
1. Introduction
Alongside Earth and Mars, Titan is the third planetary body in the solar system to show evidence for wide-
spread and diverse sedimentary environments, including lakes (Hayes,  2016), rivers (Langhans et  al.,  2012), 
alluvial fans or deltas (Birch et al., 2016), eroded canyonlands (Poggiali et al., 2016), dissected plateaux (Malaska 
et al., 2020), and sand dunes (Lorenz, Wall et al., 2006). The latitudinal distribution of Titan's terrains, with sand 
dunes largely concentrated around the moon's equatorial belt, undifferentiated plains at mid-latitudes, and laby-
rinth terrains and lakes near the poles (Lopes et al., 2020), suggests a strong control of climate on Titan's surface 
processes and landscape formation (Figure 1a). Climate models predict that Titan's single-celled, pole-to-pole 
Hadley circulation splits into two cells as atmospheric circulation reverses near equinox (Hörst 2017), possibly 
leading to intense mid-latitude and equatorial storms that drive significant sediment transport by winds and 
rivers. Global circulation model (GCM) predictions (Charnay et al., 2015; Tokano, 2008, 2010), combined with 
models for eolian transport (Burr et al., 2015; Comola et al., 2022; Kok et al., 2012), reveal that winds capable 
of transporting dune sands typically occur ∼0.1%–10% of the time at all latitudes (similar to or possibly lower 
than transport intermittency on Earth; e.g., Comola et al., 2019; see also Comola et al., 2022). Except for two 
equinox storms, equatorial winds are relatively steady throughout the year, whereas sand transport may occur 
through infrequent but strong wind gusts at higher latitudes (Figure S1 in Supporting Information S1). In addition 
to models, 13 years (or a little less than half a Titan year, which is ∼29.4 Earth years) of episodic Titan flybys 
by Cassini revealed that the moon's methane cycle includes methane rainstorms and even inundation (Barnes 
et al., 2013; Turtle et al., 2011), with more storms near the poles (∼100 storms per season) than near the equator 
(<1 storm per season; Hayes et al., 2018). Despite the relative infrequency of equatorial storms, surface changes 
(Barnes et al., 2013; Turtle et al., 2011) and dust plumes (Rodriguez et al., 2018) were detected near equinox. 
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Assuming that each storm lasts for 1–10 hr (Hayes et al., 2018), rainstorm intermittency is <∼0.4% near the 
poles and <∼0.004% near the equator. Images acquired by the Huygens lander support the hypothesis of recent 
intermittent surface flows near the equator, showing fine (< a few millimeters in diameter) dark grains, includ-
ing sand-sized (Zarnecki et al., 2005) organic grains (Tomasko et al., 2005), surrounding few decimeter-scale 
rounded clasts, interpreted as fluvially transported cobbles on a dry riverbed (Tomasko et al., 2005; Figures 1b 
and 1c). Furthermore, the morphology and crestline orientations of Titan's equatorial dunes suggest that they 
have been responding to orbitally forced changes in environmental conditions—and thus have been active—over 
the recent past (10s–100s kyrs, or ∼3,000–45,000 Titan years; Ewing et al., 2015). Ongoing dune formation is 
further supported by the presence of compositionally distinct interdune areas (Barnes et  al.,  2008; Bonnefoy 
et al., 2016). Thus, models and spacecraft observations indicate that seasonal, active sediment transport shapes 
the modern landscapes of Titan.

