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Abstract 

This dissertation explores different components commonly associated with layered 

landscapes, using the Flint Hills in northeast Kansas as a natural laboratory and inspiration. The 

geology of the Flint Hills results in a distinctive stair-step hillslope profile covered in large rock 

fragments and boulders that armor the slopes. The research presented in the dissertation focuses 

on three components of layered landscapes: boulder armor transport, boulder armor production, 

and the influence of stratigraphy on landscape evolution. The investigation employs a 

combination of thorough fieldwork, geochronologic techniques, and computer modeling to gain 

deeper insights into these areas. 

In Chapter 2, I find that boulder armor in soil-mantled landscapes like the Flint Hills is 

primarily transported downslope through creep processes. The complex relationship between 

boulder size and distance downslope suggests that boulders undergo in-situ weathering via 

fragmentation. Chapter 3 extends the timeline, finding that boulder armor and bedrock bench 

surfaces date back to the Late Pleistocene during the Last Glacial Maximum. This study suggests 

that block production and transport were most active during this glacial period, with subsequent 

warming leading to a slowdown in the system. The boulder armor on the hillslopes is considered 

relict features representing a time of increased activity. Chapter 4 involves modeling layered 

landscapes, providing insights into their long-term dynamics. The results suggest that the 

efficiency of boulder armor is related to the spacing between layers and the transport efficiency 

of the boulders. While layered landscapes attempt to establish a dynamic steady state, boulder 

armor and stratigraphic architecture may prevent them from achieving such a state for extended 

periods of geologic time. 

 



  

When the findings of these chapters are considered together, it is suggested that boulder armor 

production may be an intrinsic part of layered landscapes influenced by glacial climates. In 

locations where moisture conditions are suitable, creep processes spread the boulders out and 

down the slopes to form discrete boulder armor, rather than a blanket of colluvium like a boulder 

field. Future research can further explore the timing of bench and boulder production across all 

the bedrock benches on the hillslope to test whether boulder production is a bottom-up base-level 

process or a top-down climate-driven process. The Flint Hills, along with layered landscapes in 

general, offer valuable opportunities for advancing our understanding of geomorphology.  
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Abstract 

This dissertation explores different components commonly associated with layered 

landscapes, using the Flint Hills in northeast Kansas as a natural laboratory and inspiration. The 

geology of the Flint Hills results in a distinctive stair-step hillslope profile covered in large rock 

fragments and boulders that armor the slopes. The research presented in the dissertation focuses 

on three components of layered landscapes: boulder armor transport, boulder armor production, 

and the influence of stratigraphy on landscape evolution. The investigation employs a 

combination of thorough fieldwork, geochronologic techniques, and computer modeling to gain 

deeper insights into these areas. 

In Chapter 2, I find that boulder armor in soil-mantled landscapes like the Flint Hills is 

primarily transported downslope through creep processes. Complex relationships between 

boulder size and distance downslope suggests that boulders undergo in-situ weathering via 

fragmentation. Chapter 3 extends the timeline, finding that boulder armor and bedrock bench 

surfaces date back to the Late Pleistocene during the Last Glacial Maximum. The study suggests 

that block production and transport were most active during this glacial period, with subsequent 

warming leading to a slowdown in the system. The boulder armor on the hillslopes is considered 

relict features representing a time of increased activity. Chapter 4 involves modeling layered 

landscapes, providing insights into their long-term dynamics. The results suggest that the 

efficiency of boulder armor is related to the spacing between layers and the transport efficiency 

of the boulders. While layered landscapes attempt to establish a dynamic steady state, boulder 

armor and stratigraphic architecture may prevent them from achieving such a state for extended 

periods of geologic time. 

 



  

When the findings of these chapters are considered together, it is suggested that boulder 

armor production may be an intrinsic part of layered landscapes influenced by glacial climates. 

In locations where moisture conditions are suitable, creep processes spread the boulders out and 

down the slopes to form discrete boulder armor, rather than a blanket of colluvium like a boulder 

field. Future research can further explore the timing of bench and boulder production across all 

the bedrock benches on the hillslope to test whether boulder production is a bottom-up base-level 

process or a top-down climate-driven process. The Flint Hills, along with layered landscapes in 

general, offer valuable opportunities for advancing our understanding of geomorphology. 
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Chapter 1 – Introduction 

1.1 Motivations for dissertation research 

 The ultimate driver of landscape evolution across the globe is downward erosion, 

which occurs primarily through the river and stream channels. The rate at which a river erodes 

the landscape determines the rate of change in the surrounding area. However, much of the 

landscape consists of hillslopes, where weathering processes break down and alter rocks into 

soil, which is then transported down-gradient. This production and transport of soil is controlled 

by a multitude of factors including lithology, climate, biology, tectonics, vegetation, and 

hydrology, all of which can vary on both regional and local scales. The natural heterogeneity of 

landscapes on both local and regional scales of soil production and transport results in a myriad 

of forms that occur across the Earth’s surface. Understanding how factors like lithology and 

climate influence hillslope evolution is important due to their direct control over the 

development of the hillslope portions of landscapes. 

Through investigation and experimentation, the geomorphic community has developed a 

robust understanding of hillslope behavior and processes. From this understanding of how this 

natural system works, the geomorphic community has developed mathematical relationships that 

are numerical distillations of those geomorphic processes and mechanisms that we can observe 

shaping the landscapes found across the globe. These mathematical relationships describe the 

transport of mass across the Earth’s surface and so are called transport laws. For hillslope 

evolution, we use the hillslope diffusion transport law. Hillslope diffusion is the process by 

which individual particles that make up the surface of the hillslope move imperceptibly slowly in 

the downslope direction (Dietrich et al., 1987; Roering et al., 1999). Hillslope diffusion is a 

random process for each particle, which can be moved downslope by various processes like 
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bioturbation, cyclic wetting and drying, freeze-thaw cycles, rainsplash, and tree throw (Carson 

and Kirkby, 1972; Black and Montgomery, 1991; Heimsath et al., 1997). In bulk, the movement 

of these particles results in significant amounts of mass being moved down and off the hillslopes 

over geomorphic times. 

However, due to the complicated interplay of these factors (i.e., climate, vegetation, 

lithology, etc…) in natural settings, it can be difficult to disentangle and understand their 

individual effects on hillslope diffusion and evolution in the context. To simplify this complexity 

within hillslope diffusion, we combine these factors into a single term used in mathematical 

equations that describes the rate at diffusion occurs, diffusivity (D). Fortunately, landscape 

evolution modeling using the geomorphic transport laws allows the geomorphic community to 

examine how each factor independently contributes to the hillslope system is a hypothetical 

landscape. A virtual landscape that mimics the form and behavior that is observed based on these 

transport laws, has been a crucial tool in disentangling how different factors and geomorphic 

processes influence the development of induvial hillslopes as well as entire landscapes. 

 The geomorphic community has been dedicated to gaining a better understanding of how 

individual factors such as biology, lithology, climate, and hydrology affect the morphology, 

developmental history, and geomorphometric properties of hillslopes. The underlying lithology 

is particularly important to landscape evolution because the physical and chemical properties of 

rock are fundamental to the long-term behavior of landscape change and development. In this 

dissertation, I will examine how factors related to lithology exert control over hillslope 

evolution. 
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1.2 Hillslope types and evolution 

Hillslopes can be defined as any land not submerged in water or occupied by a stream 

(Grieve et al., 2016). Although hillslopes may vary in terms of their underlying geological, 

climatic, and biological factors, hillslopes can be grouped into two broad-end member types: 

soil-mantled and rocky soil-poor hillslopes (Neely et al., 2019; Shobe et al., 2021). These two 

end members reflect the competition between soil production, transport, and slope stability 

thresholds (Dietrich et al., 2003; Neely et al., 2019).  

On both types of hillslopes, transport of soil and regolith from the top to the bottom still 

occurs, but the processes by which that is achieved are different. Transported material can 

accumulate at the hillslope's base, eventually burying the flanks of the hillslope (Ward et al., 

2011). Hillslopes are nearly always bounded by a stream near the foot of the hillslopes (Gilbert 

1909; Schumm, 1977). Material from the hillslope is transported via hillslope processes to a 

nearby stream channel where the regolith is carried away by the fluvial system from that portion 

of the landscape (Gilbert and Murphy, 1914; Schumm, 1977; Harvey, 2002; Shobe et al., 2021). 

