. The scattered beam was 
passed through slit and analyzed by the 12 analyzers with the scattered angle 2θ. The scattered photons reflected on the 
analyzers were detected by a Cadmium Zinc Telluride (Cd Zn Te) detector.
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Figure 4.4 (a) A schematic illustration IXS measurements at room temperature (setup A). The 
sample was set in a 3 mm-diameter hole of the sample holder at the center of the 
chamber. To avoid both oxidization of the sample and atmospheric scattering due to H2O 
and CO2, the chamber was purged with He gas. The incident X-ray beam was focused on 
the sample position with an ellipse-shape beam size of 78 µm in the horizontal direction 
and 100 µm in the vertical direction. (b) A pictures of the chamber. White dashed 
rectangular indicates the location of (c). (c) A picture of the inside of the chamber with 
sample holder and collimeter. 
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 Figure 4.5 (a) A schematic illustration and (b, c) pictures of experimental setup for low-temperature measurements (setup B). The 
sample was set in a sample holder. The sample holder was set to a chamber with a Be window. To avoid the oxidization of the 
sample and to enhance thermal conductivity, the chamber was purged by 1 bar of He gas. The temperature of the sample 
holder was controlled with a cold head and heater. The temperatures at the top of the sample holder and the bottom of the cold 
head were monitored. (d, e) The sample holder had three holes with 3 mm diameter aligned vertically to the sample and two 
holes with 2 mm diameter in the bottom, the latter of which was connected with a Ta collimator. (f) The collimator had three 
holes with 0.6 mm in the vertical direction and 0.3 mm in the horizontal direction. The collimator also had two holes with 2 
mm of diameter below the sample holder. 
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Figure 4.6 (a) A picture of the ultrasonic pulse experimental system. The experimental setup was composed of a pulse generator 
(33210A, Agilent Inc.), a high-frequency waveform generator (AFG3251C, Tektronix Inc.), a low noise post-amplifier 
(7T142-4029A, Thamway), a digital oscilloscope (MDO4104C, Tektronix Inc.), an attenuator (920-N732AC, Yuuetsu-Seiki 
Inc.), a duplexer (N120-3069A, Thamway Inc.) and a cell assembly as a sample holder (b-c). (b-c) Pictures of sample cell. (d) 
A schematic diagram of the experimental system. A sine burst wave was generated from the pulse generator 1000 times per 
second, following generation of three cycles of sine waves (40 MHz, 60 MHz, or 80 MHz for each experimental condition) by 
the waveform generator. These waves were amplified by the amplifier and entered the sample cell through the duplexer. 
Reflected waves were observed by the oscilloscope through the attenuator and duplexer, whereas the transmitted waves were 
observed by the oscilloscope directly. (e) The cell assembly was composed of a cylinder, piezoelectric transducers, and buffer 
rods. Crystaline LiNbO3 (10°-Y Cut LiNbO3: Yamaju ceramics Inc.) was used as the piezoelectric transducer because 
LiNbO3 shows resonant frequency of S-wave around 40 MHz and P-wave velocity around 60 MHz, which result in the 
formation of high amplitude of transmitted wave.
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Figure 4.7 A schematic diagram and typical results of ultrasonic pulse measurements. (a) The 
sample located in-between the buffer rods. Elastic waves of burst sine signals with 
frequencies of 40, 60, and 80 MHz were generated at the front side of the rod. Part of 
wave reflected at the boundary between the sample and rod. Part passed through the 
sample and reached the back side of the opposing rod. (b-d) The wave passing through 
the rods (b) without sample and (c) with sample were detected at the back side of the 
opposing rod with the oscilloscope. (d) Waveform detected at the back side of the rod 
without (black) and with (red) sample. The black dot line shows the raw data of 
waveform without sample, whereas the black solid line shows the waveform without 
sample shifted to Δt. Travel time of wave Δt was determined by cross correlation 
methods, which is the method to measure the similarity between two waveforms as a 
function of time. At the time where the maximum amplitude of cross correlation was 
analyzed.  
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4.3 Results 

4.3.1. Density measurements 
The thickness and weight of the pellets of Titan tholin and hydrothermal organics were 

measured to be 1.58 ± 0.02 mm and 12.6 ± 0.1 mg for Titan tholin, and 0.36 ± 0.02 mm and 3.7 
± 0.1 mg for hydrothermal organics, respectively. Consequently, the bulk densities of the pellets, 
each with a diameter of 3 mm, were estimated to be 1130 ± 60 kg m-3 for Titan tholin and 1450 ± 
170 kg m-3 for hydrothermal organics. For the hydrothermal organics pellet, the sample was cut 
in half and stacked, resulting in a total thickness of approximately 0.7 mm during IXS 
measurements. 

On the other hand, the density of the Titan tholin pellet at 300 K was also determined 
based on the Beer-Lambert equation described by the following equation (e.g. Phillips & 
Lannutti, 1997): 

𝑇𝑇 =
𝐼𝐼
𝐼𝐼0

= −exp(𝜇𝜇𝜇𝜇), (4.26) 

where T is the transmittance, I and I0 are the intensities of the incident and transmitted photons, 
respectively, μ is the linear absorption coefficient, and x is the thickness of the sample. 

The X-ray beam transmittance was calculated using the beam intensity ratio between 
apd2 to apd3. In the density calculation, the linear absorption coefficient was derived from the 
density and the photoabsorption cross sections of the elemental components (Henke et al., 1993) 
using the "Compute X-ray Absorption" software 
(https://11bm.xray.aps.anl.gov/absorb/absorb.php). With an estimated transmittance of 95.8% for 
the Titan tholin pellet, based on a comparison of X-ray beam transmittance in Run #4 (blank) 
and Run #5 (Titan tholin at 300 K), along with the pellet thickness of 1.6 mm, an elemental 
composition of C2H3N, and an X-ray beam energy 21.474 keV, the density of Titan tholin was 
calculated to be 1360 g m-3. This density is higher than the bulk density of Titan tholin pellets 
derived from the mass and estimated volume of the pellet. This discrepancy may arise because 
the porosity in the optical path of the X-ray beam would be lower than the bulk porosity, 
resulting in higher density. Consequently, the density obtained from X-ray transmittance 
represents the lower limit of the intrinsic density. By comparing the bulk density with this lower 
limit, the lower limit of porosity of the Titan tholin pellet was estimated to be 17 %. 

Given that the thermal expansion coefficient of amorphous carbon nitride, an analog 
material for Titan tholin, is reported to be 2–9 × 10-6 K-1 (Champi et al., 2002), the volume 
change of Titan tholin between 300–93 K is estimated to be 0.4–1.8 % of volume. This implies 
that the increase in the density of Titan tholin at 93 K compared to 300 K would be, at most, 
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1.8 %. As shown in Figure 4.15 and discussed later, this result is consistent with the results of 
S(Q, 0) measurements conducted at different temperatures, indicating that the crystal structure of 
Titan tholin does not change significantly between 300–93 K. 

4.3.2. IXS measurements 
Comparison of Titan tholin and hydrothermal organics: Figure 4.8a shows an 

example of IXS spectrum of Titan tholin B at 300 K with the result of fitting of the data points 
measured in Run #5 (Table 4.3). Together with the predominant central peak at zero energy 
transfer of elastic contribution, small peaks of inelastic contribution appear on the shoulder of the 
central peak (Figure 4.8). The positions of the small peaks correspond to the energy transfer at 
each momentum transfer. On the other hand, Figure 4.8b shows the same as Figure 4.8a but for 
hydrothermal organics measured in Run #3 (Table 4.3). As discussed later, small peaks by 
inelastic contribution in IXS spectra of both Titan tholin and hydrothermal organics should be 
derived from longitudinal acoustic (LA) mode of phonon, based on the comparison of the 
acoustic wave velocity at long-wavelength estimated from phonon dispersion with the results of 
P-wave and S-wave velocities obtained from ultrasonic pulse transmittance method. Therefore, 
the acoustic wave velocity obtained in IXS measurements should be P-wave velocity (Vp) of 
organic materials. 

All results of fitting of the data point of IXS spectrum at each momentum transfer are 
shown in Appendix A. The gray areas in the fitting results of the IXS spectra indicate the regions 
excluded from the fitting process. The analyzed spectra were classified into four categories: (i) 
analyzable over the entire measured energy scan range, (ii) analyzable only after excluding 
contributions from optical phonon modes at high energies, (iii) analyzable over a limited or all 
energy ranges but resulting in questionable results, and (iv) not analyzable due to undetermined 
energy positions or errors larger by orders of magnitude. Among these, only spectra in categories 
(i) and (ii) were considered for the analyses of the phonon dispersion described as below, while 
those in categories (iii) and (iv) were excluded (see Appendix A for details). Several factors may 
have contributed to the failure of the analysis. Possible reasons include (1) asymmetry in the 
instrumental function due to analyzer malfunction, (2) fitting difficulties caused by too weak 
phonon signals, and (3) discrepancies between the model and the actual physical behavior. To 
address these issues, applying a more realistic model, such as the damped harmonic oscillator 
(DHO) model (Fåk and Dorner, 1997), and improving the chamber or increasing sample 
thickness to enhance the probability of phonon signal detection will be necessary in future 
studies. 

Figure 4.9 shows the phonon dispersion of both Titan tholin A, B and hydrothermal 
organics obtained at 300 K in Run #2, Run #3, and Run #5 (Table 4.3). As described above, we 
determined the energy of phonon at each momentum transfer from IXS spectra measured at 
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distinct Titan tholin samples (Titan tholin A and Titan tholin B) and different experimental 
setups to evaluate the producibility (Table 4.3). According to Eqs. (4.14) and (4.15), Vp values 
and errors of Titan tholin A measured in setup A and Titan tholin B measured in setup B are 
estimated to be 2690 ± 240 m/s and 2860 ± 340 m/s, respectively. Within the errors, Vp values of 
two Titan tholin show a good agreement, which indicates that the formation pressure of Titan 
tholin pellet and the difference of the experimental setup does not affect the results of IXS 
measurement significantly. Figure 4.10 shows the phonon dispersion of Titan tholin pellet B 
before (Run #5) and after (Run #8) cooling, and different areas (Run #9) measured in 
experimental setup B. In addition to Titan tholin B, the phonon dispersion of Titan tholin A 
measured in experimental setup B (Run #10) is shown in Figure 4.10. The measurements of IXS 
spectra of Titan tholin A in experimental setup B (Run #10) was conducted ~6 months later of 
the measurements in experimental setup A (Run #2). Although the experimental conditions of 
measurements of IXS spectra of Titan tholin are different, we confirm that the Vp of pellets of 
Titan tholin before and after heating and cooling cycle, with different irradiation time of X-ray 
beam, and with different exposure time to the air also does not affect the results significantly 
(Figure 4.10: Table 4.3–4.4).  

Comparing with hydrothermal organics, Vp of two Titan tholin is also consistent with Vp 
of hydrothermal organics, ~2580 ± 350 m/s, within the errors. Given the densities of Titan tholin 
and hydrothermal organics (1130 ± 60 kg m-3 and 1450 ± 170 kg m-3, respectively: Table 4.2), 
the longitudinal modules are estimated to be 9.3 ± 2.2 GPa for Titan tholin and 9.7 ± 2.7 GPa for 
hydrothermal organics (Table 4.4). These longitudinal modules are close in values within the 
errors, although the mean value of hydrothermal organics is higher than that of Titan tholin. Our 
longitudinal modulus of Titan tholin agrees with the previous value of Young’s modulus of Titan 
tholin, 10.4 ± 0.5 GPa, determined based on the nano-indentation technique (Yu et al., 2018). 
The sensitivity of the modulus of organic materials on the seismic survey in the future mission is 
discussed below in Chapter 5. 

Temperature dependence: Figure 4.11 shows examples of inelastic X-ray scattering 
spectra of Titan tholin B measured at 93–300 K in Run #5, Run #7, Run #13, Run #15, and Run 
#16, respectively (Table 4.3). Although peaks of inelastic contributions are detected, the 
intensities of the inelastic scattering contribution are low at low temperatures. This is because the 
probability of phonon excitation decreases with decreasing temperature, as described by Bose 
factor shown in Eq. (4.12). All results of fitting of the data point of IXS spectrum of Titan tholin 
at each momentum transfer at each temperature conditions are also shown in Appendix A. As 
mentioned above, the analyzed spectra were categorized and selected for the analysis of phonon 
dispersion. 
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Figure 4.12 shows the temperature dependence of the phonon dispersion of Titan tholin B 
and the fitting result of the experimental data obtained at each temperature using Eq. (4.12) with 
least square method. Based on the comparison of the slope of the fitting curve at zero energy 
transfer, the temperature dependence of the acoustic wave velocity of Titan tholin can be 
estimated. Although the error of the energy of each phonon dispersion is relatively large, the 
slope of the fitting curve at near zero energy transfer tend to increase at lower temperatures, 
indicating that Vp increases at lower temperatures. The temperature and chemical structure 
dependence of Vp are shown in Figure 4.13. The mean value of Vp at 93 K becomes 3340 m/s 
higher than that at 300 K. As mentioned above, the values of Vp of Titan tholin A, B and 
hydrothermal organics are close within the error. 

Figure 4.14 shows the temperature dependence of the longitudinal modulus of Titan 
tholin B, assuming the density of Titan tholin is constant over the temperature range between 93 
K to 300 K. In fact, the phase change of Titan tholin would not occur over these temperature 
range given the melting point of Titan tholin (e.g., 350 K: He & Smith, 2014; Yu et al., 2018), 
which suggests that the density would not change dramatically. Figure 4.14 indicates that the 
longitudinal modulus of Titan tholin becomes larger when the temperature decreases. 

The Arrhenius equation for the longitudinal modulus can be described as follows, 

𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑙𝑙𝑙𝑙𝑀𝑀0 −
𝐸𝐸a
𝑅𝑅𝑅𝑅

, (4.27) 

where M0 and M are longitudinal modulus at absolute zero and the longitudinal modulus, Ea is 
the activation energy. Non-linear least square fitting of the data points with Eq. (4.27) gives a 
value of M0 = 7.3 ± 1.2 GPa and Ea = -500 ± 230 J mol-1. On the other hand, the temperature 
dependence of elasticity of a material is often described by the following equation (Gilbert et al, 
1986; Courtney, 2005): 

𝑀𝑀 = 𝑀𝑀0 �1 − 𝛼𝛼
𝑇𝑇
𝑇𝑇m
� , (4.28) 

where M is the elastic modulus (here longitudinal modulus), 𝑀𝑀0 is the elastic modulus (here 
longitudinal modulus) at 0 K, 𝛼𝛼 is a dimension less coefficient (𝛼𝛼 = 0.5: Courtney, 2005; Yu et 
al., 2018), T is the temperature and Tm is the melting point (or the glass transition temperature Tg: 
Gilbert et al., 1986). Least square fitting of the longitudinal modulus of Titan tholin with the Eq. 
(4.28) results in 𝑀𝑀0 = 15 ± 2 GPa and Tm = 340 ± 110 K. 