From saltation mechanics, we know that grain sizes within dune fields should be relatively narrowly distributed, and 
on Titan, are predicted to be around 150–300 μm in diameter (Burr et al., 2015; Kok et al., 2012), although slightly 
finer or coarser grains may be permitted if dune materials were cohesive (e.g., Comola et al., 2022; Lorenz, 2017). 
Finer grains are more prone to stabilizing interparticle interactions (possibly including triboelectric charging; 
Mendéz Harper et al., 2017) that raise the wind speed required to mobilize them; in turn, coarser grains are heavier 
and thus also harder to move. Several mechanisms have been proposed to generate sand on Titan, such as the erosion 
of lithified materials, sintering of photochemically produced airfall particles, flocculation, and erosion of evapo-
ritic precipitates (Barnes et al., 2015). On Earth, large dune fields are typically supplied with pre-sorted sediments 
from fluvial or coastal sands or sandstones (Busch, 2020; Lancaster, 1982; Pastore et al., 2021) as rivers, waves, 
and winds efficiently sort sediments by grain size and density (e.g., Goosmann et al., 2018; Jerolmack et al., 2011; 
Komar, 2007; Parker, 1991). On Earth, abrasion of mechanically weak evaporitic minerals is known to occur during 
eolian transport (Jerolmack et al., 2011). The source of sand on Mars is unclear (e.g., Tirsch et al., 2011) but sedi-
mentary recycling is known to occur (Edgett et al., 2020), and many ancient fluvial outcrops could supply pre-sorted 
sand-sized materials (Dickson et al., 2020). Furthermore, basaltic grains are mechanically strong (Yu et al., 2018) 
such that Martian winds themselves could have sorted sands over billion-year timescales. In contrast, laboratory 
experiments suggest that the organic materials thought to make up Titan's dune sand (Barnes et al., 2008; Lorenz and 
Lunine, 1996) are mechanically weak (Yu et al., 2018). This suggests that dune sand should be highly susceptible 
to comminution (fining through abrasion) during eolian transport on Titan—an apparent paradox that has led to the 
hypotheses that either transport is of commensurate low energy (Lorenz and Lunine, 1996) or that Titan's dune sand 
is derived locally (Barnes et al., 2015; Yu et al., 2018).

Here, we first explore the hypothesis that Titan's dune sand is fining through time due to progressive abrasion, but 
that the dunes have been able to persist over 10s–100s kyrs without local sand replenishment because eolian abra-
sion is slow. Next, we consider the alternative hypothesis that, even though abrasion leads to fining and dust produc-
tion, grain comminution during transport is compensated by coarsening through grain sintering (i.e., coalescence of 
fine grains into coarse grains when sediments are not transported; Herring, 1950; Barnes et al., 2015), permitting 
the continuous production of relatively well-sorted equilibrium sand sizes within Titan's dunes over geologic times-
cales. Finally, we discuss potential implications of our model results for the genesis of Titan's landscapes.

2. Methods
2.1. Equilibrium Grain Size Produced by Intermittent Transport and Sintering

We consider the abrasion model of Trower et al. (2017) for the abrasion of individual particles during fluvial 
transport (Section 2.2). Fluvial abrasion in both bedload and suspended load is modeled for individual impacting 
organic grains experiencing fluvial sediment transport in a stream of 80% CH4 – 20% N2 liquid (Hayes, 2016; 
Malaska et al., 2017; Section 2.2). As abrasion rate varies with particle impact velocity, we consider typical flow 
conditions as constrained from a combination of data acquired by the Huygens probe during its descent and upon 
landing. Eolian abrasion is then modeled by scaling fluvial abrasion rates to account for the different fluid prop-
erties and for typical eolian saltation trajectories on Titan (Kok et al., 2012; Figure 2a; Section 2.3). This approach 
is justified because, owing to Titan's thick atmosphere, windblown sand transport is expected to be more akin to 
sand transport by water on Earth than by air on Earth and Mars, with minimal importance of grain splash (Kok 
et al., 2012) unless sand is highly cohesive (Comola et al., 2022). In the case of cohesive sediments, our scaling 
relationship for eolian abrasion rates still provides a first-order estimate of abrasion rate for the saltating grain 
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population, whereas splashed grains would likely experience lower abrasion rates. Finally, the sintering scaling 
relationship of Herring (1950) was used to predict the time it takes for neighboring particles to sinter into a larger 
particle (Section 2.4). To account for uncertainty related to material, mechanical, and sintering properties of Titan 
sediments, wide ranges of parameter values were explored (Table S1 in Supporting Information S1).