Therefore, hillslopes function as conveyor belts that move material from different portions of the 

hillslope into local streams. Hillslopes do not naturally exist in isolation; they connect to their 

corresponding channels at their bases. Different sets of processes govern these end-member 

types of hillslopes and produce the hillslopes we observe today. For the purposes of this study, I 

will focus on fully developed soil-mantled hillslopes. A review of the distinct end member types 

of hillslopes is provided below to provide the larger context for the hillslopes that are the focus 

of this dissertation.  Due to my focus on soil-mantled hillslope more detail has been provided for 

this type of hillslope in the below review.  



4 

1.2.1 Soil-mantled hillslopes 

Soil-mantled hillslopes are smooth, rounded features typically found in regions where the 

hillslope has had significant amounts of time to become adjust to the tectonic, hydrologic, and 

climatic factors that ultimately control rock weathering and soil erosion (Gilbert, 1909; Carson 

and Kirkby, 1972; Johnstone and Hilley, 2014). Hillslopes that achieve this balance between 

bedrock weathering, soil production, and erosion rates are described as being in “steady state” or 

“equilibrium” (Heimsath et al., 1997; Roering, 2008). Soil-mantled hillslopes are a well-known 

feature in geomorphology, first studied by the father of American geomorphology, G.K. Gilbert 

(1909). These hillslopes are smooth, rounded, convex features that occur across a range of 

landscapes (Gilbert, 1909; Heimsath et al., 1997; Roering, 2008). The ubiquitous nature of these 

types of hillslopes would suggest that many portions of the Earth’s surface have achieved 

equilibrium currently or at some time in the past. 

 A layer of physically and chemically weathered bedrock that varies in thickness based on 

local conditions such as climate and lithology, blankets these hillslopes (Mudd and Furbish, 

2004; Johnstone and Hilley, 2014; Langston et al., 2015). This layer of material is the portion of 

the hillslope that undergoes transport through small-scale, local, processes. Due to the 

dominance of small-scale processes such as rain splash, bioturbation, shrinking and swelling of 

soil, the geomorphic community classifies these hillslopes as “diffusive” (Heimsath et al., 1997; 

Roering et al., 1999; Roering, 2008). Despite the small scale of these processes, they result in the 

continuous creep of material in the downhill direction, creating mass movement that can be 

measured by researchers over human timescales (Brooks et al., 2002; Heimsath et al., 2005). 

The rate at which mass movement occurs via processes like creep is a function of the 

gradient of the hillslope (Gilbert 1909) The gradient of soil-mantled hillslopes increases 



5 

monotonically with distance from the apex, resulting in a mature convex upward form (Gilbert, 

1909; Heimsath et al., 1997; Roering, 2008). Gilbert (1909) proposed that the average velocity of 

creep for soil-mantled hillslopes must increase downslope because soil-mantled hillslopes have a 

uniform thickness of regolith. To maximize the effect of gravity on the rate of creep, the hillslope 

must increase its gradient to accommodate the compounding amount of material coming in from 

above at any given point. This relationship between the local slope and the rate of transport 

results in the convex upward form that is strongly associated to the concept of the soil-mantled 

hillslope. The form of these hillslopes remains stable through time once established and indicates 

that the hillslope has reached equilibrium between the weathering of bedrock, production of soil, 

and the downslope transport of material (Montgomery, 2001; Roering et al., 2001). A convex 

upward hillslope can function as a visual indicator to geomorphologists that a hillslope as well as 

the overall landscape has experienced similar conditions for significant amounts of geomorphic 

time (Montgomery, 2001).  

The convex upward soil-mantled hillslope is a ubiquitous feature across many landscapes 

across the world, as such the geomorphic community has studied them since the earliest days of 

modern geomorphology (i.e Gilbert 1909). Over a century of study, the geomorphic community 

has distilled the concepts and observations into mathematical relationships that allow for 

simulations of these features through time (Culling, 1960; Dietrich et al., 2003; Tucker and 

Handcock, 2010; Temme et al., 2013). The development of the hillslope diffusion transport laws 

has allowed for the exploration of induvial factors that may control the geomorphology of 

individual hillslopes but the larger overall landscape as well.   
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1.2.2 Soil-poor hillslopes 

On the other hand, rocky, soil-poor hillslopes are steeper, more jagged, and linear in the 

downslope direction. These soil-poor hillslope are commonly found in areas with high relief, 

such as mountains or canyons, which have experienced recent base level or tectonic changes 

(Cason and Kirkby, 1972; Schmidt and Montgomery, 1995; Dietrich et al., 2003; Neely et al., 

2019). In these cases, hillslope erosion rates locally have exceeded rates of soil production, 

resulting in removal of the soil mantle and exposure of bare bedrock (Neely et al., 2019). 

Momentum and gravity are the primary drivers of the transport of material across and down 

these hillslopes (Caviezel et al., 2021). Materials that are liberated from their origin can move 

quite far downslope, sometimes all the way to the bottom of the hillslope due to the considerable 

amounts of potential energy available in these settings (DiBiase et al., 2017; Caviezel et al., 

2021). This type of transport is known as non-local, as particles move far from their “local” 

starting point. Examples of non-local transport on these steep hillslopes include rock falls, 

avalanches, and landslides. These movement events are temporally discontinuous but can 

achieve significant amounts of movement for each individual particle. Factors, such as the 

surface roughness of the hillslope, the angle of the hillslope, and the size and shape of the 

particles govern the downslope transport distance (DiBiase et al., 2017). For instance, if the steep 

hillslope is a talus cone, the surface would be composed of pockets or crevasses that could catch 

and instantaneously stop particles that are smaller than the roughness feature (DiBiase et al., 

2017). Due to the more dynamic and temporally discontinuous nature of transport on soil-poor 

hillslopes, mathematical laws have not yet been specifically developed for these types of 

hillslopes. However, modifications of the soil-mantled hillslope law have been developed by 

Roering et al. (1999) to cover cases where non-local transport occurs.  
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1.2.3 Patchy-cover hillslopes 

Recently, intermediate conditions in steep landscapes with partial rock and partial soil 

cover have garnered greater attention in geomorphic observations and investigations. In these 

steep environments, significant portions of the hillslopes are covered in soil, whereas others are 

bare rock. These locations bridge the gap between the two endmembers of hillslopes. Neely et al. 

(2019) suggests that patchy soil cover is due to local differences in bedrock properties (i.e., 

fracture densities) that allow for the heterogeneous production and accumulation of regolith and 

soil that is magnified by vegetation that stabilizes each soil patch. These settings show that soil-

mantled hillslopes can develop in locations that the geomorphic community would otherwise 

predict would be bare rock slopes. 

1.3 Bedrock controls on landscape form 

The end-member types of hillslopes presented above can occur across different climatic 

and lithological settings. Indeed, different landforms of interest, like hogbacks, cliffs, and 

escarpments could fall under one or both endmembers present above depending on the 

underlying conditions of a given landscape. This dissertation will focus on the latter, the effects 

of the underlying lithology on soil-mantled hillslope development and evolution. The 

characteristics of the underlying lithology are one of the fundamental controls on landscape 

evolution (Stock and Montgomery, 1999; Sklar and Dietrich, 2001; Forte et al., 2016). Typically, 

the relative hardness or erodibility of the rock in a particular landscape determines its nature. For 

instance, very resistant rocks, such as quartzites, can produce landscapes with large reliefs, while 

very erodible rocks, like shale, produce low-relief landscapes (Stock and Montgomery, 1999; 

Sklar and Dietrich, 2001). A review of the types of landforms that develop due to differences in 

lithologic properties can be found bellow. This phenomenon of lithological controlled landforms 
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is key for understanding the study location as well as the staircase hillslopes that this dissertation 

focuses on. 