 Since it remains unclear which mechanism better explains the temperature dependence of 
the longitudinal modulus, we performed fittings with both the Arrhenius equation (Eq. (4.27)) 
and the linear relationship (Eq. (4.28)). Table 4.4 summarizes the results of Vp and the 
longitudinal modulus of our samples determined with the IXS method and Eq. (4.27), which 
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have larger errors compared to those obtained using Eq. (4.28). The discussion on which 
mechanism is more appropriate is presented in Sec. 4.4. 

 Structure of organic samples: Figure 4.15 shows the temperature dependence of the 
intensity of elastic scattering of Titan tholin as a function of the spacing of the lattice plane of the 
unit cells, as determined from S(Q, 0) measurements. All spectra exhibit broad peaks centered at 
approximately 4–5 Å and possibly beyond 30 Å over the temperature range of 300 K to 93 K, 
although there are variations in intensity at certain lattice spacings (e.g., around 15 Å in Figure 
4.15a). These results indicate that Titan tholin has an amorphous structure characterized by 
several distinct length scales (4 Å and possibly beyond 30 Å), regardless of temperature. 

Table 4.5 summarizes the fitting results of Bs in Eq. (4.13) and the estimated lattice plane 
spacing. Although the spacing of the lattice plane varies by a few percent across the temperature 
range of 300 K to 93 K, the estimated d-spacing remains around 3.5–4.5 Å under all conditions. 
These results are consistent with those from the S(Q, 0) measurements. The lattice plane spacing 
of hydrothermal organics is slightly larger (5.4 Å), suggesting that the unit cell size of organic 
molecules in hydrothermal organics is larger than that of Titan tholin. 

 The amorphous structure of Titan tholin is consistent with previous findings based on X-
ray diffraction (XRD) patterns (Quirico et al., 2008). Furthermore, the unit cell sizes of Titan 
tholin and hydrothermal organics are comparable to the size of 1–2 aromatic rings in Titan tholin 
and the soluble organic matter (SOM) extracted from the Murchison meteorite, as determined by 
direct imaging using non-contact AFM (Schulz et al., 2021; Kaiser et al., 2022). 

4.3.3. Ultrasonic wave measurements 
Figure 4.7a shows the schematic illustration of passage of ultrasonic wave in the sample 

and corresponding waveform detected with the oscilloscope. In the measurement without the 
sample (Fig. 4.7b) with 3 cycles of sine burst wave of 60 MHz, part of ultrasonic wave generated 
at the front side of the rod reflects at the boundary between the rods. On the other hand, part of 
ultrasonic wave passes through the boundary between the rods. Light blue line in Figure 4.7b 
shows results of waveform of reflected ultrasonic wave detected at the front side of the rod, 
whereas black line in Figure 4.7b shows results of waveform of transmitted ultrasonic wave 
detected at the back side of the rod. The waveform of transmitted ultrasonic wave was offset and 
aligned with the input of sein burst wave detected as a swarm of large waves at 10.3 μs (Fig. 
4.7b). At 10.9 μs, a swarm of P-waves reflected at the boundary between the rods appears. On 
the other hand, at 11.1 μs, a swarm of large waves is detected at the back side of the rod (Fig. 
4.7). This wave swarm is considered to be transmitted P-wave based on the similarity of the 
shape of the waveform. Then, transmitted waveforms detected at the back side of the rod without 
and with sample were compared in Fig. 4.16. The red line in Fig. 4.16a shows waveform with 
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Titan tholin generated by 3 cycles of sine burst wave of 60 MHz and shifted forward by Δt = 42 
ns. A swarm of the waveform with Titan tholin appears to be matched with the swarm of P-wave 
without sample at 11.1 μs (Fig. 4.16b). Thus, the travel time of P-wave tp of Titan tholin 
corresponds to the time intervals between 42 ± 0.4 ns. On the other hand, the red line in Fig. 
4.16c shows waveform with Titan tholin generated by 3 cycles of sine burst wave of 40 MHz and 
shifted forward by Δt = 70.8 ns. A swarm of the waveform with Titan tholin appears to be 
matched with the swarm of S-wave without sample at 12.75 μs (Fig. 4.16d). Thus, the travel time 
S-wave ts of Titan tholin corresponds to the time intervals between 70.8 ± 0.4 ns. All results of 
analyses of the waveforms of other samples (hydrothermal organics, NaCl, and SiO2) and other 
frequencies of sine burst wave (40, 60, 80 MHz) are shown in Appendix B. 

Given the thickness of the Titan tholin sample, Vp and Vs of Titan tholin are calculated 
from the measured travel times. Vp and Vs of Titan tholin at 300 K is calculated to be 3260 ± 390 
m/s and 1830 ± 60 m/s, respectively by adding the data with frequency of 40, 60, and 80 MHz. 
The results for each frequency are 3040 ± 60 m/s for 40 MHz, 3020 ± 60 m/s for 60 MHz, and 
3710 ± 70 m/s for 80 MHz. Since the frequency dependence is relatively small within this range, 
we take into account all data for 40–80 MHz to reduce the errors. The relatively large error in Vp 
is due to large Vp at 80 MHz. This would be because the phase change of the pulse wave could 
occur during measurements at 80 MHz, resulting in a half-wavelength shift in the determined 
travel time. Given that the P-wave velocity of Titan tholin determined by IXS measurements is 
around ~3000 m/s, the analyses at 40 MHz and 60 MHz are likely more accurate than those at 80 
MHz. Based on the analysis for the measurements using hydrothermal organics (the data of 
waveforms are shown in Appendix B). Vp and Vs of hydrothermal organics at 300 K are also 
calculated to be 2830 ± 60 m/s and 1740 ± 40 m/s, respectively. 

The measured Vp at 300 K for both Titan tholin and hydrothermal organics in ultrasonic 
pulse transmittance method are consistent with the results of the acoustic wave velocities 
estimated from phonon dispersion obtained with the IXS method within the errors, suggesting 
that the phonon should be the longitudinal acoustic (LA) mode. Despite the large difference in 
the frequency (the frequency in the ultrasonic pulse method is approximately four orders lower 
than that of the IXS method), the Vp of Titan tholin obtaind by both methods are within the 
errors. This suggests that the frequency dependence of Vp is less than ~10 % of Vp value within 
the frequency range of ~10 MHz–sub-THz.  

Based on the measured Vp and Vs, together with the density of material, the elastic 
parameters at 300 K (the bulk modulus K, Young’s modulus Y, and Poisson’s ratio ν) are 
calculated based on Eqs. (4.18–25) above. We obtain K = 7 ± 0.9 GPa, Y = 9.7 ± 1.8 GPa, and ν 
= 0.27 ± 0.03 for Titan tholin, and K = 5.8 ± 0.7 GPa, Y = 10.4 ± 1.3 GPa, and ν = 0.20 ± 0.01 for 
hydrothermal organics. The obtained Young’s modulus of Titan tholin in the present study 
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agrees with the result of the previous study Y = 10.4 ± 0.5 GPa (Yu et al., 2018). However, 
similar to the results of the IXS measurements, our Titan tholin tend to have a lower Young’s 
modulus than that of Titan tholin in the previous study, which is discussed below in Chapter 4. 
Comparing Titan tholin with hydrothermal organics, ν of Titan tholin is higher than that of 
hydrothermal organics. In general, materials with low atomic packing density tend to have low ν 
values (Greaves et al., 2011; Rouxel, 2007). The difference in ν may be due to the difference in 
average coordination number in Titan tholin and hydrothermal organics (Greaves et al., 2011; 
Rouxel, 2007). This is because an increase in the coordination number of atoms in solids results 
in formation of three-dimensional networks, leading to a low atomic packing density (Greaves et 
al., 2011; Rouxel, 2007). 
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 Figure 4.8 (a) An example of IXS spectrum of Titan tholin B at 300 K and momentum transfer Q = 4.65 nm-1 measured in Run #5. 
The circles with errors show data point. Solid curve indicates the fitting results of pseudo-Voigt function with Bose factor. The 
predominant central peak at zero energy transfer corresponds to elastic contribution, whereas small peaks on the shoulder of 
the central peak indicate inelastic contribution. The energy of phonon ω1 = 6.5 ± 0.5 meV at momentum transfer Q = 4.65 nm-1 
was determined from the positions of the small peaks. (b) An example of IXS spectrum of hydrothermal organics measured in 
Run #3. The energy of phonon ω1 = 6.4 ± 0.4 meV at momentum transfer Q = 4.65 nm-1 was determined from the positions of 
the small peaks same as Titan tholin.
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 Figure 4.9 Phonon dispersion of Titan tholin A (red inverted triangle), B (red circle) and 
hydrothermal organics (black inverted triangle) measured at 300 K in Run #2, Run #3, 
and Run #5. Each solid curve indicates the fitting result of the phonon dispersion curve. 
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Figure 4.10 Phonon dispersion of Titan tholin pellets of Titan tholin before (red circle, Run #5) 
and after cooling (red triangle, Run #8), different areas (red diamond, Run #9), and 
different samples (red square, Run #10). Each solid curve indicates the fitting result of 
the phonon dispersion curve. 
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 Figure 4.11 Temperature dependence of IXS spectra of Titan tholin (offset) measured at momentum transfer Q = 4.65 nm-1 and at 
300, 240, 190, 140, and 93 K in Run #5, Run #7, Run #13, Run #15, and Run #16, respectively (Table 4.3). The circles with 
errors show data point. Solid curve indicates the fitting results of pseudo-Voigt function with Bose factor, same as Fig. 4.9. 
The energy of phonon ω1 determined by the position of the small peaks appears to increase as the temperature decreases. 
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 Figure 4.12 Temperature dependence of phonon dispersion between Titan tholin pellet at 300 K 
(red), 240 K (cyan), 190 K (purple), 140 K (green), and 93 K (blue) obtained in 
2024A1609. Each circle indicates the experimental data, whereas each solid curve 
indicates the fitting result of the phonon dispersion curve. the relationships between the 
energy and momentum transfer (i.e. phonon dispersion) for Titan tholin B measured at 
each temperature condition (Run #5, Run #7, Run #13, Run #15, and Run #16). Although 
the errors of the data points are relatively large, the gradients of the fitting curve at near 
zero energy transfer tend to be steeper at lower temperatures, indicating higher Vp at 
lower temperatures. 
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  Figure 4.13 Comparison of temperature and chemical structure dependence of Vp. The mean 
value of Vp at 93 K becomes 3340 m/s higher than that at 300 K. The values of Vp of 
Titan tholin A in the setup A (red inverted triangle, Run #2) and in the setup B (red 
square, Run #10), Titan tholin B in the setup B (red circle, Run #5) and hydrothermal 
organics (black inverted triangle, Run #3) at 300 K are close within the error. The values 
of Vp of Titan tholin A in the setup B (purple square, Run #12) and Titan tholin B in the 
setup B (purple circle, Run #13) are also close within the error. 
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 Figure 4.14 Temperature dependence of longitudinal modulus of Titan tholin B, calculated from 
Vp at each temperature assuming the density of Titan tholin is constant over the 
temperature range between 93 K to 300 K. The longitudinal modulus of Titan tholin 
becomes larger when the temperature decreases. The black curve indicates the results of 
least square fitting of Arrhenius equation (Eq. (4.27)) with a value of M0 = 7.3 ± 1.2 GPa 
and Ea = -500 ± 230 J mol-1, respectively. The dased line indicates the results of least 
square fitting of the linear relationship (Eq. (4.28)) with a value of M0 = 15 ± 2 GPa and 
Tm = 340 ± 110 K, respectively. 
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Figure 4.15 Temperature dependence of diffraction pattern of Titan tholin as a function of the 
distance of the unit cells, shown for (a) a wide range and (b) a close-up view. Each color 
represents the measurement temperature condition. All spectra are normalized to the 
minimum d-spacing and offset for clarity. The spectra exhibit broad peaks centered at 
approximately 4–5 Å and possibly beyond 30 Å. Additionally, the peak near 15 Å 
becomes weaker as the temperature decreases. 
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Figure 4.16 Typical results of the transmitted waveforms detected at the back side of the rod 
without (black) and with sample (red), respectively. (a.b) Waveform generated by 3 
cycles of sine burst wave of 60 MHz. Dashed box in (a) indicates the area of (b). 
Waveform with Titan tholin (red) was shifted forward by Δt = 42 ns. A swarm of the 
waveform with Titan tholin appears to be matched with the swarm of P-wave without 
sample at 11.1 μs, suggesting that the travel time of P-wave tp of Titan tholin corresponds 
to the time intervals between 42 ± 0.4 ns. (b,c) Waveform generated by 3 cycles of sine 
burst wave of 40 MHz. Dashed box in (c) indicates the area of (d). Waveform with Titan 
tholin (red) was shifted forward by Δt = 70.8 nsec. A swarm of the waveform with Titan 
tholin appears to be matched with the swarm of S-wave without sample at 12.75 μs, 
suggesting that the travel time S-wave ts of Titan tholin corresponds to the time intervals 
between 70.8 ± 0.4 ns.  
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Table 4.1 Summary of the experimental conditions and results of travel time determination of ultrasonic pulse transmittance 
measurements. *The error of the length of samples were derived from instrumental error. ** The errors of the travel time were 
derived from the cross-correlation analysis.  
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Table 4.2 Summary of the results of ultrasonic pulse transmittance measurements. *, ** The density of NaCl and SiO2 glass were 
from Jiang et al. (2018) and Carini et al. (2016), respectively.  
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Table 4.3 Summary of the experimental conditions for IXS measurement. *The irradiation point was different from 
other experimental runs. **The chamber was once leaked into the air and then evacuated before 
measurement. 
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Table 4.4 Summary of the experimental results of Vp and elasticity of each organic material based on IXS measurements. *Measured 
after cooling and subsequent increase of temperature. **Measured at different point after cooling and subsequent increase of 
temperature. Due to the large error of Vp, the longitudinal modulus in Runs #8 and #9 could not be obtained. 
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Table 4.5 Summary of the fitting results of Bs and the estimated lattice plane spacing. *,** Due to the large error of Bs, d-spacing in 
Runs #8 and #9 could not be obtained. 
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4.4. Discussion 

Comparison with other materials: Figure 4.17 shows the comparison of bulk modulus 
and density of both Titan tholin and hydrothermal organics measured with the ultrasonic pulse 
method with various materials (empty circle) including quartz and clay (Blangy, 1992; Han et 
al., 1986), H2O ice (Shaw, 1986), polyaromatic hydrocarbons (PAHs) (Richter et al., 2000), 
high-density polyethylene, low-density polyethylene, and  (Jordan et al., 2021), kerogen (Yan 
and Han, 2013; Zhao et al., 2016 and references therein; Xie et al., 2019 and reference therein), 
and bamboo (Krzesińska et al., 2006). All materials except PAHs and parts of kerogen were 
measured by ultrasonic pulse methods (Blangy, 1992; Han et al., 1986; Shaw, 1986; Jordan et 
al., 2021; Yan and Han, 2013; and Krzesińska et al., 2006). The bulk modulus of PAHs is 
constrained by nano-indentation techniques (Richter et al., 2000), whereas that of parts of 
kerogen is constrained by measurements at lower frequency of acoustic wave velocity compared 
to ultrasonic wave (Zhao et al., 2016 and references therein; Xie et al., 2019 and reference 
therein). This figure shows that the elastic properties of laboratory analogs of Titan’s organic 
materials (i.e., Titan tholin and hydrothermal organics) are distinguishable from crystalline H2O 
ice that would consist of Titan’s crust. The bulk modules of both Titan tholin and hydrothermal 
organics fall within the range of those of kerogen, H2O ice, polyethylene, kerogen, and/or PAHs; 
however, considering the density together, kerogen is considered to be the closest material, in the 
elastic properties, to Titan tholin and hydrothermal organics. 

