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Abstract
Sediment deposition patterns occur across many Earth and planetary environments.

The complex, coupled and nonlinear dynamics of sediment transport across a range of

length and time scales makes these patterns difficult to understand. Models of these emer-

gent systems typically require parameterizing the effects of small/fast-scale interactions

to describe the large/slow-scale dynamics and resulting patterns. In many cases, well-

established parameterizations are not available, and scientific guess work is required. This

dissertation takes the approach of deriving large-scale emergent sediment transport dy-

namics directly from small-scale interactions. The methods of this framework are based on

detailed modeling of small-scale interactions derived from experimental observations and

direct simulations. Through these analyses, the large-scale variables and resulting sediment

deposition patterns consistently emerge from the sub-pattern-scale dynamics. I apply this

approach to study wind ripples and salt marshes. I derive an analytical model of wind

ripple emergence influenced and supported by direct numerical simulations of grain-scale

sediment transport and ripple formation. I show that wind ripple emerge through the

dynamics of grain-bed impacts and their wavelengths are thus set by the grain size, and

therefore don’t vary much across different planetary conditions. Yet ripple speeds are set

explicitly by the transport conditions and thus vary greatly—even propagating against the

wind in some instances (a novel result predicted from the analytical framework). And from

the well-tested interactions of turbulent flow on vegetation, I derive a large-scale under-

standing of sediment deposition across marsh basins. Detailed modeling shows that, while

the dense vegetation that occupies salt marshes controls small-scale flow and sediment

transport dynamics, large-scale flow and sediment deposition patterns are independent of

marsh vegetation. The methods I develop in this dissertation, although applied to the case

studies of wind ripples and salt marshes, can be used to describe a wide verity of large-scale

sediment deposition patterns.
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0. Introduction
Sediment transport by fluid flow occurs ubiquitously on Earth, and is observed through-

out our solar system. Whether driven by wind or water, patterns of sediment transport

arise in nearly all environments. Wind-driven, or ‘aeolian’, transport takes place on beaches

and deserts on Earth, and reshapes arid planets such as Mars (e.g., Duran Vinent et al.,

2019; Lapotre et al., 2016). And on Earth, the transport of sediments by flowing water is

among the largest contributors of mass transport on the planet (Haff, 2010). Depositional

patterns emerge as an interesting consequence of the sediment transport process, regardless

of the fluid. Sand ripples and dunes are some of the most common and familiar sediment

deposition patterns. Long-crested, centimeter-scale wind ripples form as extensive ripple

fields found on beaches or the flanks of sand dunes, as well as on other planets (Durán

et al., 2014; Duran Vinent et al., 2019). Salt marshes represent another common sys-

tem formed through patterns of sediment deposition. These expansive, vegetation-covered

landscapes occupy coastlines around the world and emerge through coupled interactions

between vegetation, fluid flow, and sediment transport (Fagherazzi et al., 2020).

These examples of geomorphological patterns emerge, at least in part, through the pro-

cesses of sediment transport. Unsurprisingly, many complex patterns can emerge from the

wide range of coupled nonlinear interactions that define the sediment transport process

(Coco & Murray, 2007; Murray et al., 2009). Sediment transport dynamics represent a

hallmark complex and adaptive system (B. T. Werner, 1999). The combination of tur-

bulent fluid flow coupled to the transport of mass ensembles of grains provides nonlinear

grain-flow and grain-grain feedbacks that traverse a wide range of length and time scales.

The coupled nonlinear interactions across scales make these systems challenging to under-

stand. Modeling transport systems and depositional patterns often requires parameterizing

the results of small-scale interactions to describe pattern scale dynamics (Murray, 2007). In

cases where well-tested large-scale parameterizations are lacking, researchers have often had

to resort to guessing about the form of large-scale interactions. In this dissertation I take a

more holistic approach by analyzing the coupled nonlinear dynamics of sediment transport
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across a range of length and time scales. By starting with detailed examinations of small-

scale nonlinear dynamics, I then derive how the influences of those dynamics propagate up

through the scales to give rise to larger-scale interactions. With the firm foundation this

approach provides, I focus on deriving system scale understanding by modeling the emer-

gent transport and depositional patterns that result from large-scale interactions. In the

following chapters I focus on wind ripple patterns (Chapters 1 and 2) and large-scale sedi-

ment deposition patterns on salt marshes (Chapters 3). Although this dissertation focuses

on two specific emergent systems, ripples and marshes, the framework and methodology

used to describe these systems contributes to the theoretical understanding of emergent

granular transport systems in general.