1.3.4 Simple cliffs 

The simplest example of how differences in rock erodibility result in a landform is the 

formation of a vertical cliff face. Less erodible rock acts as a cap that preserves the topography 

and protects the softer lithology underneath from further erosion. A significant amount work 

understanding the formation and evolution of large cliffs - also known as escarpments - in arid 

settings, such as those on the Colorado Plateau has already been performed (Koons, 1955; 

Schmidt, 1996; Shumm and Chorely, 1996; Ward et al., 2011). Generally composed of one hard 

rock unit that overlies a much softer lithology, these large escarpments can reach hundreds of 

meters in height and produce significant amounts of rock debris that mantle the slopes directly 

below the cliff. The lithology of the rock itself can also exert a direct control over the form of a 

landscape. For example, carbonates dissolve quickly in climates where water is plentiful and are 

unable to hold up relief, whereas in arid climates, carbonates often form the rock units that 

produce ridges and high points in a landscape (Wahrhaftig, 1965; Bernard et al., 2019). On a 

regional scale, differences in erodibility and layer spacing for tilted rocks can result in cuesta 

landscapes, whereas for horizontal strata, the lateral extent of a resistant rock layer can control 

the size and distribution of features such as plateaus and mesas (Migόn and Duszyński, 2022; 

Duszyński et al., 2019; Ward, 2019; Glade et al., 2019; Forte et al., 2016; Ward et al., 2011). The 

term “heterolithic” is used here in this dissertation to describe the property of a sequence of 

lithologic units that have regular alteration between relative hard and soft lithologies. In most 

landscapes, simple large cliffs are not common. Instead, globally, heterolithic rock units typically 
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form multiple smaller cliffs or breaks in slope stacked on top of each other (Duszyński et al., 

2019; Duszyński and Migόn, 2022). 

1.3.5 Staircase and cuesta landscapes 

Staircase landscapes, have a distinctive stair-step pattern resulting from quasi-horizontal 

rocks made up of repeating layers of varying erodibility (Frye, 1955; Yanites et al., 2017; Vero 

et al., 2018; Duszyński and Migόn, 2022). The thickness, configuration, and relative hardness of 

these layers can differ from location-to-location due to past sea level, accommodation space, and 

paleogeography (Cecil, 1990; Schalger, 1993; Cecil and Edgar, 2003). The softer lithologies 

form the slopes, while the harder layers create the benches or slope breaks and when conditions 

are right are expressed as small vertical cliff faces (Frye, 1955; Vero et al., 2018). When viewed 

in cross-section, the larger overall hillslope may display a complex morphology of sub-slopes 

delineated by the position of harder lithologies vertically in the hillslope (Frye, 1955; Vero et al., 

2018). When the resistant layers begin to dip more steeply, resistant layers form a series of 

inclined scarps known as cuestas (Ahnert 1960). The sequence of cuesta scarps will be 

distributed laterally across the landscape, outcropping wherever the dipping resistant unit 

intersects the surface. These cuesta scarps are also known as “hogbacks” due to their distinctive 

shape (Glade et al., 2017). 

Despite these observations, questions regarding the formation, evolution, and processes 

governing staircase landscapes remain unanswered. We lack a well-defined understanding of 

how the arrangement of hard and soft layers and their relative thickness have on the long-term 

development of the hillslope. Recent focusing on the large escarpments of the American 

Southwest has established that the resistant layers that form benches, hogbacks, and cliffs can 

play an active rather than a passive role in landscape evolution (Glade et al., 2017; Glade et al., 
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2019; McCarroll et al., 2021; Shobe et al., 2021). In places where likelihood for resistant layers 

to disaggregate as boulders or debris is high, these pieces of hard rock can blanket and protect 

the hillslope. In effect an “armor” layer is formed that protects the softer underlying rock from 

weathering or transport. It is unclear how this armor interacts with heterolithic landscapes, 

however what is clear that the presence of hillslope armor is an import factor when considering 

the evolution of hillslopes. 

1.4 Hillslope boulder armor 

Early research on the evolution of landscape features such as cliffs, valley walls, 

hogbacks, and cuestas assumed that these features were passive actors in landscape evolution 

(Koons, 1955; Yeend, 1973; Abrahams et al., 1984). While these features can respond to climatic 

and tectonic signals, they were believed to have little influence on changes in the surrounding 

landscape. However, recent work suggests that these features are active participants in landscape 

development (Glade et al., 2017; Duszyński et al., 2019; Glade et al., 2019). Cliffs and valley 

walls, for example, can deposit large rock boulders onto hillslopes, modulating the timing and 

rate of erosional signals propagating through a landscape. This process results in the production 

of hillslope boulder armor, which can modulate and complicate the ongoing landscape change in 

areas below where these cliffs, benches, and hogbacks occur (Glade et al., 2017; Glade et al., 

2019; Shobe et al., 2021). Boulder armor, or more generally hillslope armor, is a layer of large 

fragments of resistant rock that cover the portions of the hillslope composed of weaker rock. The 

armor protects the hillslope from weathering and erosion slowing down the rate of hillslope 

change. 

Thus, the production of hillslope armor from an active cliff face makes it an active 

participant in landscape evolution, in contrast to the assumptions of earlier researchers. This 
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dissertation will focus on various aspects of boulder armor within a soil-mantled hillslope setting 

across the three research chapters.  Due to the importance of hillslope boulder armor in hillslope 

evolution, the following sections examines what boulder armor is, how it influences the hillslope, 

how it is produced, and how it can be transported across and off hillslopes. In the context of the 

dissertation boulder armor is a central topic in all three research chapters, with each examining a 

different aspect of boulder armor in the context of field location, which is covered in a following 

section. 

1.4.6 What is a boulder? 

Recent studies have investigated the impact of boulder armor on hillslope processes and 

landscape evolution (Glade et al., 2017; Shobe et al., 2018; Glade et al., 2019; Chilton and 

Spotila, 2020; McCarroll and Temme, 2021; Shobe et al., 2021). Boulder armor refers to 

multiple large rock fragments and grains on the hillslope surface that collectively have an overall 

large-scale impact on the wider hillslope. Although technically a boulder is any sediment grain 

larger than 256mm (Wentworth, 1922), this definition is not useful in hillslope geomorphology, 

which requires a more specific definition. Shobe et al. (2021) defines boulders as grains large 

enough to restrict the motion of smaller, more mobile grains and trigger significant geomorphic 

change. Throughout this dissertation we adopt this definition when we determine what clasts on 

hillslopes should be classified as hillslope armor and “boulders”. 

1.4.7 Influence of boulder armor 

The role of boulders and coarse material in protecting slopes from erosion has been a 

long-standing concept in hillslope geomorphology. According to Bryan (1940) and Mills (1984), 

depressions in hillslopes such as gullies fill up with coarse colluvial material from a more 

resistant rock unit above, resulting in armoring of that location. The armor shields that part of the 
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hillslope from future erosion caused by runoff and diverts the focus of erosion to another nearby 

location. Over time, the armored part of the hillslope becomes a strained high point or hilltop 

(Bryan, 1940; Mills, 1984; Chilton and Spotila, 2020). This process of “Gully Gravure” 

demonstrates the ability of hillslope armor to drive topographic inversion over both geomorphic 

and geologic time scales. In later studies, this type of armoring by a colluvial package has 

become a fundamental theory in examining the evolution of large arid escarpments and 

associated landforms, including talus flatirons (Koons, 1955; Elorza and Martinez, 2001; Oh et 

al., 2020; McCarroll et al., 2021). However, more recent research has shifted its focus to 

individual large boulders and rock fragments scattered across a hillslope and their impact on 

slope protection against erosion. 

Boulders can affect regolith flux in various ways, such as trapping regolith on the upslope 

side and decreasing the rate at which underlying bedrock is converted into regolith, which 

reduces the removal of material from soil-mantled hillslopes and forces them to steepen (Granger 

et al., 2001; Chilton and Spotila, 2020; Glade et al., 2017; Glade and Anderson, 2018). In steep 

landscapes, boulders produce depressions and pockets that capture smaller grains, inhibiting dry 

ravel and increasing surface roughness, which decreases the effectiveness of erosion caused by 

overland flow (DiBiase et al., 2017; Bunte and Poesen, 1993). The influence of these boulders on 

hillslope evolution is an emergent effect of each individual boulder shielding slopes from erosion 

as well as catching material on their upside depending on their three-dimensional geometry. 