Figure 4.18 compares the Young’s modulus of Titan tholin, hydrothermal organics, and 
other organic materials, including PAHs (Richter et al., 2000), polyethylene (Jordan et al., 2021), 
adenine (Yu et al., 2018), and biphenyl (Yu et al., 2018), as a function of their C/H ratio. The 
results indicate that PAHs, which have a higher C/H ratio, exhibit higher Young’s modulus 
values, while polyethylene, a linear hydrocarbon with a lower C/H ratio, displays a lower 
Young’s modulus. This trend suggests that for simple hydrocarbons with either purely aliphatic 
or aromatic structures, a higher C/H ratio tends to correlate with a higher Young’s modulus. On 
the other hand, adenine, which contains heterocyclic rings and amine (-NH2) groups, and 
biphenyl, which consists of benzene rings connected by a single bond, exhibit lower Young’s 
modulus values comparable to that of polyethylene. This trend indicates that the Young’s 
modulus of organic materials is not solely determined by elemental ratios or the number of 
unsaturated bonds but is also influenced by factors such as elemental composition, functional 
groups, and the molecular configuration of aromatic and aliphatic structures. The Young’s 
modulus of Titan tholin and hydrothermal organics obtained in this study falls between the 
values of PAHs and other organic materials. As inferred in Chapter 2, the chemical structures of 
Titan tholin and hydrothermal organics consist of a combination of cyclic hydrocarbons 
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containing nitrogen and oxygen and linear hydrocarbons. These findings support the idea that the 
Young’s modulus of organic materials is not simply governed by the C/H ratio but is also 
influenced by elemental composition, functional groups, and the arrangement of cyclic and 
aliphatic structures within the molecules. To elucidate the relationship between chemical 
structure and elasticity, such as the Young’s modulus of organic materials, further studies are 
needed. Specifically, a combination of improved constraints on chemical structure using 
LDMS/MS, which will be onboard NASA’s Dragonfly mission (e.g., Grubisic et al., 2021), and 
a systematic comparison of the elasticity of organic materials with different chemical structures 
will be essential. 

Temperature dependence: Our results of the IXS measurements suggest that the 
longitudinal modulus (and Vp) of Titan tholin becomes larger (and higher) at lower temperatures 
in the range of 93–300 K (Figure 4.14). The longitudinal modulus of Titan tholin decreases by a 
factor of ~1.5 from 300 K to 93 K following the Arrhenius equation (Eq. (4.27)) or linear 
relationship (Eq. (4.28)). This temperature dependence can be explained by two possible 
mechanisms (Gilbert et al., 1986); 1) a decrease in molecular distance as the temperature 
decreases due to thermal shrink, which results in strengthening the Van der Waals interactions of 
each atom and force required for intermolecular deformation by bond stretching (Yannas and 
Luise, 1982). The temperature dependence in this case follows a linear relationship as described 
by Eq. (4.28). 2) a decrease in thermal energy of molecules, which prevents relaxation of 
amorphous by thermally-activated rearrangements of side branches or short segments at deficit in 
the amorphous structure below glass transition temperature (Gilbert et al., 1986). In this latter 
case, temperature dependence follows Arrhenius relation (Eq. (4.27)). Given the large errors in 
both fitting results of the longitudinal modulus of Titan tholin with Eqs. (4.27) and Eq. (4.28), 
the dominant mechanism which is responsible for the temperature dependence is uncertainty. 
However, the linear relationship is more likely because the elasticity estimated using the IXS 
method reflects the unit cell scale, where intermolecular forces such as van der Waals 
interactions cannot be neglected. Nonetheless, the analysis in this study is insufficient and 
requires further refinement. Additional low-temperature experiments using alternative methods, 
such as ultrasonic techniques or Brillouin scattering, are necessary to enable a comparative 
evaluation of the results.  

Frequency dependence: Figure 4.19 compares the phonon dispersion of different orders 
obtained using the IXS (Run #2) and ultrasonic methods for Titan tholin. The phonon dispersion 
curves are approximated as a linear relationship near the zero point, based on the assumption that 
a sine curve can be approximated by a linear function in this region. The phonon dispersion 
obtained by the IXS method is shown at Q = 1.97 nm-1, while the dispersion obtained via the 
ultrasonic method was derived using the relationships Q = 2π/λp and E = (2πℏ/e) f, considering a 
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frequency range of 40–80 MHz and a sound speed of 3260 ± 390 m/s. Here, λp is the wavelength 
of phonon, e is the elementary charge, and f is the phonon frequency. 

At Q = 1.97 nm-1, the phonon dispersion corresponds to a scale of approximately 1 nm, 
which is on the order of a few times the unit cell size of Titan tholin (4–5 Å), as estimated by 
S(Q, 0) and the parameter Bs in the least-squares fitting results of the phonon dispersion curve 
(Eq.(4.13)) (see Sec. 4.3.2). In contrast, the ultrasonic method probes phonons on a scale of 
several hundred micrometers. Despite this difference in length scales, the phonon dispersion 
measured using the ultrasonic method falls within the phonon dispersion curve obtained by IXS, 
within the errors. This suggests that the long-wavelength approximation holds well within the 
phonon scale of a few unit cells. Indeed, the P-wave velocity of Titan tholin determined by the 
ultrasonic method is consistent with that constrained by the IXS method, within the errors (see 
Tables 4.2, 4.3). This result implies that the results of ultrasonic methods can be extrapolated to 
the 0.1–10 Hz frequency band, relevant to the seismograph aboard NASA’s Dragonfly mission. 

Implications for Titan’s organic materials: If the chemical structures of Titan’s 
organic materials are similar to Titan tholin and/or hydrothermal organics, their elastic properties 
at Titan’s surface temperature (~93 K; Jennings et al., 2019) are estimated as follows: K = 11 ± 
3.8 GPa and G = 6 ±2.0 GPa for Titan tholin-like structure, and K = 9.1 ± 3.1 GPa and G = 6.9 ± 
2.4 GPa for hydrothermal organic-like structure. These values assume an Arrhenius-type 
temperature dependence (considered as the maximum error) of elasticity and a density of ρ = 
1130 ± 60 kg m-3 of Titan tholin or ρ = 1450 ± 170 kg m-3 of hydrothermal organics. 

As discussed in Chapter 5, the elasticities of Titan’s organic analog materials are essential 
to analyze the data obtained in future seismic surveys, such as those planned for NASA’s 
Dragonfly mission (e.g., Lorenz et al., 2018). By analyzing the travel times of seismic waves 
artificially generated and reflected from subsurface boundaries, the thickness of the organic 
regolith on Titan can be estimated. This information is essential for understanding Titan’s 
organic cycles, including the age of its atmosphere. Our measurements of the elastic properties of 
Titan’s organic analog materials involve an error factor of approximately 2. Consequently, the 
estimated thickness of the organic regolith from an active seismic survey would also include an 
error factor of 2, suggesting that the constrained age of the atmospheric CH4 cycle would inherit 
a similar level of uncertainty. However, it is important to note that the current estimates for 
Titan’s atmospheric age carry significant uncertainties, ranging from 100 Myr to a few Gyr. 
These estimates are derived from various constraints, including the 12C/13C ratio of atmospheric 
CH4 (Nixon et al., 2012; Mandt et al., 2012), the estimated amount of organic material on Titan’s 
surface (Lorenz et al., 2008; Nixon et al., 2018), crater counting (Neish & Lorenz, 2012), and 
interior models predicting episodic major CH4 replenishments (Tobie et al., 2006). In this 
context, determining the age of organic sediments with an uncertainty factor as low as 2 
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represents a significant improvement. Such results would provide valuable insights into the CH4 
cycle on Titan, including the duration over which atmospheric CH4 has been consumed and 
converted into organic material.   
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4.5. Summary of Chapter 4 

The present study investigated the elastic wave velocity of Titan’s organic analog 
materials by inelastic X-ray scattering (IXS) measurements and ultrasonic pulse transmittance 
measurements, respectively. Before each measurement, organic pellets of Titan tholin particles 
and solids of hydrothermal organics were formed by using hydraulic press. In IXS 
measurements, the phonon dispersion of both pellets of Titan tholin and hydrothermal organics 
were determined by measuring IXS spectra at 300 K. IXS spectra of Titan tholin pellet at 300 K, 
240 K, 190 K, 140 K, 93 K were measured to investigate temperature dependence of the phonon 
dispersion and elastic properties of Titan tholin. In ultrasonic measurements, Vp and Vs of pellets 
of Titan tholin and hydrothermal organics were measured at 300 K. 

We find that the acoustic wave velocity estimated from phonon dispersion of Titan tholin 
is 2860 ± 340 m/s based on IXS measurements, which is consistent with the results of Vp of Titan 
tholin at 300 K determined to be 3260 ± 390 m/s within the errors. Therefore, the acoustic wave 
velocity determined in IXS measurements should be P-wave velocity of Titan tholin. Vs of Titan 
tholin at 300 K is also determined to be 1830 ± 60 m/s, based the ultrasonic measurements. 
Acoustic wave velocity (Vp) estimated from phonon dispersion of hydrothermal organics, and Vp, 
and Vs of hydrothermal organics determined by ultrasonic wave experiments are 2580 ± 350 m/s, 
2830 ± 60 m/s and 1740 ± 40 m/s, respectively. Given the densities of Titan tholin and 
hydrothermal organics (1130 ± 60 kg m-3 and 1450 ± 170 kg m-3, respectively: Table 4.2), the 
elastic parameters at 300 K (the bulk modulus K, Young’s modulus Y, and Poisson’s ratio ν) are 
calculated to be K = 7 ± 0.9 GPa, G = 3.8 ± 0.3 GPa, Y = 9.7 ± 1.8 GPa, and ν = 0.27 ± 0.03 for 
Titan tholin, and K = 5.8 ± 0.7 GPa, G = 4.4 ± 0.5 GPa, Y = 10.4 ± 1.3 GPa, and ν = 0.20 ± 0.01 
for hydrothermal organics, respectively. The Young modulus of Titan tholin agrees with the 
previous value of Young’s modulus of Titan tholin, 10.4 ± 0.5 GPa. 

We also find that the overall crystal structure of Titan tholin does not change significantly 
and is characterized by the distinct length scale (4–5 Å) between 300 K and 93 K based on the 
S(Q, 0) measurements and the phonon dispersion curve. The acoustic wave velocity of Titan 
tholin becomes larger with decreasing the temperature based on the temperature dependence of 
phonon dispersion. Estimated longitudinal modulus of Titan tholin also becomes larger when the 
temperature decreases. We performed the least square fittings with both Arrhenius equation and 
linear relationship, resulting in the values of M0 = 7.3 ± 1.2 GPa and Ea = -500 ± 230 J mol-1 for 
Arrhenius equation and in 𝑀𝑀0 = 15 ± 2 GPa and Tm = 340 ± 110 K for linear relationship. Given 
the large errors in both fitting results, the dominant mechanism which is responsible for the 
temperature dependence is uncertainty. Additional analyses of experimental data and/or 
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additional measurements such as ultrasonic measurements or Brillouin scattering at cryogenic 
conditions are necessary to evaluate the results obtained in the present study. 

Based on the comparison of bulk modulus and density of both Titan tholin and 
hydrothermal organics with various materials, kerogen is considered to be the closest material, in 
the elastic properties, to Titan tholin and hydrothermal organics. Our comparison of the Young’s 
modulus of Titan tholin and hydrothermal organics with various organic materials as a function 
of their C/H ratio suggests that the elemental ratio is not the sole factor determining Young’s 
modulus. Instead, factors such as elemental composition, functional groups, and the molecular 
configuration of aromatic and aliphatic structures play a crucial role in determining the elastic 
properties of organic materials. Further investigation, combining improved constraints on 
chemical structure using LDMS/MS and a systematic comparison of organic materials with 
different chemical structures, will be essential. 

The comparison of phonon dispersion obtained using the IXS and ultrasonic methods for 
Titan tholin shows that the ultrasonic measurements fall within the IXS phonon dispersion curve 
near the zero point, within the errors. This indicates that the long-wavelength approximation 
holds at the phonon scale of a few unit cells, suggesting that results of the ultrasonic method can 
be extrapolated to the frequency range of seismometer (0.1–10 Hz) onboard NASA’s Dragonfly 
mission. 

If the chemical structures of Titan’s organic materials are similar to Titan tholin and/or 
hydrothermal organics, the elastic properties of Titan’s organic materials at Titan’s surface 
temperature (~93 K: Jenning et al., 2019) would be K = 11 ± 3.8 GPa and G = 6 ± 2.0 GPa for 
Titan tholin-like structure, and K = 9.1 ± 3.1 GPa and G = 6.9 ± 2.4 GPa for hydrothermal 
organic-like structure, assuming the Arrhenius type of temperature dependence of elasticity and 
the density ρ = 1130 ± 60 kg m-3 of Titan tholin or ρ = 1450 ± 170 kg m-3 of hydrothermal 
organics. 
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Figure 4.17 Comparison of bulk modulus and densities of various materials measure in the 
present study (filled circle) and the present studies (empty circle). The reference data 
includes quartz and clay (Blangy, 1992; Han et al., 1986), H2O ice (Shaw, 1986), PAHs 
(Richter et al., 2000), high-density polyethylene (HDPE), low-density polyethylene 
(LEPE) (Jordan et al., 2021), kerogen (Yan and Han, 2013; Zhao et al., 2016 and 
references therein; Xie et al., 2019 and reference therein), and plants (Krzesińska et al., 
2006). Titan tholin and hydrothermal organics are located near the data of polymers, 
PAHs, and kerogen. 
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Figure 4.18 Young’s modulus versus C/H ratio for Titan tholin and hydrothermal organics, 
compared with various organic materials, including PAHs (Richter et al. 2000), 
polyethylene (Jordan et al. 2021), adenine (Yu et al., 2018), and biphenyl (Yu et al., 2018).   
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Figure 4.19 Comparison of the phonon dispersion of different orders obtained using the IXS 
(Run #2) and ultrasonic methods for Titan tholin. The black curve represents the phonon 
dispersion curve, approximated as a linear relationship near the zero point. The red 
circles indicate the phonon dispersion obtained by the IXS method at Q = 1.97 nm-1 and 
that obtained by the ultrasonic method, considering the relationships Q = 2π/λ and E = 
(2πℏ/e) f, a frequency range of 40–80 MHz, and a sound speed of 3260 ± 390 m/s. Here, 
λp is the wavelength of phonon, e is the elementary charge, and f is the phonon frequency. 
The blue region represents the frequency band of seismic observations in future missions. 
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Chapter 5. Applications to Titan’s surface processes 
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5.1 Objective of Chapter 5 

As described in Chapter 1, thick aeolian sediments of dunes of organic materials occur at 
low latitudes of Titan (Lorenz et al., 2006; Radebaugh et al., 2008, Rodriguez et al. 2014). In 
contrast, at middle latitudes, there is a significant variation in the thickness of organic materials 
on the surface. Hummocky, labyrinth, and plains in middle latitude regions exhibit surface H2O 
ice absorption, suggesting that thickness of organic materials in these regions are thin; whereas, 
plains in near the low latitude regions are covered with organic materials (Solomonidou et al., 
2018; Malaska et al., 2016). These are two fundamental questions concerning these observations: 
1) What would the surface process transport surface organic materials at middle latitude to 
explain the exposure of H2O ice at particular regions? 2) How thick are the organic materials in 
plains at middle and low latitutdes of Titan? Regarding the question 1), saltation of organic 
materials by winds was not expected to occur based on the high cohesiveness of Titan tholin at 
room temperature (Yu et al., 2017). However, our results of AFM measurements at low 
temperatures indicate that the cohesion force and the surface energy of Titan tholin decrease with 
temperature (Chapter 3), suggesting that the saltation threshold wind speed u* (see Eq. (1.1) in 
Chapter 1) of organic materials on Titan may become lower than expected given the surface 
temperature of ~93 K on Titan (Jenning et al., 2019). Concerning the question 2) above, seismic 
measurements of shallow subsurface will be conducted in NASA’s Dragonfly mission. Our data 
on the elastic wave velocities of Titan tholin at low temperatures obtained in Chapter 4 is crucial 
to estimate the detectability of the seismic echo in the active seismic survey in the Dragonfly 
mission. 