Wind ripples present remarkably common and well-organized patterns. These bedforms

look quite similar to ripples that form underwater but are in fact dynamically distinct.

While water ripples (and dunes) form through feedbacks between fluid dynamic forcing

and transport, wind ripples emerge from the self-organized collective interactions within

the aeolian transport process itself (Duran Vinent et al., 2019). Collective erosion and

deposition occurs as grains impact the bed and eject other grains, ultimately giving rise

to wind ripples (Durán et al., 2014). For this reason wind ripples are often referred to as

‘impact’ ripples.

Wind, or impact, ripples have an interesting history in complex systems science. Much

work has focused on explaining their emergent wavelengths and propagation speeds (e.g.,

Anderson, 1987). Other work has addressed the long-time dynamics of ripple fields (e.g., B.

Werner and Kocurek, 1999). And as with most complex systems, models to explain ripple

emergence attempt to parameterize the granular chaos of small-scale sediment transport

into emergent, large-scale, and highly simplified variables. As I will show in Chapter 1,

the idealized approaches that models have used in the past are based on assumptions of

sediment transport that are fundamentally incorrect. Thus, the problem of how impact

ripples form remained unresolved.

In Chapter 1, I tackle this problem by deriving a comprehensive framework for impact

2



ripple emergence that is in�uenced and supported by a grain-scale discrete element model

(DEM) of aeolian transport and ripple formation. My method for deriving this framework

focuses on bridging the gaps between grain-scale sediment transport and ripple emergence.

Sediment transport is highly complex, and the DEM provides an abundance of valuable

information and data to derive understanding of the system at all scales up to ripples. In

my novel approach, I use the detailed understanding of the small- and fast-scale information

in the DEM to derive a comprehensive, yet still tractable model that describes the emergent

system, impact ripples. That is, rather than guessing at the relevant large-scale mechanisms

(a common and often necessary complex systems approach; Murray, 2007), the relevant

large-scale mechanisms emerge naturally by self-consistently building a modeling framework

from grain- to transport-scale dynamics. This chapter o�ers a new understanding of how

impact ripples emerge, and it puts forward a testable prediction of a yet-to-be-observed

ripple behavior (ripples moving upwind in some conditions).

Chapter 2 focuses on mapping the planetary parameter space of impact ripples using

DEM and observational data. The analytical modeling in Chapter 1 motivates Chapter 2,

which tests the predictions in Chapter 1, while also addressing the complexity revealed by

numerous ripple observations. The goal of Chapter 2 is to clarify how impact ripples behave

across the universe by linking the dynamical scaling mechanisms of their formation derived

in Chapter 1 to global transport parameters such as atmospheric density, grain size, and

wind speed.

Chapter 3 changes transport regime to focus on sediment deposition on salt marshes.

These systems form through the deposition of inorganic mineral sediments in water and

organic matter from the burial of marsh vegetation roots. Many marsh models impose

the intuitive assumption that vegetation strongly in�uences depositional patterns across a

marsh platform (Fagherazzi et al., 2020). This often leads to over complicated models that

take into account many parameterized interactions between �ow and sediment transport

in vegetated marsh canopies. In Chapter 3 I analyze the well-studied small-scale dynamics

of turbulent �ow in vegetation to derive the dynamics of large-scale sediment deposition

3



patterns on marsh platforms. I show that even though the small-scale sediment transport

dynamics depend explicitly on vegetation-�ow interactions, the large, emergent-scale sed-

iment transport patterns behave as if the vegetation were not even present. This result

emerges naturally when considering the dynamics across all relevant scales. This result

opens up new possibilities for elegant, simple, and theoretically well-founded modeling ap-

proaches to address marsh dynamics.

In summary, I combine in this dissertation the tools of complex systems and mechan-

ics to formally describe the dynamics of sediment transport across scales. I couple these

techniques with observational and experimental information to synthesize holistic models

of relatively large-scale deposition patterns. By considering the coupled nonlinear sub-

pattern-scale granular and �uid dynamics, these modeling frameworks reveal the dynamics

of large-scale depositional patterns. Applied here to wind ripples and salt marshes, the

multi-scale approach provides a general framework that can be applied to other systems.