However, researchers must consider boulder movement and removal when understanding their 

temporal and spatial impacts on the landscape. Rates of boulder removal, residence times, and 

rates of downslope boulder movement remain unknown in landscape evolution models. Another 
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open question is what the efficiency of boulder armor is based on boulder properties and spatial 

distribution. 

1.4.8 Production of boulder armor 

Recent studies have shown that the production of hillslope armor is a result of lateral 

erosion of various land features such as cliffs, bluffs, hogbacks, and bedrock benches (Duszyński 

et al., 2019; Shobe et al., 2021). While significant amounts of research have been conducted on 

the large escarpments in arid regions such as the Colorado Plateau (Koons, 1955; Schmidt, 1996; 

Shumm and Chorely, 1996; Ward et al., 2011; McCarroll et al., 2021), these towering cliffs are 

not typical of most cliffs and hillslopes around the world. Cliffs and escarpments ranging in size 

up to several meters are more prevalent (Duszyński et al., 2019). In scenarios where thin caprock 

is present, block-by-block weathering, release, retreat, and subsequent block (boulder) transport 

are crucial factors governing hillslope evolution with intra-slope cliffs (Koons, 1955; Yeend, 

1973; Abrahams et al., 1984). The removal of material beneath the caprock results in slumping 

and detachment of a portion of the escarpment face as a discrete block that may begin to move 

downslope (Yeend, 1973). This process is usually gradual and slow, resulting from a 

combination of dissolution and frost wedging, as opposed to the catastrophic rock avalanches of 

larger escarpments (Yeend, 1973; Koons, 1955; Ward, 2011). Cliffs and escarpments of varying 

sizes, including modest bedrock benches, produce boulder armor that can significantly impact 

hillslope evolution. 

1.4.9 Hillslope transport of boulders 

Large rocks or boulders deposited on hillslopes can influence the movement of regolith 

and shield the underlying rock from weathering. Recent research has shown that boulders on 

hillslopes beneath a tough rock unit, typically in the form of a cliff, can significantly affect and 
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govern the evolution of landforms over time (Duszyński and Migoń, 2015; Glade et al., 2017; 

Glade and Anderson, 2018; Shobe et al., 2021). However, this review pertains to boulders in 

soil-mantled hillslopes due to the focus of this dissertation on such hillslopes and field location 

chosen for this research, the Flint Hills of Kansas, United States. In a soil-mantled landscape 

boulders and course rock fragments cannot be removed through higher-energy transport 

processes such as landsliding or tumbling (Caviezel et al., 2021). Even in a soil-covered setting, 

boulders must still be removed from the hillslope and the wider landscape through processes 

like, rock fall, landslide rafting, or sheet wash lubricated sliding (Schumm, 1967; Duszyński and 

Migόn, 2015; Glade et al., 2017). 

The processes that drive the downslope transport of hillslope armor are influenced by 

several factors including the properties of the boulder itself. Recent research shows that block 

size is a key control on momentum-based downhill transport and erosional processes. DiBiase et 

al. (2017) found that when clast size is smaller than the microtopography of the hillslope, the 

probability of clast interception and storage on the hillslope is high. In contrast, Caviezel et al. 

(2021) showed that in steep landscapes dominated by momentum-based transport, block shape 

controls the movement trajectory. However, there is no detailed examination of the relationships 

between size, shape, and movement of boulders in lower-gradient, soil-mantled hillslopes where 

there is no momentum-based transport. Insights from previous studies on the geomorphic 

processes and mechanisms that drive the movement of rock fragments or boulders can be useful 

when interpreting the findings of this dissertation. In the following paragraphs I present a review 

of previous research establishing mechanisms by which transport of boulders and rock fragments 

can be achieved. 
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Early studies of rock fragment movement focused on bare rock slopes in arid and alpine 

environments. Schumm (1976) found that thin, tile-shaped rock fragments are highly mobile on 

arid shale slopes of the Colorado Plateau. He proposed that rock fragments move by sliding, 

caused by sheet, wash and rafting on creeping regolith. Perez (1985) observed that talus of 

varying size and shape on alpine slopes in the Andes move through a combination of creep 

driven by temperature fluctuations and needle-ice action. In another arid landscape, Turkey, 

Govers and Poesen (1996) demonstrated that downhill clast movement on debris-covered slopes 

can be caused by dislodging by animals and subsequent rolling. In a different context, Grab et al. 

(2008) identified frost jacking and gelifluction as the primary drivers of boulder movement on 

slopes in the mountains of New Zealand. Although these studies are limited to specific 

environments, they provide valuable insights into the various mechanisms driving rock fragment 

movement in different conditions. 

Recent research by Duszyński and Migόn (2015), Glade et al. (2017), and DiBiase et al. 

(2017) has highlighted the significance of clast size in understanding the transport of discrete 

cobble and larger clasts on hillslopes. These studies build upon earlier research, dating back to 

the 1970s, that examined the transport of rock fragments on hillslopes. For example, Schumm 

(1976), Perez (1985), Govers and Poesen (1996), Grab et al. (2008), and Shobe et al. (2020) all 

explored this topic. Glade et al. (2017) observed that cubic boulders on hillslopes collect soil 

behind their upslope face and move in response to significant amounts of hillslope undermining. 

They also found that the size of blocks produced by hard sedimentary layers decreases 

systematically in the downslope direction due to weathering. Based on these observations, Glade 

et al. suggested that sub-meter and meter-sized rock cubic boulders resist the downslope 
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movement of the soil mantle, resulting in an intermittent process of block movement triggered by 

hillslope undermining. 

 Duszyński and Migόn (2015) found that large boulders (~103 m3) in eastern Germany 

and western Poland do not move once deposited on a slope below or next to a cliff face, 

suggesting that they resist the downslope movement of soil and regolith. Later, Duszyński et al. 

(2017) proposed that these large blocks can only be carried downslope passively on mass 

movements such as shallow rotational landslides. This process may explain the unexpected 

position of massive blocks dozens of meters in length more than 100 m from the cliff face, as 

observed by Duszyński and Migόn (2015). An alternative process would be the retreat of the 

scarp itself laterally away from the exceptionally large boulder through physical weathering of 

the caprock into sand grains that are washed away (Migόn et al., 2020). 

When transport is not achievable passive removal would be to weather the boulders away 

in place. By weathering the armor chemically (Darmody et al., 2005) or physically (Epps et al., 

2010; McGrath et al., 2013; Eppes et al., 2020) the rock fragments become small enough to 

become part of the mobile regolith and can then be transported away. The transport of newly 

created fragments is also dependent on lithology, physical properties, and climate conditions 

(Wells et al., 2008; Roman-Sanchez et al., 2019) 

The investigations presented above demonstrate that the most common mechanisms for 

moving sub-meter to meter-sized boulders and rock fragments downslope are creep, sheet wash-

induced sliding, and discrete tumbling. However, for boulders ~103 m3 in size, they may only be 

transported through landslide rafting. While size is a crucial factor in understanding the transport 

of boulders, it may not be the only control on the processes regulating boulder armor movement 

in a soil-mantled setting. Apart from Schumm (1967), who explicitly described the shape of rock 
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fragments studied, other studies assume that boulders are cubic in shape. However, based on 

geometric principles, the shape of the boulders should also influence the mechanisms and rates 

of downslope block movement. Therefore, there is an opportunity to examine the role of boulder 

shape in these processes. 

1.5 The dissertation 

There is still much that the geomorphic community does not understand about 

heterolithic landscapes. While there has been groundbreaking work on the fluvial side of these 

landscapes, little research has been focused on the hillslopes, and connections between the 

distinct aspects of these landscapes have not been fully explored (see previous discussion). I will 

use the local heterlothic landscape of the Flint Hills, Kansas, as the model landscape in my 

investigations here in the dissertation. There are three areas that require further investigation. 