In this chapter, we estimate the saltation and transportation of organic materials by winds 
at middle latitudes of Titan (Sec. 5.2). Saltation threshold wind speed u* is calculated based on 
the temperature dependence of cohesiveness obtained in the present study (Chapter 3). The flux 
of organic materials from middle latitudes (45° latitude) to low ones (< 30° latitude) is compared 
with the deposition rates of organic aerosols from the atmosphere. We also estimated elastic 
wave velocities of seismic wave in organic sediments on Titan based on the results obtained in 
the present study (Chapter 4). To this end, we employ one dimensional wave propagation model, 
which has been used for rocky sediments on Earth (Dvorkin et al., 1999) (Sec. 5.3). We 
performed a sensitivity study of detection limit of depths of reflected echo during seismic 
measurements assuming the waveform and intensity of active survey in the Dragonfly mission 
with a noise curve model of the onboarded seismometer (Sec. 5.3). 
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5.2 Saltation of organic materials on Titan 

In Chapter 3, the temperature dependence of surface energy of Titan tholin has been 
obtained in the form of the Arrhenius relationship (Eq. (3.8)). Assuming that  𝑄𝑄surf and 𝛾𝛾0  of 
organic materials on Titan are same as those obtained in Chapter 3, the cohesion coefficient on 
Titan (at temperature of 93 K), γTitan, can be calculated using Eq. (1.2). Then, the threshold 
velocity, u*, on Titan (at 93 K) can be also obtained by introducing γTitan into Eq. (1.1) for the 
same values for the other parameters as those described in Chapter 1. 

Figure 5.1 shows the calculated u* at 93 K based on our experimental results as a 
function of particle diameter, d, compared with the estimated u* using the cohesion force at room 
temperature in the previous study (Yu et al., 2017). As for small particles (< 700 μm), u* 
becomes higher at smaller particles because the effects of cohesion force become larger. On the 
other hand, u* becomes greater at larger particles for size > 700 μm due to the effect of gravity 
becoming larger. Thereby, a minimum u* appears at d ~ 700 μm (Figure 5.1).  Our results 
suggest that the u* based on our experiments decreases approximately by factor of 3 for a given 
particle diameter from the previous estimates for the same particle diameter. This is because the 
u* depends on the square root of the surface energy, which decreases approximately by a factor 
of 6 at 93 K compared to that of at 300 K. The range of the estimated u* is shown in Figure 5.1. 
Given the minimum u* at 700 μm, organic materials can saltate by the wind speed > 0.05 m s-1. 
In contrast, using the u* estimated based on the previous study (Yu et al., 2017), the wind speed 
needs to exceed 0.08 m/s for saltation; however, this wind speed would be rarely achieved at 
middle latitudes. The wind speed of > 0.05 m/s for the u* based on our experiments can be 
achieved owing to tidal winds in summer of middle latitudes (Tokano, 2008). Given the fact that 
the direction of the tidal wind is equatorward (Tokano, 2002; 2008), organic materials can be 
transported toward low latitudes from middle ones in summer. 

 Bagnold (1941) found that the mass flux of sand Qmass in steady-state saltation is 
proportional to the cube of the saltation threshold wind speed u* based on wind tunnel 
experiments. The sand mass flux was measured by weighing the total amount of sand transported 
by wind during the experiments. Three types of sand conditions were tested: uniform sand with 
an average diameter of 250 μm, naturally graded sand typical of Earth's dune fields, and sand 
with a wide range of grain sizes. Based on the results of the wind tunnel experiment, the scaling 
of the steady-state saltation mass flux Qmass (kg/s/m) can be obtained as follows (Bagnold, 1941; 
Kok, 2012): 

𝑄𝑄mass = 𝐶𝐶B�
𝑑𝑑

𝐷𝐷250
𝜌𝜌f
𝑔𝑔
𝑢𝑢∗3 (5.1) 
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where the empirical factor CB = 1.5, 1.8, and 2.8 for uniform, naturally graded, and poorly sorted 
sand, respectively, d is particle diameter, D250 is a reference diameter of 250 μm, ρf  = 5.4 kg m-3 
is the density of the atmosphere on Titan’s surface, 𝑔𝑔 = 1.352 m s-2 is the gravitational constant 
of Titan, and u* is the saltation threshold windspeed. Indeed, this scaling with CB = 1.8, well 
explains sand mass flux observed on Earth’s dunes (Bagnold, 1941). Figure 5.1 shows that the 
minimum u* would range 0.05–0.07 m s-1 for particle size of 750 μm. Thus, the lower limit of 
Qmass can be estimated to be 1–2 g s-1 for different CB. 

Tidal winds at velocity > 0.05 m/s may occur on Titan in a limited time period, such as 
during summer seasons. Previous work estimated the probability of occurrence of a given wind 
speed near the surface at different latitudes (Fig. 3 in Tokano, 2008) (also shown as Figure 5.2 of 
this thesis, which is obtained based on Fig. 3 of Tokano (2008) to read the data points using 
WebPlotDigitizer software (ver. 4.7)). Figure 5.2 shows the probability of the duration of the 
wind of speed blowing per Titan year at each latitude bins. Based on the results of GCM 
calculations shown in Tokano (2008), the fastest winds reach to 0.07 m/s which occur in 
summer. Table 5.1 shows the results of the analysis for the probability of wind speed >0.05 m s-1 
for different latitude bins. The probability of wind speed >0.05 m s-1 is 1.6 % at 45° latitude 
(middle latitudes), which corresponds to ~1 × 107 seconds per one Titan year (one Titan year = 
29.5 Earth year). Together with the estimated Qmass above (1–2 g s-1 m-1), the lower limit of mass 
of transportation at middle latitudes toward low ones per one Titan year would be ~(1–2) ×107 g 
m-1. Considering that Titan has a radius of approximately 2570 km, the total amount of sand 
transported from latitude 45° toward the equator per Titan year is estimated to be ∼2 × 1013 g. 
On the other hand, based on the photochemical models in Titan’s atmosphere, the aerosol 
production rate in the atmosphere is estimated to be on the order of 10-14 g cm-2 s-1 (McKay et al., 
1989, 2001; Rannou et al., 2003; Lavvas et al., 2009; 2011; Larson et al., 2014). If these organic 
aerosols deposit on the surface of Titan globally, the flux of aerosols in middle latitude region 
(30–60°) would be approximately 1 × 108 g per one Titan year. Accordingly, the flux of the 
aeolian transportation at middle latitudes by tidal winds is much greater than the proposed 
deposition rate of organic aerosols at middle latitudes.  

The fact that the high potential of aeolian transportation of organic materials by tidal 
winds implies that the growth of deposited aerosols with size of 0.1–1 μm to sands with size of 
~102–103 μm would be the limiting factor of transportation. The proposed mechanisms of the 
growth of particle size on Titan include evaporitic cementation (Hirai et al., 2023) or 
polymerization by external energy (Abplanalp et al., 2019). Based on a modeled vertical profile 
of aerosol number density in Titan's troposphere (Tomasko & West, 2009), the number of 
aerosols at altitude below 30 km would be 2–4 particles/cm3 for ∼1 μm-sized aerosol. Assuming 
the diameter of raindrop on Titan as ∼1 cm (Lorenz, 1995) and the altitude of CH4 cloud 
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formation as ∼15–20 km (Rannou et al., 2006), the number of aerosols that can be swept by one 
falling raindrop might be the order of 106 particles until reaching to the surface. If all swept 
particles are incorporated into the raindrop and coagulate upon drying similar to our experiments, 
then the size of one aggregate formed by drying of one raindrop would be around the order of 
102 μm. Thereby, one cycle of falling and evaporation of a raindrop could account for the growth 
of aerosols to larger aggregates. Our results in Chapter 3 show that the cohesion force and, 
thereby, u* would not strongly depend on the chemical structures within the possibility of Titan’s 
surface organic materials (Fig. 3.9). For instance, u* of altered tholin would be 1.2–1.4 times 
higher than Titan tholin given the surface energy of altered tholin is comparable to 1.5–2 times 
higher than that of Titan tholin. Given the u* for Titan tholin at Titan would be 0.04 m/s for 700 
μm, u* for aggregates of organic aerosols covered with evaporitic deposits of 700 μm diameter 
would be 0.05–0.07 m/s, which are comparable to the wind speed of tidal wind in the summer 
(Tokano, 2008). 

Given that the (apparent) surface energy of H2O ice (the order of 10-4 J/m2 at 93 K: 
Jabaud et al., 2024) is significantly smaller than the Titan tholin, organic aerosols on H2O-ice 
crust on Titan’s surface would saltate easily compared to saltation on other organic sediments 
due to the difference of the saltation threshold wind speed. As a results, organic particles would 
tend to remain and be concentrated on the organic sediments rather than on H2O-ice crust. 
Indeed, thick organic sediments only exist in the low latitude regions as organic dunes, whereas 
plains, labyrinth, hummocky in higher latitudes (30–50°N) in middle latitude regions, and 
hummocky and interdunes in low latitude regions are mainly composed of H2O-ice based on IR 
and Radar observation as mentioned above in Chapter 1 (Solomonidou et al., 2018; Bonnefoy et 
al., 2016).  

If the chemical structures of organic evaporites and organic materials formed through 
hydrothermal reactions on Titan are similar to organic aerosols, the saltation threshold u* would 
not change dramatically, given that the surface energy of organic materials does not change 
significantly (by a factor of 2–3) across various elemental compositions, the abundance of 
unsaturated bonds, and molecular sizes, as mentioned above in Chapter 3. 

 In the past, the surface temperature of Titan would be different depending on the amount 
of atmospheric CH4 (McKay, 1991; Lorenz et al., 1997; Charnay et al., 2014).  If the surface 
temperature of Titan in the past is higher today with a larger amount of CH4, the surface energy 
of organic particles would be larger than that of current surface temperature (McKay, 1991), 
which results in larger saltation threshold wind speed u*. On the other hand, if the surface 
temperature of Titan in the past is colder than today due to atmospheric collapse of CH4 (Lorenz 
et al., 1997; Charnay et al., 2014), surface energy of organic particles would be lower than today, 
which results in lower saltation threshold wind speed u*. To constrain the conditions for the sand 
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transportation on Titan in the past, surface temperature should be considered in addition to the 
wind regime (Lora et al., 2014).   
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Figure 5.1 The saltation threshold wind speed u* at 93 K (blue) estimated based on our 
experimental results as a function of particle diameter, compared with that estimated 
based on the previous data obtained at room temperature (black; Comola et al., 2022). 
The hatches of these two curves indicate the error of the cohesion coefficient. The 
predicted maximum wind speeds umax on Titan’s low (black dash line) and middle 
latitudes (pink dash line) are also shown (Tokano, 2008). Below these dashed lines, 
organic particles cannot saltate. 
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Figure 5.2 (a) Probability density of the wind speed during one Titan-year at different latitudes 
(Tokano, 2008). (b) The probability density of wind speed at 45° latitude. The brown area 
indicates the probability of wind speed > 0.05 m s-1. 

 

Table 5.1 The results of the analysis for the probability of wind speed > 0.05 m s-1 at different 
latitudes. 
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5.3 Estimation of detection limits in seismic survey on Titan 
In an active survey of seismology on Titan, a spacecraft (e.g., Dragonfly spacecraft) 

makes artificial seismic (elastic) waves by hammering the surface with a drill (Lorenz et al., 
2018). A seismometer onboarded on the spacecraft measures elastic waves reflected within the 
subsurface. In order to constrain the thickness of organic sediments in an active seismic survey, 
the boundary of organic materials and overlaid icy crust in the subsurface needs to be determined 
based on a reflected echo at the boundary with the seismometer. Detectability of the reflected 
echo is determined by a comparison of the amplitude of the seismic wave with the noise of the 
seismometer. Attenuation of seismic waves during propagation is controlled by the properties of 
subsurface materials (Qa value), frequency of wave, reflected depth, and a seismic wave velocity 
(see Sec. 5.3.2) (e.g., Kedar et al., 2017). Here, we perform a sensitivity study on numerical 
simulations on propagation of artificial seismic waves within a layered structure of Titan’s 
shallow subsurface; that is, the upper organic sediments and the bottom H2O ice. Organic 
materials on Titan would be porous, regolith-like materials (Hayes et al., 2008), rather than 
organic solids without a significant porosity. We examine how the detection limit of depths of 
organic sediments depends on the possible range of the parameters, such as an elasticity of 
organic materials and a porosity of organic sediments. To this end, we consider a one 
dimentional model of seismic wave propagation, which takes into account an attenuation of 
seismic waves and the elastic modulus of high-porosity sediments based on a model used in 
active seismic surveys on Earth (Dvorkin et al., 1999). The calculated results of the amplitude of 
the reflected echo are compared to the noise model of Dragonfly Geophysics and Meteorology 
Package (DraGMet) seismometer (SEIS), which has been developed by JAXA and will be 
onboarded on NASA’s Dragonfly spacecraft. Finally, we discuss the parameters of subsurface 
materials that can be detected based on a reflected echo from the boundary. 