Because the history of sand grains is not known—for example, they could have started as fine haze particles that 
first sintered or cemented into coarser grains (Barnes et al., 2015; Turtle et al., 2011) or as organic bedrock that 
weathered (Neish et al., 2015) and eroded into clastic sediments (Barnes et al., 2015)—we assume that a supply 
of sediment available for transport by fluvial and eolian processes was created by some unconstrained mechanism 

and only consider their subsequent evolution. Specifically, we calculate the instantaneous sintering 
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Figure 1. (a) Sedimentary pathways on Titan as inferred from Cassini data. Dune sands, lakes, and seas were mapped by 
Lopes et al. (2020), alluvial fans by Birch et al. (2016), fluvial valleys and associated flow directions by Burr et al. (2013), 
and eolian transport directions by Malaska, Lopes, Hayes, et al. (2016). We note that finer-scale features such as fans 
and valleys could only be mapped along discrete orbital swaths, such that their occurrence is almost certainly much more 
widespread than depicted here. The eighth-order spherical-harmonic fit to Titan's topography corrected for the geoid of 
Corlies et al. (2017) was used to provide an indication of Titan's long-wavelength topography, with topographic highs 
(elevation, z, above 0-m datum) highlighted. The location of the Huygens probe's landing site (b and c) and landing target for 
the Dragonfly mission (Lorenz et al., 2021; Malaska, Lopes, Williams, et al., 2016) are also shown. (b) Image of the Huygens 
probe's landing site, acquired by the Descent Imager/Spectral Radiometer instrument aboard the landed spacecraft (image 
credit: ESA/NASA-JPL/University of Arizona). (c) Annotated sketch of (b), showing large, decimeter-scale cobbles and fine 
(<2 mm) dark grains in the proximity of the lander. The landing site was interpreted as a dry riverbed covered in fluvially 
transported sediments (Tomasko et al., 2005).
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tively (Figure 2). We then solve for transport intermittency (It), defined as the 
fraction of time that individual grains spend in transport, such that

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
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Abrasion rate can be further decomposed into fluvial and eolian contribu-
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where If and Ie are the intermittencies of fluvial and eolian transport, respec-
tively, such that It = If + Ie. The latter decomposition allows us to explore the 
effect of variable proportions of fluvial (If/It) and eolian (Ie/It) transport on 
resulting grain sizes. Sintering parameters and material properties used as 
input to our model are summarized in Table S1 of Supporting Information S1.

2.2. Abrasion During Fluvial Transport

The model of Trower et al. (2017) predicts the abrasion rate of single grains 
of diameter, D, during fluvial transport (both bed- and suspended loads) as a 
function of flow and sediment parameters,
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where ρs is the sediment density, Y and σt are the grain's Young's modulus 
and tensile strength, respectively, wi is the grain impact velocity, Hf is the 
grain's fall height, and kv ≈ 10 6 is a dimensionless constant that accounts for 
differences between particle and bed surface materials (Lamb et al., 2008; 
Scheingross et al., 2014; Sklar & Dietrich, 2001, 2004; Trower et al., 2017). 
The dimensionless coefficient, A ≈ 1/3, accounts for the fact that the time 
between two consecutive particle impacts onto the bed scales with the sum 
of the time required to lift the particle from the bed up to a height Hf and the 
time to settle back onto the bed. Fall height can be calculated from the verti-
cal profile of sediment concentration as
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where cb is the near-bed sediment concentration, H is flow depth, Hb is the height of the bedload layer, and z is the 
elevation above the bed. Suspended sediment concentration, c(z), is determined from a Rouse profile,
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[
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where ws is the sediment settling velocity, u∗ is the flow shear velocity, and κ = 0.41 is the von Kármán constant 
and 𝐴𝐴 𝐴𝐴 is a coefficient that relates the diffusivities of sediments and momentum. The height of the bedload layer is 
calculated from sediment transport stage as

𝐻𝐻b = 1.44𝐷𝐷

(

𝜏𝜏∗

𝜏𝜏∗c
− 1

)1∕2

, (6)

Figure 2. (a) Instantaneous abrasion and sintering rates as a function of 
sediment-grain diameter on Titan. Whereas sintering rate decreases with 
increasing grain size, abrasion rates increase owing to increased impact 
energies. Conversely, impacts of finer grains are viscously damped, producing 
a sharp drop in abrasion rate for silt-sized grains. (b) Time evolution of an 
initially 200-μm grain in continuous fluvial (blue) or eolian (orange) transport, 
and at rest (yellow). Similar results were obtained for starting grain sizes 
in the 50–2,000 μm range. Shading highlights the duration of continuous 
transport corresponding to 0.1%–10% intermittent transport over the estimated 
minimum age of the dune field (i.e., 0.1%–10% of 3,000–45,000 Titan years; 
Ewing et al., 2015). Rates were computed using our favored set of parameters 
(Table S1 in Supporting Information S1).
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where τ∗ is the Shields number and τ∗c its critical value for incipient sediment motion in the bedload.