Firstly, the influence of the geometric properties of large grains and boulders on their downslope 

transport on less steep, soil-mantled hillslopes are not well understood. Secondly, there is a lack 

of chronology for the production and transport of course hillslope armor on hillslopes. I will 

perform this portion of my research focused on the limestone boulders and bench surfaces found 

in the Konza Prairie portion of the Flint Hills outside of Manhattan, KS. While chronology exists 

for the fine portion of hillslope material in the Flint Hills region, it is unknown if the course 

hillslope armor is currently being transported actively. Thirdly, while it is understood that the 

underlying rock properties have a direct effect on landscape morphology and evolution, little is 

known about how the arrangement of these layers affects the larger landscape. The behavior of 

hillslopes has been ignored until recently. Therefore, in this dissertation, I aim to answer the 

following research questions: 
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R1: How do the size and shape of large rock boulders on temperate soil-mantled 

hillslopes affect their downslope transport? 

R2: What is the timing and long-term rate of boulder armor production and transport on 

soil-mantled hillslopes in the Flint Hills? 

R3: What are the stratigraphic controls on hillslope development and evolution for 

heterolith landscapes? 

Each research question will be addressed individually in one of the chapters of my 

dissertation. Answering these research questions will expand our understanding of hillslope 

development overall and will especially contribute to the discussion on heterolith landscapes. 

Furthermore, this research will produce rarely quantified rates of boulder movement that can be 

used as an important input to future landscape evolution modeling studies. Finally, this research 

will increase our knowledge of a type of landscape that does not receive much attention from the 

geomorphic community. 

1.5.10 Dissertation structure 

 This dissertation will focus solely on the different aspects of hillslopes found in 

heterolithic landscapes. Each research chapter in this dissertation will focus on a different aspect 

of the heterolithic hillslope system and the armor that is on that hillslope. The model landscape 

for this research is Flint Hills, Kansas. The hillslopes due to the alternating relatively hard and 

soft rocks and the plentiful hillslope armor of various size and shapes make it perfect natural 

laboratory for my research. The dissertation is composed of three chapters, each one a separate 

research project, and a fourth, final chapter where the findings of this dissertation are put in 

context on one another and what they mean more broadly.  
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 Chapter 2 is a field-based study in the Flint Hills. Chapter 2 specifically focuses 

on the measurement of many individual boulder and rock fragment properties to gain a 

significant amount of data to perform robust statistical analysis. Using this statistical analysis, I 

aim to answer the first primary research question of this dissertation (R1). This first chapter 

examines if there is a connection between the size and shape of the hillslope armor and how it is 

transported downslope. More specifically in Chapter 2 I establish a new model of boulder 

weathering and transport for soil mantled hillslopes. 

 Chapter 3 is a field-based study in the same study location. Chapter 3 specifically 

focuses on the establishment of the geochronology of boulder armor production and transport. A 

total of 20 limestone surfaces, 10 boulder armor and 10 bedrock benches, were sampled in order 

for their surfaces to be dated. The data set created from these samples is used to answer the 

second primary research question of this dissertation (R2). From this geochronologic data set I 

calculated rates of block movement as well as rates that the bedrock bench is uncovered by a 

laterally retreating hillslope. This boulder-bench geochronology is also used in Chapter 3 to 

compare the activity of transport and production of hillslope armor in the field location to other 

records of hillslope activity across the Flint Hills region. I also examine the timing of activity to 

paleoclimate records to propose a model of climate driven armor production based within Ice 

Age time periods. 

 Chapter 4 considers the larger heterolithic hillslopes more abstractly in 

mathematical simulations. This chapter focuses on how the underlying stratigraphic arrangement 

of hard and soft layers may control the development, evolution, and rate of change of heterolithic 

hillslopes using landscape evolution modeling. The metrics harvested from the simulated 

landscapes are used to answer the third primary research question of this dissertation (R3). I 
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examined the relationship between hillslope boulder armor and the underlying organization of 

the stratigraphy. Simulations were performed to examine how heterolith hillslopes of different 

stratigraphic arrangement react to changes in the rate of uplift.  Modeling also presented the 

opportunity to develop new insights into denudating hillslopes like those in the field area of the 

Flint Hills.  

 Chapter 5 considers the findings of the three research chapters and integrates them 

into a new more comprehensive understanding. This new understanding focuses on two areas, 

the first what do these new insights mean in the context of heterolithic hillslopes across all 

landscapes. The second area is what do these insights mean more specifically for the Flint Hills. I 

also propose where future research into the topic of heterolithic hillslopes and the Flint Hills 

should focus. 

Each chapter builds on the previous. Chapter 2 will provide insights into the processes 

responsible for armor transport. Chapter 3 will provide rates at which armor transport occurs. 

Chapter 4 will provide insights into how the overall heterolithic hillslope behaves over long 

geomorphic time scales. From those three research chapters, Chapter 5, will synthesize the 

findings of these three investigations into new insights for the Flint Hills landscape as well as 

heterolithic landscapes more generally. The data needed to produce these new insights needs 

specific methodologies unique to each chapter. In the following section I detail how different 

methodological approaches are used to produce the needed data as well as address one of the 

main research questions covered in each of the three research chapters.   

1.5.11 Methods used to address research questions 

 To address the research questions a three-pronged methodological approach was 

used for this dissertation research. The first prong is used in Chapter 2 where I collect many 
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point measurements of different physical and landscape properties of each boulder and rock 

fragment on hillslope in Konza Prairie portion of the Flint Hills. Statistical analysis is performed 

on the robust data set of boulder and rock fragment armor to assess hypotheses regarding the 

processes that may be responsible for the transport and deposition of the armor across the 

hillslope. The second prong is used in Chapter 3 where I utilize the geochronological technique 

of cosmogenic surface exposure dating to constrain the age of boulder and bench surfaces. This 

technique is discussed in more detail below. The ages are used in combination with the samples 

relative positions on the hillslope to establish rates of movement and change. I also combine 

surface ages with some mathematical modeling to establish the timing of boulder production and 

transport for the study portion of the Flint Hills. The third and final prong used in Chapter 4 is 

using landscape evolution modeling to examine the relationships between the underlying 

stratigraphy organization and the behavior of the hillslopes over geomorphic time scales (106 

years). In this third chapter, I will alter the thickness and spacing of resistant layers in the 

underlying virtual stratigraphy to examine how it affects hillslope evolution. Together these 

methods have been used to create new insights into the heterolithic hillslope system, Chapter 5. 

In the following sections I discuss the techniques that are used in this dissertation in more detail. 

1.6 Geochronology for Holocene and Pleistocene geomorphology 

 A key component of geomorphology and quaternary studies has been the use of 

absolute dating techniques. These techniques provide a specific age, within a margin of error, 

based on the detection of some kind of signal that accumulates in the dated material (Libby et al., 

1949; Aitken, 1985; Balco et al., 2008). For geomorphic investigations that require 

geochronology, dateable material will be targeted with in a feature or deposit of interest. In 

certain cases, more than one technique may be used to compare to the others and check the 
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validity of the results that are being produced (Banerjee et al., 2003; Lee et al., 2011). Three 

techniques are commonly considered when performing geomorphic investigations within the 

Holocene or Pleistocene. These techniques are radiocarbon, optically stimulated luminescence, 

and cosmogenic nuclide dating. Each one of these techniques has pros and cons which may make 

one more appealing depending on the specific properties of a study site as well as the type of 

geomorphic question one is trying to answer. In this dissertation I use cosmogenic 36Cl  

geochronology to address the primary research question addressed in Chapter 2. Due to the use 

of other geochronologic techniques in geomorphic investigations of the Flint Hills I provide 

them as well to give context to the choice of method for this research and field site. 

1.6.12 Radiocarbon 

Radiocarbon dating is based on the comparison of a radioactive isotope of carbon (14C) to 

stable isotopes of carbon in organic materials (12C) (Libby et al., 1949; Atkinson 1975; Ramsey, 

2008). Radiogenic carbon is produced in the atmosphere to the interaction with high-energy 

cosmic rays (Libby et al., 1949; Atkinson 1975). This radiogenic carbon is incorporated into the 

biomass of all living organisms (Libby et al., 1949; Atkinson 1975). This results in some amount 

of radiocarbon being present in all organic materials. As such, it is extremely useful when dating 

organic materials, like bones, plant fibers, or charcoal when present (Ramsey, 2008). Once the 

creature dies the radiocarbon clock begins to tick, as this technique is based on the amount of 14C 

remain in a sample which radioactively decays over time (Libby et al., 1949; Atkinson 1975; 

Ramsey, 2008). Radiocarbon dating has an upper limit of about 60,000 years due to the ever-

smaller amount of 12C in the sample (Atkinson 1975; Ramsey, 2008). Due to this upper limit, 

this technique is commonly used for investigating geomorphic topics that occurred over the 
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Holocene (0-12,000 years ago) or into the Pleistocene (12,000 – 2.58 x106 years ago), 

specifically the late Pleistocene. 