5.3.1 Model description 

A schematic illustration of our seismic wave propagation model is shown in Fig. 5.3. The 
model assumed the presence of organic sediments overlying on H2O ice crust. The organic 
sediments and overlaid H2O ice crust were divided into multiple layers with 1000 layers as total 
with a thickness of 1 m for each layer. The boundary between the organic sediments and H2O ice 
was varied from 1 m to 1000 m depth (Fig. 5.3). The top of the organic sediment layer was 
connected to the atmosphere (Fig. 5.3). The thickness of organic sediments on Titan is poorly 
constrained, although the maximum height of linear dunes in the equatorial regions is estimated 
to be ~150 m based on the radar altimetry observation by Cassini (Lorenz et al., 2006). The 
effective pressure, i.e. a sum of the lithostatic and hydrostatic pressures and the effective elastic 
modulus of the organic sediments were calculated in each layer (see Sec. 5.3.1.1). The elastic 
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properties of the organic sediments were also varied assuming the values for Titan tholin and 
hydrothermal organics obtained in Chapter 4. Vertically isothermal structure at 300 K or 93 K 
was assumed within the organic sediments for simplicity. We assumed a box model for the 
elastic wave velocity propagates in one layer of organic sediments in the organic sediment was 
constant during the seismic wave propagation. The elastic wave velocity was calculated from the 
elasticity and pressure at the depth of the boundary. Part of elastic wave was reflected on the 
subsurface boundary depending on the reflection coefficient Cr, whereas the other part of elastic 
wave transmitted toward the subsurface layer. The porosity of the H2O-ice bedrock was assumed 
to be zero for simplicity.  

5.3.1.1 Basic equations 

When the seismic wave reaches the top layer of H2O ice, or CH4 aquifer, at depth dr, the 
seismic wave reflects at the boundary. The amplitude A(f) of the reflected wave at the surface 
with frequency f can be described as below (Keder et al., 2017): 

𝐴𝐴 = 𝐴𝐴0𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝜋𝜋𝜋𝜋 × (2𝑑𝑑r 𝑣𝑣⁄ )

𝑄𝑄𝑎𝑎
�

1
4𝜋𝜋 × (2𝑑𝑑r)

𝐶𝐶r, (5.2) 

where A0(f) is the amplitude of the initial, artificial seismic wave from the top of the layers of 
organic sediments, v is the seismic wave velocity, Qa is the quality factor of the sediment, and Cr 
is the reflection coefficient. The exponential term of Eq. (5.2) represents the energy dissipation 
due to scattering and intrinsic properties of the organic materials. The term of 1 {4𝜋𝜋 × (2𝑑𝑑r)}⁄  in 
Eq. (5.2) represents geometric attenuation, where the energy dissipates as the wavefront spreads 
three dimensionally. The reflection coefficient Cr can be described as below: 

𝐶𝐶r =
𝜌𝜌B𝑣𝑣 − 𝜌𝜌2𝑣𝑣2
𝜌𝜌B𝑣𝑣 + 𝜌𝜌2𝑣𝑣2

, (5.3) 

where ρB is the bulk density of the organic sediments, and ρ2 and v2 are the bulk density and 
velocity of the H2O ice crust, or organic sediments with CH4 aquifer, respectively. The value of 
ρB was calculated as a linear mixing of the densities of the organic materials (Titan tholin or 
hydrothermal organics) and Titan’s air (5.2 kg m-3) for a given porosity Φ. The value of ρ2 for 
H2O ice crust was the density of H2O ice (1000 kg m-3). The values of v2, the P-wave and S-wave 
velocities of H2O ice, were extrapolated to be 4200 m/s and 2130 m/s, respectively. These values 
were derived from experimental measurements of Vp and Vs conducted at temperatures ranging 
approximately from 270 K to 210 K (Kohnen, 1974). 

We assumed that Qa of the regolith follows the following relationship based on the 
equation derived from energy dissipation of lunar regolith (Nakamura & Koyama, 1982): 

𝑄𝑄𝑎𝑎 = 𝑄𝑄0𝑓𝑓0.7, (5.4) 
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where Q0 is the attenuation coefficient. The value of Q0 for organic materials on Titan is 
unknown; thereby, we assumed Q0 = 20 as a nominal value, based on the value of kerogen on 
Earth (Carcione, 2000). Additionally, we investigated the effect of Q0 on the detectability of 
reflected echoes, considering a range of values from Q0 = 2 to Q0 = 2000, as discussed later. 

Using Eq. (5.2) with Eq. (5.3), A(f) can be estimated when v and v2 are obtained. The 
seismic wave velocity v in the organic sediments with porosity Φ is determined by the bulk 
elastic modulus and density of the organic materials, and coordination number n. At the critical 
porosity 𝜙𝜙c, above which grains exist as a suspension, the effective bulk modulus at the critical 
porosity 𝜙𝜙c, 𝐾𝐾HM and the effective shear modulus at the critical porosity 𝜙𝜙c, 𝐺𝐺HM can be 
described as below (Dvorkin et al., 1999): 

𝐾𝐾HM = �
𝑛𝑛2(1 − 𝜙𝜙c)2𝐺𝐺2
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3

,

𝐺𝐺HM =
5 − 4𝜈𝜈

5(2 − 𝜈𝜈) �
3𝑛𝑛2(1 − 𝜙𝜙c)2𝐺𝐺2

2𝜋𝜋2(1 − 𝜈𝜈)2 𝑃𝑃�

1
3

,

(5.5) 

where P is the effective pressure, K, G, and ν are the bulk and shear modulus of zero porosity 
(i.e. intrinsic modulus), and Poisson’s ratio, respectively. K and v at room temperature and 93 K 
were obtained in our measurements in Chapter 4. n is the coordination number of each grain, 
which is the average number of contacts per grain. 

According to Dvorkin et al. (1999), the bulk modulus and shear modulus of porous 
sediments without fluid in the pore can be classified into two regimes; that is, the porosity 𝜙𝜙 ≤
𝜙𝜙c and the porosity 𝜙𝜙 > 𝜙𝜙c (Fig. 5.3). In the regime of 𝜙𝜙 ≤ 𝜙𝜙c, each grain loses contact and 
behaves as suspended in fluid. The effective bulk modulus 𝐾𝐾Dry and the effective shear modulus 
𝐺𝐺Dry can be described as below (Dvorkin et al., 1999): 
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(5.6) 

In the regime of 𝜙𝜙 > 𝜙𝜙c, each grain is densely packed. The effective bulk modulus 𝐾𝐾Dry and the 
effective shear modulus 𝐺𝐺Dry can be described as below (Dvorkin et al., 1999): 
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The bulk modulus and shear modulus of organic sediments filled with fluid in the pore, 
𝐾𝐾sat and 𝐺𝐺sat, can be described as below (Dvorkin et al., 1999): 

𝐺𝐺sat = 𝐺𝐺Dry,

𝐾𝐾sat = 𝐾𝐾
𝜙𝜙𝐾𝐾Dry − (1 + 𝜙𝜙)𝐾𝐾f𝐾𝐾Dry 𝐾𝐾 + 𝐾𝐾f⁄

(1 − 𝜙𝜙)𝐾𝐾f + 𝜙𝜙𝜙𝜙 − 𝐾𝐾f𝐾𝐾Dry 𝐾𝐾⁄
,

(5.8) 

where 𝐾𝐾f is the bulk modulus of the fluid in the pore. Here, we assumed that the pore is filled 
with N2 and CH4 of Titan’s atmosphere. The elastic wave velocities of regolith can be described 
as below (Dvorkin et al., 1999): 

𝑉𝑉p = ��𝐾𝐾sat + 4
3� 𝐺𝐺sat� 𝜌𝜌B� ,

𝑉𝑉s = �𝐺𝐺sat 𝜌𝜌B⁄ ,
(5.9) 

where 𝜌𝜌B is the bulk density of regolith. 

The effective pressure is determined to be lithostatic and hydrostatic pressure (Dvorkin et 
al, 1999). In the present study, we assumed the effective pressure is described as below, 

𝑃𝑃 = 𝑃𝑃atm + [(1 − 𝜙𝜙)𝜌𝜌1 + 𝜙𝜙𝜌𝜌f]𝑔𝑔|𝑧𝑧|, (5.10) 

where 𝑃𝑃atm is Titan’s surface pressure. 

5.3.1.2 Parameters 

 In our calculations, we varied four parameters, including two experimentally obtained 
values in Chapter 4; that is, (1) the bulk modulus K and shear modulus G of the organic materials 
constrained in the present study (Chapter 4), (2) Poisson’s ratio ν constrained in the present study 
(Chapter 4), (3) the critical porosity Φc, and (4) the coordination number n. Table 5.2 
summarizes the range of these parameters varied in the calculation. In Chapter 4, the bulk 
modulus K and the Poisson’s ratio ν of Titan tholin at 300 K were determined to be K = 7 ± 1 
GPa, G = 3.8 ± 0.3 GPa, and ν = 0.27 ± 0.5, respectively. Those of hydrothermal organics were 
300 K = 5.8 ± 0.7 GPa, G = 4.4 ± 0.5 GPa, and ν = 0.20 ± 0.01, respectively. Assuming that the 
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bulk modulus K and shear modulus G of each organic materials follow the Arrhenius equation 
with Ea = -500 ± 230 J mol-1 in Eq. (4.27), the values of K and G at 93 K are estimated to be K = 
11 ± 3.8 GPa and G = 6 ±2.0 GPa for Titan tholin, and K = 9.1 ± 3.1 GPa and G = 7 ±2.4 GPa for 
hydrothermal organics. The porosity of organic sediments on Titan was assumed to be 0.3–0.5 
based on those of dunes on Earth (Dickinson & Ward, 1994; Atkins & McBride, 1992). The 
critical porosity Φc and the coordination number n of the organic sediments were assumed to be 
0.36–0.4 and 6–9, respectively, based on the previous studies on unconsolidated rocks on Earth 
and/or sphere pack (Dvorkin et al., 1999; Andrä et al., 2013). We varied these parameters within 
the suggested ranges to investigate the sensitivity of the results on these parameter sets. 

As for the initial artificial seismic wave, we used the data of hammering by NASA’s 
InSight mission to Mars as an analog for the source of artificial seismic waves for an active 
seismic survey on other extraterrestrial bodies beyond Earth, although the drilling system will be 
used for the Dragonfly mission. Figure 5.4 shows a comparison of the amplitude spectral density 
(ASD) of hammering by Insight-HP3 of the InSight lander Mars (SEIS Data Service. 2019; 
Brinkman et al., 2022; Spohn et al., 2022) and a noise model of DraGMet SEIS (personal 
communication with Dr. Keisuke Onodera) used in the present study. The noise model 
considered the instrumental self-noise, such as Johnson-Nyquist noise and suspension noise of 
the seismometer, voltage noise, and current noise of the pre-amplifier (personal communication 
with Dr. Keisuke Onodera). 

5.3.2 Results for modeling of seismic measurements  

Figure 5.5 shows the vertical profile of effective pressure in Titan’s organic regolith 
calculated with Eq. (5.10). In the present study, the fluid density was neglected, assuming that 
the pores are filled with air, which has a much lower density than the organic regolith. Solid line, 
dashed line and dotted line correspond to the porosity Φ = 0.3, Φ = 0.4, and Φ = 0.5, 
respectively. This figure indicates that the effective pressure of Titan’s organic regolith increases 
as the depth increases and reaches at most 8.5 × 105 Pa which corresponds to ~6 times larger 
than the atmospheric pressure. Thus, the grains composing of the organic regolith does not 
deform due to the effective pressure. 

Figure 5.6 shows the vertical profile of the elastic wave velocities of organic regolith at 
93 K calculated using K = 11 GPa, G = 6 GPa and ν = 0.27, the intrinsic elasticity of Titan tholin 
as constrained in Chapter 4, and based on the rock physics modelling described in Sec. 5.3.1.1 at 
each porosity condition. These results indicate that the bulk elastic wave velocities decrease by a 
factor of 4–5 compared to intrinsic elastic wave velocity. On the other hand, the elastic wave 
velocity does not increase significantly at most by a factor of 1.1–1.2 as the deeper depth down 
to 1000 m.  
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Figure 5.7 shows the typical result of the amplitude spectral density (ASD) of the 
reflected seismic echo with initial amplitude of the hammering was used as the Insight 
hammering (Brinkman et al., 2022; Spohn et al., 2022) passing through organic regolith and 
reflected from subsurface boundary layer composed of H2O ice bedrock (v2 = 4200 m s-1, ρ2 = 
1000 kg m-3) at each depth over a range from 1 to 1000 m depth. These results are compared to 
ASD of the noise curve model shown in black curve. The results indicate that the ASD of noise 
curve tends to be larger than that of reflected echoes from all depth at lower frequency range. On 
the other hand, the ASD of the reflected echoes from ~10–30 m at higher frequency exceeds that 
of noise curve. There is no significant difference between all porosity conditions. Figure 5.8 
shows the comparison of the amplitude of the echo and the noise model at 0.1 Hz, 1 Hz, and 10 
Hz for each porosity condition, shown in Figure 5.7. Each black curve indicates the amplitude of 
the noise model at each frequency. Based on the comparison, the detection limit of depths of this 
condition is around 30 m shown in 10 Hz. Therefore, the detection limit of depth of the reflected 
echo at this condition could be 30 m. The detection limits for depth under the other calculation 
conditions were analyzed following the same protocol as described above. 

Figure 5.9 shows the results of the sensitivity study of detection limit of depths to the 
bulk modulus and the shear modulus of each organic material constrained in Chapter 4, assuming 
a porosity of organic regolith Φ = 0.4. The detection limits of depths of P-wave could be 
approximately 30 m, which are independent of temperature and structure dependence of 
elasticity of organic materials. On the other hand, the detection limits of depths of S-wave could 
be approximately 25 m for Titan tholin and 20–25 m for hydrothermal organics at all 
temperature conditions. On the other hand, Fig 5.10 shows the results of the sensitivity study of 
detection limits of depths to Poisson’s ratio ν, the porosity of regolith Φ, the critical porosity Φc, 
and the coordination number n. In all calculations, P-wave velocity based on the bulk modulus 
and the shear modulus of Titan tholin at 93 K was considered. The results indicate that the 
detection limits of depths of P-wave remain largely unchanged (~30 m) across the range of 
parameters, except for porosity, which affects the detection limit as follows: 25 m for Φ = 0.5, 30 
m for Φ = 0.4, and 33 m for Φ = 0.3. The thickness of organic material with zero porosity at each 
detection limit depth ranges from approximately 12.5 to 23 m. This is larger than the estimated 
thickness of organic aerosols deposited on Titan’s surface over a few billion years, which is on 
the order of a few meters. This estimate is based on the predicted haze production rate (~10-14 g 
cm-2 s-1) from photochemical models (e.g., McKay et al., 1989, 2001; Rannou et al., 2003; 
Lavvas et al., 2009, 2011; Larson et al., 2014) and the density of Titan’s organic aerosol analog 
materials (Titan tholins) (~1000 kg m-3) (Chapter 4 of this study; Yu et al., 2023, and references 
therein). Therefore, during an active seismic survey in Titan’s low-latitude regions, reflected 
waves from the subsurface boundary could be detected in relatively thin areas (<30 m), rather 
than in thicker regions such as dune ridges (~100 m thickness; Lorenz et al., 2006).  
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Figure 5.11 shows the dependence of the energy dissipation term 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝜋𝜋𝜋𝜋(2𝑑𝑑r 𝑣𝑣⁄ )
𝑄𝑄𝑎𝑎

� in 

Eq. (5.2) on the reflection depth, considering different values of Q0 values of 2, 20, 200, and 
2000. This range of attenuation factors was selected based on comparisons with attenuation 
factors of Earth's lithosphere (~10–1000), the Moon's megaregolith (~1–10), Martian regolith 
(~100–1000), and Earth's volcanic regions (~1–100) (Onodera et al., 2023, and references 
therein). The attenuation term represents the seismic wave energy loss due to the properties of 
the regolith, as mentioned above. The calculations were conducted at f = 10 Hz, using K = 11 
GPa, G = 6 GPa and ν = 0.27, the intrinsic elasticity of Titan tholin as constrained in Chapter 4, 
with a critical porosity Φc = 0.4 and a coordination number n = 6. For Q0 = 20, corresponding to 
the attenuation factor of kerogen (Carcione, 2000), the energy dissipation term varies by less 
than 5% at all depths relative to its maximum value. In contrast, for Q0 = 2, representing a 
pessimistic scenario with attenuation coefficient similar to the Moon’s megaregolith or Earth's 
volcanic regions, energy dissipation increases significantly, with up to 40% of seismic wave 
energy lost at greater depths. These findings indicate that for attenuation factors equivalent to or 
greater than Q0 = 20, the expected reflection amplitudes are sufficient to detect seismic echoes at 
depths up to 30 m. 