Impact velocity is calculated following Lamb et al. (2008) as

𝑤𝑤𝑖𝑖 ≈
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 is the probability density function of velocity fluctuations, w ', and settling 
velocity, ws, is calculated using the formulation of Dietrich (1982),
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(𝑎𝑎2+𝑎𝑎3) is a dimensionless settling velocity, and empirical 
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and,
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)

− (1 − CSF)2.3tanh (log (𝐷𝐷∗) − 4.6) + 0.3(0.5 − CSF)(1 − CSF)2 (log (𝐷𝐷∗) − 4.6) , (9c)

where CSF is the Corey shape factor (CSF = 0.7 for natural grains) and PS is the Powers roundness (PS = 3.5 
for natural grains). The model also includes viscous damping, where particle-bed impacts become fully damped 
at a threshold impact Stokes number of St =

��i�s
9��  (Davis et al., 1986; Joseph et al., 2001; Trower et al., 2017).

In an attempt to represent typical fluvial flow conditions on Titan, we assume that the decimeter-scale bright 
cobbles observed by the Huygens lander are made of water ice and that the coarsest ones (∼15 cm in diameter; 
Burr et al., 2006; Perron et al., 2006; Tomasko et al., 2005) are transported near the threshold of bedload motion 
to estimate the typical fluid stress, τb, imparted by flow on the bed. Combined with bed slope, S, as measured 
from a recently updated digital elevation model of the Huygens landing site (S ∼ 0.05; Daudon et al., 2020), we 
then derive flow depth, h, assuming steady uniform flow conditions (i.e., τb = ρghS with g = 1.35 m/s 2 the accel-
eration of gravity). Our calculations are consistent with previous estimates of flow conditions at the Huygens 
landing site (Burr et al., 2006; Perron et al., 2006). Although the composition of observed bright cobbles is uncer-
tain, we find that an organic rather than water ice composition would decrease estimated flow discharge (and thus 
estimated abrasion rates) but would not affect our conclusions.

2.3. Abrasion During Eolian Transport

We assume that Equation 3 reasonably applies to windblown saltating grains on Titan, and approximate the rate 
of eolian abrasion during wind-driven saltation on Titan, for a given grain size, as
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where � ≈ sin
(

atan
(
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))

 accounts for grain impacts that are non-normal to the bed, with Hsalt and Lsalt the 
typical saltation heights and lengths, respectively, and where impact velocity is assumed to scale with settling 
velocity, ws. We used Hsalt ∼ 8 mm and Lsalt ∼ 8 cm, as estimated by a numerical model (Kok et al., 2012).
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2.4. Sintering

The time, t, required for a cluster of particles to sinter into a grain of diameter, 
D, can be calculated as

𝑡𝑡 =

(

𝐷𝐷

𝐷𝐷0

)𝑛𝑛

𝑡𝑡0 (11)

(Herring, 1950), where t0 is a known time required for neighboring particles 
to sinter into a reference grain of diameter D0, and n ∈ [1,4] is an exponent 
that varies with sintering process. This relationship is robust regardless of the 
specifics of which mechanism actually leads to sintering (viscous or plastic 
flow, evaporation and condensation, volume diffusion, or surface migration; 
Herring, 1950). Equation 11 can be rearranged to solve for particle diameter 
as a function of time,

𝐷𝐷 = 𝐷𝐷0

(

𝑡𝑡

𝑡𝑡0

)1∕𝑛𝑛

, (12)

such that sintering rate can be obtained by differentiating Equation 12 with 
respect to time,

|
|
|
|

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

|
|
|
|s

=
𝑑𝑑0

𝑛𝑛

(

𝑑𝑑
1−𝑛𝑛

𝑑𝑑0

)
1

𝑛𝑛
.