1.6.13 Optically stimulated luminescence  

Optically stimulated luminescence based on the accumulation of electrons inside of 

individual quartz or feldspar crystals (Aitken 1985; Madsen and Murray, 2009). This technique 

is especially useful due to the rate ubiquitous nature of quartz in most sedimentary deposits due 

to its toughness and stability (Madsen and Murray, 2009). Luminescence geochronology can 

determine the “burial” age of a deposit, which is the last time a grain of quartz or feldspar saw 

the sun (Aitken 1985; Madsen and Murray, 2009). Once buried, ambient radioactive activity 

causes a signal to build up inside the crystal lattice of quartz or feldspar grains (Aitken 1985; 

Madsen and Murray, 2009). This signal can build up until the lattice becomes saturated and is a 

function of how radioactive the surrounding material is. If the grain is exposed to light again, the 

signal inside the quartz or feldspar grain is reset (Aitken 1985; Madsen and Murray, 2009; 

Nelson et al., 2015). When collecting these samples, care must be taken so the sampled material 

is not exposed to light (Nelson et al., 2015). Optically stimulated luminesce typically has an 

upper limit of about 350,000 years (Murray and Olley, 2002; Wallinga and Cunningham, 2014). 

However, in places where the rate of accumulation of a signal is extremely slow, this limit can 

theoretically be extended to longer timescales (Banjerjee et al., 2003; Chapot et al., 2016). Due 

to the temporal range of this technique, it is commonly used for investigations into the Holocene 

as well as all the late Pleistocene (12,000 – 129,000 years ago) and into the Middle Pleistocene. 

1.6.14 Cosmogenic surface exposure dating 

Cosmogenic nuclide dating techniques rely on the accumulation of isotopes, such as 10Be, 

26Al, 14C, and 36Cl, that are produced when cosmic rays interact with minerals in rock (Lal, 1991; 
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Balco et al., 2008; Alfimov and Ochs, 2009). The isotopes build up in the mineral proportionally 

to the duration of exposure to cosmic radiation (Nishiizumi et al., 2007). Most of the nuclear 

reactions that produce cosmogenic nuclides occur in the first two meters of exposed bedrock 

(Balco et al., 2008; Alfimov and Ochs, 2009). The rate of production quickly drops off with 

increasing depth into the rock (Balco et al., 2008; Alfimov and Ochs, 2009). The rate at which 

cosmogenic nuclides are produced varies through time due to the shifting strength in the Earth’s 

magnetic field, however chronologies of this variation has been established by geochronologists 

(Nishiizumi et al., 1989; Lifton et al., 2014;). Using a calibrated cosmogenic production rate has 

become standard across the discipline of cosmogenic geochronology (Balco et al., 2008; Marrero 

et al., 2016; https://hess.ess.washington.edu/). Cosmogenic surface exposure dating has an upper 

limit determined by the half-life of radionuclide use are using for your geochronology (Balco et 

al., 2008). The half-life is the time it takes for half the radionuclides present to decay into a more 

stable element. However, the age range that the cosmogenic nuclide is used for geochronology in 

his dissertation (36Cl) can range from one thousand years to ten million years (Balco et al., 2008). 

Due to the range of cosmogenic dating, it is extremely useful for Pleistocene geomorphology as 

well as a sizable portion of the Miocene (5 to 23 million years ago). 

1.6.15 36Cl exposure dating 

For this dissertation, I am limited to using 36Cl as the target nuclide due to the target 

landforms, limestone boulder armor and cliffs, are composed primarily of calcite (CaCO3). Due 

to my target landforms being composed of calcite other geochronologic techniques like optically 

stimulated luminesce are not viable. I am also limited to what type of radionuclide we will be 

using to date these surfaces. I must use radiogenic 36Cl as my geochronometer. When cosmic 

rays interact with the calcite, they convert 40Ca to 36Cl (Alfimov and Ochs, 2009). This is the 
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primary way 36Cl concentrations increases near the surface, although low energy muon 

interactions can produce 36Cl at lower rates in deeper rock (Alfimov and Ochs, 2009). By 

measuring the concentration of these isotopes in rock, one can determine the time since the rock 

surface was last exposed (Granger and Muzikar, 2001; Balco et al., 2008). Cosmogenic nuclide 

dating has successfully dated a range of geologic features and processes, including hillslope 

evolution (Dunne et al., 1999; Granger et al., 2001; Heimsath et al., 2002).  

1.7 Landscape evolution modeling 

 Landscape evolution modeling to simulate landscapes at multiple scales has 

become an important tool in the geomorphic community’s search to understand the development 

of landforms and landscapes. Before a series of advances in computing, topographic data, and 

geochronology, landscape evolution models in geomorphology were closer to conceptual 

models. These landscape evolution models describe how landscapes develop over time or how a 

process occurs qualitatively. These early models were based on observations of reality and 

explained those real landscapes in terms of form and process. An example of one of an early 

landscape evolution model is that of the development of the Henry Mountains due to differences 

in lithology (Gilbert, 1877). In the case of this dissertation, a foundational early landscape 

evolution model is that on the convexity of soil-mantled hillslopes (i.e., Gilbert, 1909). These 

theoretical models then gave way to a series of physical analogue models to better understand the 

role of specific processes in landscape evolution (Horton, 1945; Leoplod et al., 2020). Flume 

experiments are a ubiquitous type of physical model that uses a scale representation of a river to 

better understand form and process in a controlled way (Schumm et al., 1987). Presently, 

landscape evolution models have taken to mean using mathematical theories created to describe 

the various geomorphic processes driving the evolution of a landscape or landform through time 
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(Pazzaglia, 2003). A single landscape evolution model can have many multiple different 

processes occurring with each one governed by an equation (Tucker and Hancock, 2010; Temme 

et al., 2017). Each process equation can interact with any other. These models are much too 

complex to be “solved,” and so landscape modelers must approximate the solutions of these 

various equations by simulating and landscape virtually thought time (Tucker and Hancock, 

2010; Temme et al., 2017). As such, the term landscape evolution modeling refers not only to the 

mathematical equations that may a particular landscape processes, but also to the computer 

programs and code used to calculate the numerical solutions to these equations (Pazzaglia, 2003; 

Tucker and Hancock, 2010).  

1.7.16 Mathematical modeling in geomorphology 

The simulation of landscapes using computers is dependent on the creation of 

geomorphic transport laws that describe a process that results in the transport of material across 

the landscape as a mathematical statement. Geomorphic transport laws have been formulated to 

describe fluvial erosion in both transport- and detachment-limited settings and to simulate the 

processes related to hillslope diffusion (Braun et al., 2001; Roering et al., 2001; Dietrich et al., 

2003) among others. These transport laws begin by examining a process, like hillslope diffusion, 

and break it down into a mass balance (Tucker and Handcock, 2010; Temme et al., 2017). A 

mass balance examines the inputs and outputs of an idealized version of a portion of the 

landscape. This mass balance has been used to create transport laws for fluvial and hillslope 

systems (Dietrich et al., 2003; Tucker and Handcock, 2010; Temme et al., 2017). The inputs and 

outputs can be the result of various processes depending on the portion of the landscape of 

interest. The exact inputs and outputs can vary depending on local conditions; however, once 

accounted for, the inputs and outputs can simply be subtracted from each other to calculate a 
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change in mass. All landscape evolution models describe a change in mass that can be applied by 

the transport law across an entire simulated landscape. When the transport law is applied to the 

virtual landscapes, it results in a change in the surface elevation that is dependent on the relative 

amounts of mass coming in or out of a location.  