To summarize the results of the sensitivity study performed in the present study, the 
detection limits of depths of P-wave would be 25–33 m, whereas that of S-wave would be 21–27 
m assuming the temperature and structure dependence of the elasticity of organic materials 
measured in Chapter 4. Our sensitivity study suggests that the elasticity of organic materials such 
as bulk modulus, shear modulus, and Poisson’s ratio ν, and other parameters such as 
coordination number n, the critical porosity Φc, and the porosity of regolith Φ does not change 
the detection limits of depths significantly. This is because a factor of difference of the elastic 
wave velocity does not affect the attenuation of the amplitude of the seimic wave (see Eq. (5.2)). 
On the other hand, the Q0 value of organic sediments will affect the detection limit of depth (e.g., 
approximately 30 m) when Q0 is as low as 2, as shown in Figure 5.11. Initial input A0 could also 
affect the results of the detection limits of depths significantly, because this value directly 
determines the initial amplitude of the seismic wave and, consequently, the amplitude of the 
reflected echoes after accounting for attenuation and geometric spreading (see Eq. (5.2)). 
Therefore, to characterize the amplitude spectral density of drilling of DrACO which will 
onboarded on Dragonfly are important to estimate the detection limits of depths of Titan’s 
shallow surface during seismic measurements in the future mission. Finally, the elastic wave 
velocities of organic materials constrained in this study are essential for interpreting the 
thickness of organic sediments from the travel time of reflected echoes, which will be obtained 
during the active seismic survey conducted as part of NASA’s Dragonfly mission.  
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5.4. Summary of Chapter 5 
The present study estimated the saltation threshold wind speed u* based on the 

temperature dependence of the surface energy of Titan tholin obtained in Chapter 3. Our results 
show that u* would be 0.05 m/s for particles with diameter of 700 μm at 93 K, which is a factor 
of 3 lower than the previous estimate at room temperature. Given this u* at 93 K, organic 
particles at middle latitudes of Titan can saltate due to tidal winds in summer. Based on the 
estimation of saltation mass flux Qmass, the amount of organic sand transported from latitude 45° 
toward the equator by tidal winds in summer would be ∼2 × 1013 g per Titan year. This amount 
is higher than the estimated deposition rate of organic aerosols in middle latitude regions (30–
60°), which is approximately 1 × 108 g per one Titan year. Thereby, effective removal of organic 
aerosols would occur in middle latitudes. On the other hand, the size of organic particles should 
be larger than approximately 700 μm, requiring size growth mechanisms from 1 μm-sized 
aggregates of organic aerosols in the atmosphere on Titan. In other words, growth of size would 
be a limiting factor of aeolian transport of organic materials. 

Active seismic measurements of the shallow subsurface structure on Titan will be 
performed in the Dragonfly mission. We also performed a sensitivity study of the detection limit 
of depths of organic sediments. Our results suggest that the detection limits of depths of P-wave 
and S-wave would be ~30 m at 10 Hz of frequency, assuming a porosity of organic regolith Φ = 
0.4. The detection limits would be insensitive to the elastic parameters, such as the bulk and 
shear modulus, and geological parameters, such as critical porosity and overlaid materials. Our 
results confirm that Vp and Vs are sensitive to the porosity as previously suggested. Notably, the 
calculated detection limit of depth of organic sediments with zero porosity exceeds the estimated 
thickness of organic aerosols accumulated on Titan’s surface over billions of years, implying that 
seismic echoes reflected from the subsurface boundary could be detectable in relatively thin 
regions (<30 m) during an active seismic survey. The elastic wave velocities of organic materials 
determined in this study are critical for estimating the thickness of organic sediments based on 
the travel time of reflected seismic echoes, which will be measured during the active seismic 
survey of NASA’s Dragonfly mission. In addition, our findings of elasticities of Titan’s organic 
analog materials would be essential to provide insight into the compaction and sintering history 
of organic materials on Titan. 
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 Figure 5.3 A schematic illustrations of seismic wave propagation model. The wavy line indicates the propagation of seismic wave. 
The gradation color suggests attenuation of the elastic wave. The effective pressure, the effective modulus, and the effective 
elastic wave velocities of organic regolith were calculated based on the grain model reported in Dvorkin et al. (1999). The 
elastic wave velocity was assumed to be the velocity at the depth of the subsurface boundary. We calculated the attenuation of 
artificial seismic wave generated by Insight-HP3 (InSight Mars SEIS Data Service. 2019; Brinkman et al., 2022; Spohn et al., 
2022). Subsurface structure was assumed to be H2O ice bedrock with porosity Φ = 0. The Q0 value was assumed to be of 
organic materials on Titan would be comparable to the kerogen on Earth (Q0 =20; Carcione, 2000) and depends on frequency 
(Nakamura & Koyama, 1982). 
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Figure 5.4 Comparison of the ASD of hammering by Insight-HP3 (red) and Noise model of the 
seismometer of DraGMet SEIS (black).  
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Figure 5.5 The vertical profile of effective pressure in Titan’s organic regolith calculated with Eq. (5.10). Solid line, dashed line and 
dot line correspond to the porosity Φ = 0.3, Φ = 0.4, and Φ = 0.5, respectively. 
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Figure 5.6 Vertical profiles of P-wave velocity and S-wave velocity in Titan’s organic regolith at 93 K calculated based on the rock 
physics modeling described in the main text. Solid line, dashed line and dotted line correspond to the porosity Φ = 0.3, Φ = 
0.4, and Φ = 0.5, respectively. The critical porosity Φc is assumed to be 0.4. 
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Figure 5.7 Comparison of ASD of reflected echo from the subsurface boundary at each depth vs. seismic noise model at Φ = 0.3, Φ = 
0.4, and Φ = 0.5, respectively. Each solid line indicates the ASD of the seismic echo. Each color suggests the reflected depth in 
the subsurface. Black line indicates the ASD of noise model. 
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Figure 5.8 Comparison of amplitude spectral density of the echo vs. the noise model at 0.1 Hz, 1 Hz, and 10 Hz for each porosity 
condition. The critical porosity of the regolith is assumed to be Φc = 0.4. Each black curve indicates the amplitude of the noise 
model at each frequency. Based on the comparison, the detection limit of depth of this condition is around 30 m shown in 10 
Hz.  
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 Figure 5.9 The results of the sensitivity study of detection limit of depths to bulk modulus and shear modulus of each organic 
material constrained in Chapter 4. Each symbol corresponds to each type of wave (i.e. P-wave or S-wave) and sample (Titan 
tholin or hydrothermal organics), respectively. The black color shows the results considering elasticity at 300 K, whereas the 
blue color indicates the results considering elasticity at 93 K, respectively. Each line indicates the same type of wave, the same 
sample, and the same temperature conditions. The detection limits of depths of P-wave could be approximately 30 m, which 
are independent of temperature and structure dependence of bulk modulus and shear modulus of organic materials. On the 
other hand, the detection limits of depths of S-wave could be approximately 20–25 m for Titan tholin and hydrothermal 
organics at all temperature conditions. 
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Figure 5.10 The results of the sensitivity study of detection limits of depths to (a) Poisson’s 
ratio, (b) the porosity Φ, (c) the critical porosity Φc, and (d) the coordination number n. In 
all calculations, P-wave velocity based on the bulk modulus and the shear modulus of 
Titan tholin at 93 K was considered. All results except (b) indicate that the detection 
limits of depths of P-wave of Titan tholin at 93 K could be approximately 30 m, which 
are independent on other parameters except porosity Φ. The results of (b) suggest that the 
detection limits of depths of P-wave of Titan tholin at 93 K could be approximately 25–
33 m.  
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Figure 5.11 Dependence of energy dissipation on reflection depth for different Q0 values (Q0 = 
2, 20, 200, and 2000). The energy dissipation term is calculated using Eq. (5.2) for a 
frequency of f = 10 Hz, considering the elastic properties of Titan tholin (K = 11 GPa, G 
= 6 GPa and ν = 0.27) at 93 K, and typical regolith conditions (Φc = 0.4, Φ = 0.4 and a 
coordination number n = 6). Results show that for lower Q0 values (e.g., Q0 = 2), energy 
dissipation increases significantly with depth, resulting in reduced reflected wave 
amplitudes at greater depths. In contrast, for Q0 values above 20, energy dissipation 
remains low, allowing reflected wave amplitudes to be preserved at greater depths. 
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Table 5.2 Ranges of parameter values considered in the calculations. 
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Chapter 6. General Conclusions 
  



147 
 

6.1. Synthesis of findings of the present study and their implications for the 
transport and accumulation of organic sands on Titan 

This thesis aimed to constrain the temperature and chemical structure dependence of 
cohesiveness, which depends on the surface energy and elasticity, of organic material analogs on 
Titan. The present study initially produced organic analog materials and characterized their 
chemical structures and morphologies by multiple chemical analyses and microscopic 
observations (Chapter 2). Then, the present study investigated the cohesion force at different 
temperatures using an atomic force microscope (AFM) to obtain apparent surface energy 
(Chapter 3) and elastic wave velocities of the organic materials by synchrotron radiation X-ray 
experiments and ultrasonic wave experiments to obtain the information about elasticity (Chapter 
4). Using the obtained cohesion force and apparent surface energy, the present study discussed 
the saltation threshold velocity, u*, of organic particles on Titan (Chapter 5). Then, we compared 
the mass flux of sand transportation based on the saltation threshold velocity, u*, and the mass 
flux of production of organic aerosols in the atmosphere to explain why thick organic sediments 
are absent in middle latitude regions. Using the obtained elastic wave velocities and elasticity, 
we also discussed the detection limit of depths of organic sediments in shallow subsurface with 
active seismic measurements assuming the seismometer of the Dragonfly Geophysics and 
Meteorology Package (DraGMet) (Chapter 5). This chapter describes the synthesis of findings in 
Chapters 2−5 of this thesis and future perspectives of this thesis, including the role of the 
stickiness of organic matters in the fragmentation velocity of collisional dust grains in the 
protoplanetary disks and reducing atmospheres of early Earth and exoplanets based on the results 
of this thesis in Sec. 6.2. 

As discussed in Chapter 1, thick organic sediments exist as dunes only at low latitude 
regions of Titan, but not in the middle latitude regions (e.g., Lorenz et al., 2006; Radebaugh et 
al., 2008, Rodriguez et al., 2014), although both low and middle latitude regions are generally 
arid. Given that no thick organic sediments exist on middle latitude regions where potentially 
H2O ice crust exposed (Solomonidou et al., 2018), organic aerosols at middle latitudes may have 
been transported spontaneously. Previous studies, however, have considered that saltation of 
organic aerosols would occur only by strong winds due to CH4 storms at low latitudes (Tokano, 
2010; Charnay et al., 2015) but would not occur by seasonal wind at low and middle latitudes 
(Tokano, 2008) based on the high cohesiveness of Titan tholin measured at room temperature 
(Yu et al., 2017; Comola et al., 2022). However, the cohesive force should have temperature 
dependence. Given the Titan’s surface temperature is ~93 K (Jenning et al., 2019), the 
cohesiveness of organics would be different from at room temperature. In addition, cohesion 
force should depend on their chemical structures. In fact, wet-and-dry cycles of liquid CH4 on 
Titan may have altered deposited organic aerosols through dissolution of a soluble part of 
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aerosols and precipitation as evaporites (Hirai et al., 2023). Hypervelocity impacts on Titan 
could have induced melting of icy crust at the impact site, which can also induce hydrothermal 
reactions near the surface. If the icy crust contains simple non-H2O molecules, such as NH3 and 
HCHO, complex organic materials would be formed through the impact-induced hydrothermal 
reactions. However, the temperature dependence and chemical structure dependence of cohesion 
force, surface energy, and elasticity of Titan’s organic analog materials have been poorly 
understood.  

In Chapter 2, the present study performed laboratory experiments to generate three types 
of organic materials; the present study produced laboratory analogs of Titan’s organic materials; 
1) films and particles of Titan tholin, 2) films of altered tholin, and 3) films and solids of 
hydrothermal organics. The morphologies of these organic materials were observed by FE-ESM 
observations and AFM analysis. The chemical structure of these organic materials was 
characterized by FT-IR spectroscopy, elemental analysis, UV/Vis analysis, and HP-LC analysis. 
The conclusions of our characterizations of morphology and chemical structures of organic 
analog materials are summarized as follows: 

(1) The tip of the cantilever and Si wafer substrates used in the AFM measurements are 
covered with films of organic materials with smooth surface in the scale of several nanometers. 
The contact radius between the tip and substrate coated with the organic materials in the AFM 
measurements are also obtained with the results of the microscopic observations. 

(2) Films and particles of Titan tholin and film of hydrothermal organics would be N-
bearing polycyclic aromatic compounds (N-PACs) connected with polymer-like chain structures. 
Films of Titan tholin would contain more aromatic rings than particles of Titan tholin particles 
and film of the other. Particles of Titan tholin would contain more polymer-like chain structures 
with conjugated C=C / C=N and nitrile -C≡N structures than the others. Films of hydrothermal 
organics contain N-bearing aromatics with less C≡N at the termination of polymer-like chain 
structures than the others. Altered tholin contains N-bearing heterocyclic aromatic structures 
with little aliphatic compounds. Solids of hydrothermal organics show the polyolefin with an 
abundance of C=O bonds in the structure. Proposed chemical structures of organic materials are 
summarized in Figure 2.14. 