4



1. Emergence of Wind Ripples Controlled by Mechanics
of Grain-Bed Impacts

This chapter represents work that was �rst published in Nature Geoscience, 2025, by

Springer Nature (Lester et al., 2025; https://doi.org/10.1038/s41561-025-01672-w). This

chapter was reproduced with permission from Springer Nature. Collaborators of this re-

search are Conner W. Lester (corresponding author), A. Brad Murray, Orencio Duran,

Bruno Andreotti and Philippe Claudin. The author contributions are as follows: C.W.L.

conducted numerical simulations, derived analytical model, interpreted results, and gener-

ated plots; A.B.M. contributed to model development and interpretations of results; O.D.,

B.A. and P.C. developed the DEM and contributed to analytical modeling. All authors

contributed to writing.

1.1 Introduction

Many approximately periodic sedimentary patterns result from the interaction between

bedform and �ow, via the modulation of sediment transport (Charru et al., 2013; Duran

Vinent et al., 2019). There is already a long scienti�c history of relating bedforms observed

in di�erent environments to physical parameters such as �uid density, viscosity and velocity,

and grain density and size (Bagnold, 2012; Charru et al., 2013; Duran Vinent et al., 2019;

Lapotre et al., 2016). The search for analogs between di�erent planets involves correctly

identifying the dynamical mechanisms. For example, the meter-scale bedforms on Mars

(Fig. 1.1b) are not the counterparts of centimeter-scale wind ripples on Earth (Fig. 1.1a),

but are more similar to ripples in water and sand dunes more broadly (Lapotre et al., 2016).

Dunes, water ripples, and meter-scale Martian bedforms arise because �uid forces on the

bed (the bed shear stress), and therefore sediment �uxes, vary across a bedform (Duran

Vinent et al., 2019). In contrast, wind ripples, or `impact ripples', form under conditions in

which grains at the bed surface are set in motion by impacts of other grains in transport,

and variations in sediment �ux across a ripple arise from variations in grain trajectories

(Fig. 1.1d). On both Earth and Mars, impact ripples are centimeter scale (Fig. 1.1a,b).
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However, experimental results suggest that under some conditions wind modulation in

response to bed undulations can lead to the coevolution of impactand hydrodynamic

ripples of similar scale (Yizhaq et al., 2024). To disentangle these e�ects we choose to

analyze impact-ripple formation in the absence of wind modulations.

The current understanding of impact ripples often attributes their size (wavelength) to

the characteristic hoplength of sand grains in transport (Anderson, 1987; Bagnold, 2012;

Csahók et al., 2000; Durán et al., 2014; Nishimori & Ouchi, 1993; Prigozhin, 1999), thought

to be the only relevant length scale. However, this explanation implies that impact rip-

ple wavelengths should tend to be larger on planets where lower density atmospheres lead

to larger hoplengths, such as Mars, and smaller for thicker atmospheres with smaller ho-

plengths, such as Venus�in contrast with observations (Andreotti et al., 2006, 2021; Greeley

et al., 1984; Lapotre et al., 2016; Miller et al., 1987). We investigate ripple emergence using

a discrete element model (DEM) with a two-way coupling between grains and hydrodynam-

ics (Durán et al., 2012), able to reproduce observed transport characteristics and impact

ripples over a wide range of atmospheric environments (Durán et al., 2014; Pähtz & Durán,

2020, 2023; Yizhaq et al., 2024). Simulations show that the hoplength distribution is essen-

tially scale-free over nearly the entire range of hoplengths̀ (Fig. 1.1e) (Durán et al., 2014).

This implies that no characteristic hoplength scale relevant for ripple wavelength selection

exists (Anderson, 1987), and that our understanding of ripple formation and aeolian sedi-

ment transport is �awed. In this paper we explore the consequences of the scale-free nature

of sediment transport and propose a new dynamic length scale resulting from grain-bed

impacts that determines impact ripple wavelengths across planetary environments.

1.2 Criticality Driven Surface Instability

Numerical simulations (Durán et al., 2014; Lämmel & Kroy, 2017) as well as wind tun-

nel experiments (Ho et al., 2014; Rasmussen et al., 2015) show that grain trajectories vary

continuously between the limits of very long, high-energy trajectories and more numerous

very short hops, in contrast with the standard conceptual model of wind-driven transport
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