 Landscape evolution models have been used to address a wide range of different 

questions in the field of geomorphology. Much of this modeling is to gain better conceptual 

understanding of the processes that we believe are shaping a given landscape. This type of 

modeling is exploratory in nature and allows for us to establish connections between patterns we 

observe and geomorphic processes (Dietrich et al., 2003; Strudley et al., 2006; Tucker and 

Handcock, 2010). Landscape evolution models have become the choice for geomorphologists 

when the scale ‒either spatial, temporal, or both‒ is difficult to replicate in physical laboratories 

or observe out in the field (Kirkby, 1984; Jerolmack and Paola, 2010; Tucker and Handcock, 

2010; Ward, 2019). These models simulate landscapes and the resulting geomorphic landscape 

metrics (i.e., elevation distributions, slope gradients, curvatures) can then be compared to field 

collected metrics. These comparisons allow for testing of conceptual models on how morphology 

might be affected by difference in boundary conditions (i.e., climate or rates of landscape uplift), 

process, or even the parameters that are used to represent properties of a landscape (Perron and 

Fagherazzi, 2012; Whittaker, 2012). These transport laws have been utilized to understand the 

developmental history of landscapes, project their evolution into the future, and constrain 

sediment fluxes (Rhoads, 2006; Temme et al., 2013; Langston et al., 2015; Temme et al., 2017). 

The use of landscape evolution modeling has become a corner stone of modern geomorphology 

due to their flexibility in helping answer questions across a wide range of temporal and spatial 

scales that are of interest to the geomorphic community. In this dissertation, I am interested in 
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the evolution of hillslopes. In the following section I provide the derivation of the primary 

geomorphic transport law related to hillslopes, the hillslope diffusion equation, which will be 

used in Chapter 3 of this dissertation.  Other transport laws exist for processes like river erosion 

and fluvial transport of sediment but due to those portions of the landscape not being the focus of 

this research will not be covered in the following review. 

1.7.17 Hillslope transport laws 

As discussed in the sections above, hillslopes are responsible for transporting material 

from higher to lower points in the landscape, and their importance has led to the development of 

mathematical relationships that conceptualize and replicate hillslopes. Not all geomorphic 

transport laws are equally applicable in every situation. In the case of the modeling work 

presented here we will only focus on the hillslopes. In a study concerned with the evolution of 

the larger landscape, transport laws for fluvial erosion would also have to be included, however 

since I am not focusing on those processes those set of equations do not have to be used. As such 

in this section, we will focus on the development of hillslope diffusion transport laws.  

The first diffusion transport law developed was the linear diffusion model, which was 

derived from equations that describe chemical diffusion (Culling, 1960; Roering et al., 1999). 

This transport law was the impetus for modeling hillslope evolution (Culling, 1960; Roering et 

al., 1999). According to the linear diffusion model, the flux of material transported across a 

hillslope is directly proportional to the topographic gradient (Culling, 1960; Hirano, 1968). This 

earliest hillslope diffusion transport law reflects the findings of Davis (1892) and Glibert (1909) 

that the convex shape of a soil-mantled hillslope in steady-state state with climate and uplift 

results from slope-dependent processes. Davis and Gilbert observed that from the crest of the 

hillslope to the toe of the hillslope, the amount of material that must be transport increases, each 
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position having to transport not only what new material being created from rock weathering but 

also what is coming in from locations above. To keep up with all this material, the hill’s slope 

increases in gradient to transport the evermore amounts of material present as you move down 

the hillslope. Based on these observations, the flux of hillslope material (qs,l) is proportional to 

the local hillslope gradient multiplied by the local hillslope diffusivity: 

𝒒𝒔,𝒍 = 𝑫𝑺                                             Equation 1.1 

Where S is the local slope at a particular position on the hillslope and D is a diffusivity 

term. The term D establishes how diffusive a landscape or in other words how quickly can any 

hillslope transport material and respond to erosional signals. We discuss the D term in more 

detail below.  

The main criticism of the linear diffusion transport law is this model failed to replicate 

observations of hillslope curvature in steep landscape positions (Roering et al., 1999). 

Specifically, steep enough hillslopes assumed to be under equilibrium were found to have linear 

curvature as opposed to convex curvature. To address this issue, a non-linear diffusion model 

was developed, which more accurately replicates observed hillslope profiles. This version of the 

hillslope diffusion model integrates the theory and observation that as hillslope gradients begin 

to approach the angle of repose or critical slope the regolith transport begins to increase non-

linearly (Roering et al., 1999). Effectively near the critical slope, the transport becomes 

effectively infinite, instantaneously decreasing the gradient of the slope. In the context of a real 

landscape this would be the equivalent of processes of landsliding which transport a significant 

amount of material downslope in a small amount of time. This model can simulate cases where 

rates of flux become nearly infinite, such as landsliding, which is not typically captured in the 

linear diffusion model. However, the non-linear diffusion model combines these two processes in 
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a single transport law (Roering et al., 1999; Martin, 2000; Dietrich et al., 2003). The non-linear 

model quantifies hillslope regolith flux (qs,nl) as: 

𝐪𝐬,𝐧𝐥 =
𝐃𝐒

𝟏−(𝐒/𝐒𝐂)𝟐
                                           Equation 1.2 

where S is the hillslope gradient, and Sc is a limiting slope steepness beyond which 

sediment fluxes become infinite (through landsliding). Practically, Sc is often defined as the 

steepest slope present in an uplifting landscape that has reached equilibrium with erosion. 

However, not all steady state landscapes may necessarily attain slope steepness near Sc and so Sc 

may remain a purely assumed value for low-gradient landscapes (Neely et al., 2019). While this 

diffusion law reflects an improved understanding of hillslope dynamics there are issues when 

slope gradients approach the critical slope (Sc). In simulations where portions of the hillslope 

achieve steepness approaching Sc, the soil fluxes become extremely large and can remove a 

volume of regolith greater than what is available to move, leading to model instability (Perron, 

2011). To address this issue, dynamic time-stepping must be implemented to decrease the size of 

the timestep used by the model, allowing it to maintain stability until the over-steepened location 

is flattened enough for normal time-stepping to resume (Perron, 2011). A drawback to this 

solution is the increase in model run times when these dynamic time stepping conditions are met 

within a model. In context of the modeling work done in Chapter 4 the non-linear diffusion law 

is not used in the modeling due to stability issues and run times greatly increasing due to 

dynamic timesteping. 

 Following the creation of the non-linear diffusion law studies conducted by 

Roering (2004), Heimsath et al. (2005), and Johnstone and Hilley (2014) have shown that the 

rate of soil creep through a soil profile is dependent on the depth. Specifically, the rate of soil 

creep is highest at the surface and decreases exponentially as depth increases (Roering, 2004). 
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This pattern has been observed across various spatial and temporal scales and in different 

climatic settings and soil textures (Roering, 2004). Thus, it is essential to consider the depth 

dependence of soil flux in the mobile regolith when formulating hillslope geomorphic transport 

laws. Johnstone and Hilley (2014) present a revision of both the linear and non-linear diffusion 

soil flux laws that consider integrates over the thickness of soil. Depth dependent soil flux (qs, 

depth) is thus represented as: 

𝒒𝒔,𝒅𝒆𝒑𝒕𝒉 = 𝒒𝟎𝒉𝒕(𝟏 − 𝒆
−

𝑯

𝒉𝒕)                          Equation 1.3 

Where qo is flux of regolith due to linear or non-linear diffusion (Equations 1 and 2), H is 

the thickness of the soil, and ht is a characteristic soil thickness representing the depth scale of 

soil transport. Johnstone and Hilley (2014) and later Glade et al. (2017) employed the linear 

hillslope diffusion law to model hillslopes with varying lithologies, by varying D. This version of 

the hillslope transport law will be utilized in the modeling of hillslopes composed of alternating 

layers of hard and soft rock in Chapter 3 of this dissertation. 

As demonstrated above, the geomorphic community has been improving their 

understanding of hillslope transport theory. However, the diffusivity term, D, which is a constant 

that combines factors such as vegetation, lithology, regolith properties, and climate, is still 

poorly understood. Although the use of D keeps landscape evolution model as simple as 

possible, it reveals knowledge gaps regarding how these factors interact to influence hillslope 

and sediment transport, requiring tuning of D for each studied landscape. Examples of 

understudied settings that affect hillslope transport include hillslope boulder armor and the 

stratigraphic arrangement of underlying lithology, which have only recently been explored 

(Glade et al., 2017, 2019; Johnstone and Hilley, 2014). These settings present opportunities for 
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further geomorphic investigation, and this dissertation aims to increase our understanding of 

their effects on hillslope evolution (Chapters 2 and 4). 