In Chapter 3, the present study performed 1) cohesion force measurements between Si tip 
and Si wafer substrate covered with Titan tholin over temperature ranges from 300 K to 117 K, 
and 2) cohesion force measurements between Si tip and Si wafer substrate covered with altered 
tholin or hydrothermal organics at 300 K by using atomic force microscope (AFM). The 
conclusions of our measurements are summarized as follows: 

(3) The cohesion force of Titan tholin decreases as the temperature decreases. The 
apparent surface energy of Titan tholin also decreases as the temperature decreases following the 
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Arrhenius equation with the γ0 = 180 ± 20 mJ m-2 and the activation energy 𝐸𝐸surf = 1760 ± 190 J 
mol-1. Given the surface energy of materials would increase with temperature drop, decreasing of 
contact radius due to increasing of the elasticity and/or the energy dissipation caused by a 
molecular stick-slip mechanism during separation would be the plausible mechanism to account 
for the observed temperature dependence of cohesion force. 

(4) The surface energy of altered tholin is 159 ± 39 mJ m-2 or 226 ± 77 mJ m-2. The 
surface energy of hydrothermal organics is determined to be 57 ± 8 mJ m-2. These values are 
higher than values obtained by contact angle measurements but are comparable to graphene 
measured by surface force balance (SFB) and lower than that of paraffin estimated from tensile 
strength measurement. The difference arises from energy dissipation during separation, such as 
molecular stick-slip and mechanical adhesion effects, which are not considered in static contact 
angle measurements. Surface energy is influenced by multiple factors, including elemental ratios 
such as C/H and C/N, the abundance of unsaturated bonds, and molecular size. 

In Chapter 4, the present study performed synchrotron radiation X-ray experiments 
(inelastic X-ray scattering (IXS) measurements) to estimate 1) acoustic wave velocities of Titan 
tholin and hydrothermal organics at 300 K and 2) acoustic wave velocities of Titan tholin at 300 
K, 240 K, 190 K, 140 K, 93 K by investigating phonon dispersion from IXS spectra. The present 
study also performed ultrasonic measurements to investigate 3) Vp and Vs of Titan tholin and 
hydrothermal organics at 300 K. The conclusions of our measurements are summarized as 
follows: 

(5) Vp and Vs of Titan tholin and hydrothermal organics at 300 K are 3260 ± 390 m/s and 
1830 ± 60 m/s for Titan tholin and 2830 ± 60 m/s and 1740 ± 40 m/s for hydrothermal organics, 
respectively, based on ultrasonic measurements. These results are consistent with value and error 
of acoustic wave velocities of Titan tholin and hydrothermal organics are 2860 ± 340 m/s and 
2580 ± 350 m/s, respectively, based on IXS measurements. Given the densities of Titan tholin 
and hydrothermal organics (1130 ± 60 kg m-3 and 1450 ± 170 kg m-3, respectively), the elastic 
parameters at 300 K (the bulk modulus K, Young’s modulus Y, and Poisson’s ratio ν) are 
calculated to be K = 7 ± 0.9 GPa, G = 3.8 ± 0.3 GPa, Y = 9.7 ± 1.8 GPa, and ν = 0.27 ± 0.03 for 
Titan tholin, and K = 5.8 ± 0.7 GPa, G = 4.4 ± 0.5 GPa, Y = 10.4 ± 1.3 GPa, and ν = 0.20 ± 0.01 
for hydrothermal organics, respectively. 

(6) The mean value of acoustic wave velocities of Titan tholin (Vp) becomes larger with 
decreasing the temperature based on the temperature dependence of phonon dispersion. The 
overall lattice structure of Titan tholin does not change significantly between 300 K and 93 K 
based on the S(Q, 0) measurements and phonon dispersion curve. With assuming a constant 
density of Titan tholin between the temperature range, temperature dependence of the 
longitudinal modulus of Titan tholin is estimated. We fitted the data using both the Arrhenius 
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equation and a linear relationship, yielding M0 = 7.3 ± 1.2 GPa and Ea = -500 ± 230 J mol-1 for 
Arrhenius equation and in 𝑀𝑀0 = 15 ± 2 GPa and Tm = 340 ± 110 K for linear relationship. 
However, large errors indicate significant uncertainty in the temperature-dependent mechanism, 
requiring further analysis and alternative measurements. 

(7) Based on the comparison of bulk modulus and density of both Titan tholin and 
hydrothermal organics with various materials, kerogen is considered to be the closest material, in 
the elastic properties, to Titan tholin and hydrothermal organics. Our comparison of the Young’s 
modulus of Titan tholin and hydrothermal organics with various organic materials as a function 
of their C/H ratio suggests that the elemental ratio is not the sole factor determining Young’s 
modulus. Instead, factors such as elemental composition, functional groups, and the molecular 
configuration of aromatic and aliphatic structures play a crucial role in determining the elastic 
properties of organic materials. 

(8) The comparison of phonon dispersion obtained using the IXS and ultrasonic methods 
for Titan tholin shows that the ultrasonic measurements align with the IXS phonon dispersion 
curve near the zero point, within the errors. This suggests that the long-wavelength 
approximation remains valid at the phonon scale of a few unit cells, indicating that the results of 
the ultrasonic method can be extrapolated to the 0.1–10 Hz frequency range of the seismometer 
onboard NASA’s Dragonfly mission. At Titan’s surface temperature (~93 K), the elastic 
properties are estimated to be K = 11 ± 3.8 GPa and G = 6 ± 2.0 GPa for Titan tholin-like 
structure, and K = 9.1 ± 3.1 GPa and G = 6.9 ± 2.4 GPa for hydrothermal organic-like structure. 

In Chapter 5, the present study estimated 1) the saltation threshold wind speed u* based 
on the temperature dependence of the surface energy of Titan tholin (Chapter 3) and compared 
mass flux of sand transports from middle latitude regions toward lower latitude regions. The 
present study also performed sensitivity study of the detection limit of depths of organic 
sediments in shallow subsurface to the elasticity of organic materials (Chapter 4) with a rock 
physics model (Dvorkin, 1999). The conclusions of our estimations are summarized as follows 

(9) The saltation threshold wind speed u* would decrease by a factor ~3 than values 
previously expected. At this conditions, saltation would occur by seasonal wind of speed > 0.05 
m s-1, such as tidal wind at middle latitude regions in the summer, if the particle size is 
comparable to 700 μm. Wind speed of 0.05 m s-1 would result in mass flux of sand transportation 
of ∼2 × 1013 g per Titan year from latitude 45° toward the equator by tidal winds in summer, 
which is larger than the estimated deposition rate of organic aerosols in middle latitude regions 
(30–60°) (approximately 1 × 108 g per one Titan year).  Given that the size of organic aerosols in 
the troposphere are approximately 1 μm aggregates, growth of size would be a limiting factor of 
aeolian transport of organic materials. The effective removal of organic aerosols from middle 
latitude regions toward low latitude regions by tidal wind in the summer would explain the 
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absence of thick organic sediments in the middle latitude regions where potentially H2O ice crust 
is exposed (Solomonidou et al., 2018). 

(10) The detection limits of depths of P-wave would be 25–33 m, whereas that of S-wave 
would be 21–27 m assuming the temperature and structure dependence of the elasticity of 
organic analog materials (Chapter 4). Our sensitivity study suggests that the elasticity of organic 
materials such as bulk modulus, shear modulus, and Poisson’s ratio ν, and other parameters such 
as coordination number n, the critical porosity Φc, and the porosity of regolith Φ does not change 
the detection limits of depths significantly. On the other hand, the attenuation factor Q0 and the 
amplitude of initial input A0 could affect the detectability of the reflected echoes. The elastic 
wave velocities of organic materials determined in this study are critical for estimating the 
thickness of organic sediments based on the travel time of reflected seismic echoes measured in 
the future mission. 

NASA’s Dragonfly will onboard several instruments beside DraGMet such as tandem 
mass spectrometer LD-MSMS, infrared camera (DragCAM), and Gamma and Neutron 
Spectrometer (DraGNS) to constrain the composition and chemical structure of surface organic 
materials (Lorenz et al., 2018; Barnes et al., 2021). If the chemical structure of organic materials 
on the surface of Titan is similar to our organic analogs, the intrinsic elastic wave velocity could 
be comparable to our organic analogs. Furthermore, the porosity of the surface organic regolith 
can be constrained based on morphology observation. If Titan’s organic porous regolith (such as 
porosity Φ = 0.3–0.5) is thinner than 10–30 m, we could constrain the CH4 cycle on Titan by 
determining the thickness of the organic sediments during Dragonfly mission. 

6.2. Implication to collisional growth of dust particles: fragmentation velocity 
of dust aggregates 

The cohesive properties of organic materials are important for discussing not only Titan’s 
sand transportation and accumulation but also the collisional growth of dust particles in the 
protoplanetary disks and reducing atmospheres of early Earth, Pluto, Triton and exoplanets. We 
discuss the implication to the role of the stickiness of organic matters in terms of the 
fragmentation velocity of collisional dust grains based on the results of this thesis. 

Mechanisms responsible for size growth from dusts to planetesimals in a protoplanetary 
disk is a long-standing question in planetary formation. One of the possible mechanisms is 
collisional growth of small dust particles (<μm size) to larger aggregates (e.g., Okuzumi et al., 
2012; Kataoka et al., 2013). Previous works have suggested that effective growth of dust via 
collision could occur if cohesive organic matter covers the surface of dust particles (Kudo et al., 
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2002; Bekaert et al., 2018; Homma et al., 2019). The origin of the organic matters is considered 
to be derived from the diffused and molecular clouds incorporated in H2O ice mantle on silicate 
core and subsequent UV irradiation (Greenberg, 1989). Then, organic mantle grains (OMG) 
formed along with the H2O sublimation (Poch et al., 2016), by precipitating into the inner warm 
region of disks. The cohesiveness of these organic matter is expected to vary along with the 
temperature profile of the disks owing to the temperature dependence of elasticity (Kudo et al., 
2002; Homma et al., 2019). However, in protoplanetary disks, a variety of organic materials can 
be produced under different formation conditions, such as photochemical reactions on the disk 
surface (e.g., Kuga et al., 2015) and hydrothermal reactions in the planetesimals (e.g., Yabuta et 
al., 2023). Furthermore, surface energy could also show temperature dependence, as shown in 
Chapter 3. 

Homma et al. (2019) have considered collisional growth of OMGs with finite thickness 
of organic mantle and proposed that the results of the collisional growth could depend on the 
thickness of the organic mantle and their temperature dependence of elasticity (Kudo et al., 
2002). This is because contact between softer particles makes a larger contact area, resulting in 
higher stickiness between particles. The fragmentation velocity of dust aggregates 𝑣𝑣frag can be 
described as below (e.g., Wada et al., 2013): 

𝑣𝑣frag = 20�
𝐸𝐸break
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

, (6.1) 

where 𝐸𝐸break is the breakup energy to break the bond between two grains (so-called monomer), 
and 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is mass of each monomer. Mass of the monomer can be described as below (Homma 
et al., 2019): 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
4𝜋𝜋
3

{𝜌𝜌sil(𝑅𝑅 − 𝛥𝛥𝑅𝑅or)3 + 𝜌𝜌or(𝑅𝑅3 − (𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛥𝛥𝑅𝑅or)3)}, (6.2) 

where 𝜌𝜌sil is the density of silicate, 𝜌𝜌or is the density of organic mantle, 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 is the radius of 
each monomer, 𝛥𝛥𝑅𝑅or is the ratio of thickness of organic mantle over 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚. As mentioned above, 
softer materials tend to form larger contact area, requiring larger displacement of organic mantle. 
If the thickness of organic mantle is too thin or too soft, the contribution of hard silicate core 
should be considered. Therefore, the breakup energy of organic mantle dust can be divided into 
two cases: 1) thick organic mantle and 2) thin or elastic organic mantle. In the former case, the 
breakup energy of OMGs can be described as below: 

𝐸𝐸or = 23
𝛾𝛾or5 3⁄ 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚4 3⁄ (1 − 𝜈𝜈or2)2 3⁄

𝑌𝑌or2 3⁄ , (6.3) 
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where 𝛾𝛾or is surface energy of organics, 𝜈𝜈or is Poisson’s ratio of organics, and 𝑌𝑌or is Young’s 
modulus of organics. On the other hand, in the latter case, the breakup energy of OMGs can be 
written as belows: 

|𝛥𝛥𝑈𝑈or| = 2𝜋𝜋𝛾𝛾or(2𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛥𝛥𝑅𝑅or)𝛥𝛥𝑅𝑅or, (6.4) 

𝐸𝐸sil = 23
𝛾𝛾sil5 3⁄ (𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛥𝛥𝑅𝑅or)4 3⁄ (1 − 𝜈𝜈sil2)2 3⁄

𝑌𝑌sil2 3⁄ , (6.5) 

where 𝛥𝛥𝑈𝑈or is the binding energy of organic mantle, 𝐸𝐸sil is breakup energy of silicates, 𝛾𝛾sil is 
surface energy of silicates, 𝜈𝜈sil is Poisson’s ratio of silicate, and 𝑌𝑌sil is Young’s modulus of 
silicates.  

Figure 6.1 shows the comparison of the maximum collisional velocity in a typical 
turbulent disks (gray region in Figure 6.1) and fragmentation velocities of OMGs for the case of 
organic mantle with 1) the surface energy of silicate (2.5 × 10-2 N m-1) and the elasticity of an 
interstellar organic analog measured in Kudo et al. (2002) (Homma et al., 2019; Red curves in 
Figure 6.1) and 2) with the values constrained in the present study (Blue curves in Figure 6.1) 
with various ΔRor/𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚. The result of previous study indicates that if the thickness of organic 
mantle is comparable to or thicker than the thickness of typical interplanetary dust particles 
(IDPs) (which corresponds to ΔRor/𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = 0.03), collisional growth of dusts aggregate would be 
proceed aided by soft organic materials inner regions of a protoplanetary disk (Homma et al., 
2019; Figure 6.1). On the other hand, the fragmentation velocity of OMGs with considering the 
temperature dependence of the surface energy and elasticity (Young’s modulus), and constant 
Poisson’s ratio (ν = 0.27) constrained in the present study would be lower than or comparable to 
the results shown in the present study over all temperature range. 

The difference between Homma et al. (2019) and the present study is due to the 
difference of the temperature dependence of the elasticity of organic materials (Kudo et al., 
2002). The elasticity of interstellar organic matter analogs measured by Kudo et al. (2002) 
increases dramatically with the temperature decreases over the temperature range from 300 K to 
200 K. This could be because more than 10 wt.% of their initial organic matter shows the 
melting point under room temperature (300 K), such as ethylene glycol (1.2 wt.%), glycerol (1.4 
wt.%), indene (4.7 wt.%), 1,2-Dimethylnaphthalene (1.6 wt.%), and 1,4-Diisopropenylbenzene 
(2.0 wt.%). Phase transitions of these organic materials could result in significant increasing of 
the elasticity. On the other hand, the phase of our laboratory analogs would not change based on 
the molecular structure measurement in Chapter 4. The fragmentation velocity of OMGs based 
on our results decreases below 200 K significantly because the elasticity and the surface energy 
of our laboratory analogs follows Arrhenius equation (Chapter 3 and Chapter 4). 
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Given organic matters could be formed via photochemical reaction near the surface of 
disks (e.g., Kuga et al., 2015), the chemical structure of organic matter would be similar to our 
laboratory analogs. Furthermore, the chemical analyses of insoluble organic matter (IOM) in 
Ryugu sample suggest that the chemical structure of IOM is enriched in polyaromatic 
hydrocarbons (Yabuta et al., 2023). If OMGs are covered with such organic materials, the 
temperature dependence of the fragmentation velocity would be similar to results with our 
physical parameters. This suggests that the collisional growth of OMGs would not proceed 
efficiently even inner warm region compared to previously expected, if the organic mantle is 
derived from the photochemistry in the disk surface or hydrothermal reactions in the parent body 
of asteroids. 