 (13)

Finally, we solve for sintering rate as a function of grain diameter by substituting t from Equation 11 into Equa-
tion 13, i.e.,

|
|
|
|

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

|
|
|
|s

=
𝑑𝑑

𝑛𝑛

0
𝑑𝑑

1−𝑛𝑛

𝑛𝑛𝑑𝑑0
. (14)

Barnes et  al.  (2008) estimated that it takes a time t0  ≈  10 4–10 8  years to form an organic grain of diameter 
D0 ≈ 300 μm on Titan, and that n = 4. Under our hypothesis, equilibrium grains would need to form within 
shorter timescales than the inferred age of Titan's dunes for the proposed mechanism to supply sediments to, 
and sustain, the dune field (i.e., t0 < 10 6). However, we explore the full 10 4–10 8 years range reported by Barnes 
et al. (2008). We note that sintering timescale even shorter than 10 4 years would simply yield coarser equilibrium 
grains for a given abrasion rate.

3. Results
First, we consider the case of windblown particles subjected to abrasion alone. We find that within the minimum 
estimated lifespan of Titan's dune fields, 200-μm organic sand grains transported 0.1%–10% of the time by winds 
would abrade sufficiently to produce fine, harder-to-mobilize grains that would inhibit saltation (Figure 2b). A 
sensitivity analysis was performed to explore the effect of varying optimal grain size on Titan. We found that 
only dune fields as young as ∼3,000 Titan years (the lower bound on their true age; Ewing et al., 2015) and which 
experienced highly infrequent transport (<0.1% of the time) would not have experienced significant abrasion 
(<50% grain size reduction; Figure S1 in Supporting Information S1). Under more realistic scenarios, significant 
changes in grain sizes are predicted to occur, increasing the saltation threshold and leading to an order-of-mag-
nitude decrease in dune activity. Over time, abrasion would lead to the accumulation of fine dust which could 
hinder sand transport (e.g., Lapôtre & Rampe, 2018). Thus, it appears probable that some other mechanism must 
counterbalance the progressive communition of eolian organic sand by abrasion on Titan in order for dunes to 
have persisted to this day.

Next, we consider the alternative scenario of sediment grains subjected to both abrasion, during fluvial or eolian 
transport, and sintering, when grains are at rest. Our results (Figure 3) indicate that intermittent grain sintering and 
transport-driven abrasion are readily able to produce a wide range of equilibrium grain sizes on Titan depending 

Figure 3. Transport intermittencies required to produce sand-sized 
equilibrium organic grains on Titan. Thick solid lines correspond to 100% 
transport by winds (orange) or rivers (blue). Symbols indicate the range of 
equilibrium grain sizes predicted to form assuming It ∼ 0.1–10% with 100% 
eolian transport near the equator and It ∼ 0.4–10.4% with 0%–10% eolian 
and 0.4% fluvial transport near the poles (as constrained by GCMs and 
Cassini data), respectively. These results correspond to our favored scenario; 
a sensitivity analysis was performed and revealed that conclusions are robust 
despite uncertainties related to material properties (Figure S2 in Supporting 
Information S1).
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on transport intermittencies (It), including the ∼150–300-μm grains thought to make up Titan's equatorial dunes. 
A sensitivity analysis (Figure S2 in Supporting Information S1) reveals that sand grains at equilibrium consist-
ently form through intermittent transport and sintering despite large uncertainties on sintering-relevant parame-
ters and material properties. Under our favoured scenario (Figure 3), a six-fold decrease in transport intermittency 
(i.e., transport seven times less frequent) is required to produce 300 μm grains instead of 200 μm grains if all 
transport occurs in rivers, or a five-fold decrease in transport intermittency (i.e., transport six times less frequent) 
if all transport occurs by winds, confirming that this process is efficient at producing sandy deposits. For exam-
ple, 200-μm grains would need to be transported from ∼0.15% of the time, if all transport occurred by winds, to 
∼2% of the time, if all transport occurred in rivers, under our favoured scenario in order to maintain their size 
through episodic transport. Considering more realistic transport intermittencies as constrained by models and 
Cassini observations, we find that 90–210 μm sand would form near the equator (𝐴𝐴 𝐴𝐴𝑡𝑡 ∼ 0.1% – 10%,

𝐴𝐴e

𝐴𝐴t

= 100% ; 
Figure  3) and 90–300  μm sand near the poles (∼90  μm for 𝐴𝐴 𝐴𝐴t = 10.4% and