On the other hand, in reducing planetary atmospheres, organic aerosols are formed or 
expected to be formed via photochemical reactions in early Earth, Pluto, Triton and exoplanet 
(e.g., Khare et al., 1984; Sagan & Chyba, 1997; Wolf & Toon, 2010; Trainer et al., 2006; 
Gladstone et al., 2016; Cheng et al., 2017; Grundy et al., 2018; Ohno et al., 2021). These 
aerosols determine atmospheric temperature structure by absorbing sunlight and heat ambient 
atmosphere (e.g., Barnes et al., 2018; McKay et al., 1989, 1993; Rannou et al., 2003, 2004). 

Recent observations of exoplanets suggest that the haziness of the exoplanet atmosphere 
depends on the equilibrium temperature (e.g., Knutson et al., 2014; Kreidberg et al., 2014). 
Haziness of the atmosphere is determined by the balance between the production and removal of 
haze particles (Yu et al., 2021). Previous study compares surface energy of organic haze analogs 
formed at different temperatures and initial gas mixtures. Their results indicate that the surface 
energy and contact radius with water of organic haze analogs depends on the formation 
temperature, suggesting that the temperature dependence of contact radius to water controls the 
removal of haze particles as a cloud condensation nuclei (CCN) and haziness of the atmosphere 
(Yu et al., 2021). They also propose dry deposition of haze particles as another possible 
mechanism to remove the haze particles from the atmosphere. Haze particles with higher surface 
energy will collide and growth to larger particles more efficiently, resulting in the rapid removal 
of the haze particles. However, our results suggest the opposite trend: the surface energy of haze 
particles could be larger if the temperature of atmosphere is higher. This suggests that the surface 
energy of the haze particles does not control the removal rate of the particles as previously 
thought (Yu et al., 2021), requiring other factors to explain the haziness of the reducing 
atmosphere. 
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 Figure 6.1 Temperature dependence of fragmentation threshold velocity vfrag for dust aggregates 
composed of 100 nm-sized OMGs. The pink, red, and dark red lines are for ΔRor/𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = 1, 
0.1 and 0.03, respectively. The black line shows the fragmentation threshold for 
aggregates of 100 nm-sized silicate grains assuming constant physical parameters. The 
gray area indicates 25–50 m s−1, which corresponds to the maximum velocity of collision 
in weakly turbulent disks. 
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Appendix A. Fitting results of IXS spectra in Chapter 4 
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Figure A.1 The fitting results for resolution function measured using scattering from borosilicate glass (Tempax) (Ishikawa & Baron, 
2021) in setup B are presented. The red line represents the result of the least-squares fitting of Eq. (4.9), whereas the blue 
circles with errors show data point.  
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Figure A.2 The fitting results for Run #7 in Chapter 4 (Titan tholin B in setup B, measured at 93 K with a scattering angle of 2θ = 
2.062° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs2, ixs5, ixs6, ixs7, and ixs8 were excluded from the phonon 
dispersion data because their results were suspicious or could not be analyzed. 

  



185 
 

Figure A.3 The fitting results for Run #7 in Chapter 4 (Titan tholin B in setup B, measured at 93 K with a scattering angle of 2θ = 
2.409° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs2, ixs4, ixs5, ixs6, ixs7, ixs11 and ixs12 were excluded 
from the phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.4 The fitting results for Run #7 in Chapter 4 (Titan tholin B in setup B, measured at 93 K with a scattering angle of 2θ = 
4.861° and an energy scan range from -10 to 40 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs5, ixs6, ixs8, ixs9, ixs11 and ixs12 were excluded from the 
phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.5 The fitting results for Run #15 in Chapter 4 (Titan tholin B in setup B, measured at 140 K with a scattering angle of 2θ = 
2.062° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs6, ixs8, ixs9, ixs11 and ixs12 were excluded from the 
phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.6 The fitting results for Run #15 in Chapter 4 (Titan tholin B in setup B, measured at 140 K with a scattering angle of 2θ = 
2.409° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs2, ixs6, ixs8, and ixs9, were excluded from the phonon 
dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.7 The fitting results for Run #15 in Chapter 4 (Titan tholin B in setup B, measured at 140 K with a scattering angle of 2θ = 
4.861° and an energy scan range from -10 to 40 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs2, ixs3, ixs5, ixs6, ixs8, ixs9, ixs10 and ixs12 were 
excluded from the phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.8 The fitting results for Run #13 in Chapter 4 (Titan tholin B in setup B, measured at 190 K with a scattering angle of 2θ = 
2.062° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs6, ixs8, ixs9, and ixs10 were excluded from the phonon 
dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.9 The fitting results for Run #13 in Chapter 4 (Titan tholin B in setup B, measured at 190 K with a scattering angle of 2θ = 
2.409° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs5, ixs6, and ixs8 were excluded from the phonon dispersion data 
because their results were suspicious or could not be analyzed. 
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Figure A.10 The fitting results for Run #13 in Chapter 4 (Titan tholin B in setup B, measured at 190 K with a scattering angle of 2θ = 
4.861° and an energy scan range from -10 to 40 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs2, ixs6, ixs8, ixs11, and ixs12 were excluded from the 
phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.11 The fitting results for Run #16 in Chapter 4 (Titan tholin B in setup B, measured at 240 K with a scattering angle of 2θ = 

2.062° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs6, ixs8, ixs9, and ixs11 were excluded from the phonon 
dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.12 The fitting results for Run #16 in Chapter 4 (Titan tholin B in setup B, measured at 240 K with a scattering angle of 2θ = 
2.409° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs2, ixs6, ixs7, ixs8, ixs9, ixs10, ixs11 and ixs12 were 
excluded from the phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.13 The fitting results for Run #16 in Chapter 4 (Titan tholin B in setup B, measured at 240 K with a scattering angle of 2θ = 
4.861° and an energy scan range from -10 to 40 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs2, ixs5, ixs6, ixs7, ixs8, ixs9, ixs10, and ixs11 were 
excluded from the phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.14 The fitting results for Run #5 in Chapter 4 (Titan tholin B in setup B, measured at 300 K with a scattering angle of 2θ = 
2.062° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs6, ixs8, ixs9, ixs10, and ixs12 were excluded from the 
phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.15 The fitting results for Run #5 in Chapter 4 (Titan tholin B in setup B, measured at 300 K with a scattering angle of 2θ = 

2.409° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs2, ixs6, ixs8, and ixs12 were excluded from the phonon 
dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.16 The fitting results for Run #5 in Chapter 4 (Titan tholin B in setup B, measured at 300 K with a scattering angle of 2θ = 
4.861° and an energy scan range from -10 to 40 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs2, ixs3, ixs5, ixs6, ixs8, ixs9, and ixs12 were excluded 
from the phonon dispersion data because their results were suspicious or could not be analyzed.  
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Figure A.17 The fitting results for Run #8 in Chapter 4 (Titan tholin B in setup B, measured at 300 K with a scattering angle of 2θ = 
2.062° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs6, and ixs12 were excluded from the phonon dispersion 
data because their results were suspicious or could not be analyzed. 
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Figure A.18 The fitting results for Run #9 in Chapter 4 (Titan tholin B in setup B, measured at 300 K with a scattering angle of 2θ = 
2.062° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs6, ixs8, and ixs12 were excluded from the phonon 
dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.19 The fitting results for Run #10 in Chapter 4 (Titan tholin A in setup B, measured at 300 K with a scattering angle of 2θ = 
2.062° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs6, ixs7, and ixs8 were excluded from the phonon dispersion data 
because their results were suspicious or could not be analyzed. 
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Figure A.20 The fitting results for Run #10 in Chapter 4 (Titan tholin A in setup B, measured at 300 K with a scattering angle of 2θ = 
2.409° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs6, ixs7, ixs8, and ixs9 were excluded from the phonon dispersion 
data because their results were suspicious or could not be analyzed. 
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Figure A.21 The fitting results for Run #10 in Chapter 4 (Titan tholin A in setup B, measured at 300 K with a scattering angle of 2θ = 
4.861° and an energy scan range from -10 to 40 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs6, ixs7, ixs8, and ixs9 were excluded from the phonon dispersion 
data because their results were suspicious or could not be analyzed. 
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Figure A.22 The fitting results for Run #12 in Chapter 4 (Titan tholin A in setup B, measured at 190 K with a scattering angle of 2θ = 
2.062° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs1, ixs3, ixs6, ixs8, ixs9, and ixs10 were excluded from the 
phonon dispersion data because their results were suspicious or could not be analyzed.  
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Figure A.23 The fitting results for Run #12 in Chapter 4 (Titan tholin A in setup B, measured at 190 K with a scattering angle of 2θ = 
2.409° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs6, ixs8, and ixs9 were excluded from the phonon dispersion data 
because their results were suspicious or could not be analyzed.  
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Figure A.24 The fitting results for Run #12 in Chapter 4 (Titan tholin A in setup B, measured at 190 K with a scattering angle of 2θ = 
4.861° and an energy scan range from -10 to 40 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs6, ixs7, ixs8, ixs9, ixs11, and ixs12 were excluded from the 
phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.25 The fitting results for resolution function measured using scattering from borosilicate glass (Tempax) (Ishikawa & 

Baron, 2021) in setup A are presented. The red line represents the result of the least-squares fitting of Eq. (4.9), whereas the 
blue circles with errors show data point. 

  



208 
 

 
Figure A.26 The fitting results for Run #2 in Chapter 4 (Titan tholin A in setup A, measured at 300 K with a scattering angle of 2θ = 

2.062° and an energy scan range from -10 to 25 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs6, ixs8, and ixs9 were excluded from the phonon dispersion data 
because their results were suspicious or could not be analyzed. 
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Figure A.27 The fitting results for Run #2 in Chapter 4 (Titan tholin A in setup A, measured at 300 K with a scattering angle of 2θ = 
2.409° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs6, ixs7, ixs8, ixs9, and ixs10 were excluded from the phonon 
dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.28 The fitting results for Run #2 in Chapter 4 (Titan tholin A in setup A, measured at 300 K with a scattering angle of 2θ = 
4.861° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are indicated within 
each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value of Δω, whereas 
the blue circles with errors show data point. The spectra of ixs6, ixs7, ixs8, ixs9, ixs10, and ixs11 were excluded from the 
phonon dispersion data because their results were suspicious or could not be analyzed. 



211 
 

Figure A.29 The fitting results for Run #3 in Chapter 4 (hydrothermal organics in setup A, measured at 300 K with a scattering angle 
of 2θ = 2.062° and an energy scan range from -10 to 25 meV) are presented. The values of the momentum transfer are 
indicated within each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value 
of Δω, whereas the blue circles with errors show data point. The spectra of ixs6, ixs7, ixs8, and ixs9 were excluded from the 
phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.30 The fitting results for Run #3 in Chapter 4 (hydrothermal organics in setup A, measured at 300 K with a scattering angle 
of 2θ = 2.409° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are 
indicated within each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value 
of Δω, whereas the blue circles with errors show data point. The spectra of ixs6, ixs7, ixs8, and ixs9 were excluded from the 
phonon dispersion data because their results were suspicious or could not be analyzed. 
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Figure A.31 The fitting results for Run #3 in Chapter 4 (hydrothermal organics in setup A, measured at 300 K with a scattering angle 
of 2θ = 4.861° and an energy scan range from -10 to 30 meV) are presented. The values of the momentum transfer are 
indicated within each figure. The red line represents the result of least-squares fitting of Eqs. (4.9–12), assuming a finite value 
of Δω, whereas the blue circles with errors show data point. The spectra of ixs6, ixs7, ixs8, ixs9, and ixs11 were excluded from 
the phonon dispersion data because their results were suspicious or could not be analyzed. 
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Appendix B. Results of analyses of ultrasonic pulse echos in 
Chapter 4 
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Figure B.1 Results of the analyses of the ultrasonic pulse echo of P-wave in (a,b) 40 MHz and 
(c,d) in 80 MHz. Red line shows the ultrasonic pulse transmittance wave with Titan 
tholin pellet. Black line shows the ultrasonic pulse transmittance wave without sample 
(blank). 



216 
 

Figure B.2 Results of the analyses of the ultrasonic pulse echo of S-wave in (a,b) 60 MHz and 
(c,d) in 80 MHz. Red line shows the ultrasonic pulse transmittance wave with Titan 
tholin pellet. Black line shows the ultrasonic pulse transmittance wave without sample 
(blank). 
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Figure B.3 Results of the analyses of the ultrasonic pulse echo of P-wave in (a,b) 40 MHz and 
(c,d) in 60 MHz. Red line shows the ultrasonic pulse transmittance wave with 
hydrothermal organic pellet. Black line shows the ultrasonic pulse transmittance wave 
without sample (blank). 
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Figure B.4 Results of the analyses of the ultrasonic pulse echo of S-wave in (a,b) 40 MHz and 
(c,d) in 60 MHz. Red line shows the ultrasonic pulse transmittance wave with 
hydrothermal organic pellet. Black line shows the ultrasonic pulse transmittance wave 
without sample (blank). 
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Figure B.5 Results of the analyses of the ultrasonic pulse echo of P-wave (a,b) in 40 MHz, (c,d) 
in 60 MHz, and (e,f) in 80 MHz. Red line shows the ultrasonic pulse transmittance wave 
with SiO2 slide glass. Black line shows the ultrasonic pulse transmittance wave without 
sample (blank). 
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Figure B.6 Results of the analyses of the ultrasonic pulse echo of S-wave (a,b) in 40 MHz, (c,d) 
in 60 MHz, and (e,f) in 80 MHz. Red line shows the ultrasonic pulse transmittance wave 
with SiO2 slide glass. Black line shows the ultrasonic pulse transmittance wave without 
sample (blank). 
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Figure B.7 Results of the analyses of the ultrasonic pulse echo of P-wave (a,b) in 40 MHz, (c,d) 
in 60 MHz, and (e,f) in 80 MHz. Red line shows the ultrasonic pulse transmittance wave 
with NaCl pellet. Black line shows the ultrasonic pulse transmittance wave without 
sample (blank). 
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Figure B.8 Results of the analyses of the ultrasonic pulse echo of S-wave (a,b) in 40 MHz, (c,d) 
in 60 MHz, and (e,f) in 80 MHz. Red line shows the ultrasonic pulse transmittance wave 
with NaCl pellet. Black line shows the ultrasonic pulse transmittance wave without 
sample (blank). 

 