𝐴𝐴e

𝐴𝐴t

=
10

10+0.4
≈ 96%; ∼300 μm for 

It = 0.4% and 𝐴𝐴
𝐼𝐼e

𝐼𝐼t

=
0

0+0.4
= 0% ; Figure 3). With a relatively higher frequency of methane storms at mid-latitudes 

(Hayes et al., 2018), more significant ground moisture (Lorenz, Niemann et al., 2006; Tomasko et al., 2005; 
Williams et al., 2012) may bind sediment grains together, inhibiting eolian transport at higher latitudes, suggest-
ing that sand produced near the poles would likely be coarser than near the equator. Finally, we conducted a 
sensitivity analysis to explore the impact of sintering parameters (n, t0) as well as sediment density and tensile 
strength on equilibrium grain size (Figure S2 in Supporting Information S1), revealing our conclusions to be 
robust for a variety of parameters except for unlikely combinations of sintering and mechanical properties (with 
rapidly sintering but mechanically strong grains).

4. Discussion and Conclusion
Episodic abrasion and sintering of organic sediments could explain Titan's latitudinally zoned landscapes 
(Figure 4). It readily permits the formation of active sand dunes at equatorial latitudes (Figure 4), with some dust 
production but no significant dust accumulation owing to sintering of dust grains into sand over time. As equato-
rial winds redistribute sediments toward mid-latitudes (Figure 1a; Malaska, Lopes, Hayes, et al., 2016), ground 
moisture (Lorenz, Niemann et al., 2006; Tomasko et al., 2005; Williams et al., 2012) may allow for the stabiliza-
tion of organic sediments, inhibiting eolian transport and promoting sintering, which could lead to the formation 
over time of indurated deposits that could form Titan's undifferentiated plains (Lopes et al., 2020; Figure 4). 
This scenario could explain spectral observations of undifferentiated plains compatible with an optical coating 
of water ice on organic grains caused by surface leaching of exposed materials (Malaska et al., 2020; Solomi-
nodou et al., 2018). Mid-latitude materials may also incorporate dust, primarily produced through abrasion of 
eolian sand and episodically winnowed out from dune fields during high-wind events (Rodriguez et al., 2018). At 
higher latitudes, the frequency of fluvial transport increases with the frequency of methane storms, allowing the 
formation of sand in streams (Figure 4). High-latitude river sand is predicted to be coarser than equatorial dune 
sand (Figure 3), an effect possibly strengthened by ductile rounding of grains during fluvial transport (Le Gall 
et al., 2010) rather than brittle failure during eolian transport. When not transported by rivers, coarser organic 
sand is stabilized by ground moisture, preventing the formation of dunes at high latitudes. As high-latitude sand 
eventually gets deposited by rivers into local depositional basins, in the presence of soluble cements, it may form 
widespread organic sandstones via diagenesis as those proposed to compose Titan's dissected labyrinth terrains 
(Lopes et al., 2020; Malaska et al., 2020; Figure 4).

Given uncertainties related to material properties and fluvial and eolian transport conditions on Titan, other 
scenarios to explain the longevity of Titan's dunes, such as low-energy sediment transport or local sediment 
supply, cannot be ruled out with utmost confidence at this time. However, these scenarios appear unlikely given 
our current knowledge, whereas episodic abrasion and sintering are readily able to explain Titan's latitudinally 
zoned landscapes. Thus, our model supports the hypothesis of a sedimentary cycle on Titan, driven by seasonal 
climate forcing, and mediated by episodic sintering and abrasion of organic sand grains by rivers and winds. 
Sediment grain compositions, shapes, and sizes within the dunes (which may help test the sintering hypothesis) as 
well as wind speeds, frequencies, and precipitation rates (yielding refined constraints on transport intermittency) 
will be measured in situ by the Dragonfly mission, slated to land on Titan in the mid-2030s (Barnes et al., 2021; 
Lorenz et  al.,  2021). These data, combined with laboratory measurements of material mechanical properties  
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(e.g., density, Young's modulus, tensile strength) and sintering rates, will offer a direct test to our hypothesis. If 
proven correct, our model will in turn provide a key to decipher Titan's recent climate history through the lens of 
its global source-to-sink sedimentary pathways.

Data Availability Statement
No new data are presented in this manuscript.
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