1.7.18 Modeling investigations into heterolithic landscapes 

Recent modeling explorations have emphasized the significance of regional scale 

stratigraphic organization in landscape development (Glade et al., 2019; Ward, 2019; Yanites et 

al., 2017; Forte et al., 2016; Ward et al., 2011). Forte et al. (2016) demonstrated how waves of 

accentuated erosion can progress up a fluvial system as a river erodes through rocks with 

different erodibilities. In addition, Yanites et al. (2017) demonstrated that the timing of erosion 

can significantly vary due to the underlying lithologies' geometric relationships, causing 

baselevel signals to become delayed while traveling up the river network. In landscapes with 

complex underlying geometries, various parts of the landscape experience distinct timing of 

erosional signals. Ward (2019) revealed that landscapes developed in tilted heterogeneous 

stratigraphy have incision rate thresholds that may regulate the formation of strike valleys. The 

incision rate threshold is proportional to the spacing and dip of resistant layers. Moreover, Ward 

(2019) observed that the response times of these structurally controlled heterolith landscapes 

may be longer than late Quaternary variations in incision rates. Interestingly, Ward (2019) 

suggested that the escarpment's formed in heterolithic landscapes may preserve information 

about regional incision rates on timescales different from those documented in the fluvial 

network. Despite the significant insight provided by these studies on signal propagation through 

landscapes with variable lithology and increasingly complicated structural geology, they 

primarily focused on the fluvial portion of landscapes, with little attention paid to the hillslopes. 

 Only recent modeling work has explored the impact of lithology on hillslope 

evolution, but this research has primarily focused on the formation of cliffs and hogbacks, while 
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relatively little attention has been paid to the role of stratigraphic organization in hillslope 

evolution, particularly in landscapes where rocks are horizontal (Shobe et al., 2021; Tucker, 

2019; Glade et al., 2019; Glade et al., 2017; Johnstone and Hilley, 2015; Ward et al., 2011). The 

rate of lateral cliff retreat in landscapes with two adjacent lithologic units has been shown to 

depend on the rate of erosion of the soft underlying rock and the large rocky debris armor (Ward 

et al., 2011). More recently, Glade et al. (2017, 2019) investigated the influence of debris armor 

from an upper resistant lithology on hillslope evolution and found that large rock blocks can 

modulate hillslope change over geomorphic timescales and affect the flux of material downslope, 

storing hillslope material on their upslope sides. However, there is still a significant gap in 

understanding the impact of stratigraphic organization on hillslope evolution, especially for 

landscapes with horizontal rock layers, even though large areas of the continental interior are 

composed of flat-lying rocks (Duszyński and Migόn, 2022). 

1.8 Holocene and Pleistocene geomorphology of the Flint Hills region 

The Flint Hills exhibit distinctive hillslope profiles that resemble stair steps, with 

alternating layers of nearly horizontal shale and limestone controlling their morphology (Frye, 

1955). The soft shale layers form the soil-covered portions of the hillslopes, while the limestone 

layers can form small bedrock cliffs and ledges that curve along the landscape. These benches 

and cliffs are aligned with the stream valleys incised by first-order ephemeral streams. At the 

points where these streams intersect with the limestone benches, there is a noticeable increase in 

tree cover and an amphitheater hillslope morphology that is centered around the stream. The 

limestone layers that form the cliffs are well-fractured into regular units at approximately one-

meter intervals, and the resulting boulders and blocks are deposited on the shale slopes beneath 

the cliffs (Frye, 1955). The blocks come in varying shapes, ranging from cubic to tile-shaped, 
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and are thought to move through tumbling and soil rafting processes, as previously hypothesized 

above. 

The Flint Hills physiographic province covers an area of approximately 26,000 km2 and 

is the result of the erosion of Permian age limestones and shales (Dort, 1987; Aber, 1991; Oviatt, 

1999). This landscape configuration is believed to be between 2 and 3 million years old (Frye, 

1955; Oviatt, 1999). Evidence of the previous landscape configuration can be found in the form 

of hilltop gravels rich in chert, which have pebble lithologies that suggest they originated from 

areas farther west than the modern-day drainages of the Flint Hills reach. The drainage network 

that deposited these gravels originated from eastern Colorado and western Kansas and flowed 

primarily in an east-west direction before the establishment of the modern drainage network 

(Aber, 1997; Aber, 2018). However, the exact process or event that reorganized the drainages in 

the region is not well understood. One explanation is glaciation of the region during pre-

Illinoisan times (Frye, 1955; Oviatt, 1999). However, further investigations are necessary to 

determine the underlying causes. 

The region has also undergone significant environmental changes during the Pleistocene 

epoch. In this period, glaciers advanced and retreated across the area. The glaciers reached their 

maximum extent during the pre-Illinoian glaciation, which occurred around 650,000 years ago. 

At that time, the glaciers moved into the northeastern corner of Kansas, leading to the damming 

of the Kansas River near Wamego, KS and the formation of Glacial Lake Kaw (Todd, 1903). 

Later, during the Late Pleistocene and Holocene, the valleys and hillslopes in north-eastern 

Kansas remained topologically stable but underwent changes in response to shifts in climate, 

according to studies by Smith (1991), Beeton and Mandel (2011), and Lyzell and Mandel (2020). 
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In the Holocene, the proportion of C3 and C4 carbon isotopes in soil organic matter 

(SOM) can indicate the prevailing climatic conditions. The type of photosynthesis pathway used 

by a plant determines the relative proportions of C3 or C4 in its biomass (Monson et al., 1984; 

Kohn, 2010). C3 plants are adapted to cooler climates and can tolerate wet or dry conditions, 

while C4 plants are adapted to warmer climates and can tolerate moist or dry conditions. In the 

study area of Great Plains and Flint Hills paleosols, the relative proportions of C3/C4 in SOM 

are linked to the proportions of short(C3) to tall(C4) grasses present in the landscape during soil 

formation, including big bluestem, Indian grass, little bluestem, and switchgrass (Briggs et al., 

2002; Lyzell and Mandel, 2020). Changes in the C3/C4 isotopic ratios in soil profiles suggest 

that six periods of upland hillslope destabilization occurred between 10,000 C14 yr B.P. and 900 

yr. B.P., resulting in the shedding of fine-grained material that lasted approximately 500 years, 

followed by major periods of stream aggradation that lasted equally long or longer (Gorynski and 

Mandell, 2009; Lyzell and Mandel, 2020). These destabilization periods are characterized by the 

deposition of low-gradient fine-grained alluvial fans at the base of hillslopes. Once a new 

vegetation regime is established, sediment flux effectively ceases, and the times of 

destabilization are followed by periods of stream aggradation and valley filling. The Konza 

Prairie portion of the Flint Hills experienced stream aggradations approximately 8,000 yr B.P., 

3,000 yr B.P., and 1,700 yr B.P. (Smith, 1991). These periods of stream aggradation are followed 

by evacuation and erosion. King’s Creek, the primary stream in Konza, began evacuating 

material again around 180 yr B.P. and is currently deeply incised into its own alluvium and 

partially into bedrock. This Holocene history is like that of other streams in the Flint Hills, such 

as Fox Creek, located approximately 100 km south of my study location (Beeton and Mandel, 

2011). 
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According to Lyzell and Mandel (2020), the records indicate that shifts over the past 

10,000 years affected only the fine-grained portion of the mobile hillslope, and there is no 

evidence that boulder armor was ever transported from their upland positions during this time, 

suggesting that their positions have been relatively stable for at least 10,000 years or longer. 

However, this finding is intriguing as observations from the modern-day hillslope suggest that 

boulders are transported along with the creeping regolith, and we would expect that during times 

of increased fine sediment flux, proportional amounts of armor would be carried downslope as 

well (Schumm, 1967). Therefore, a chronology needs to be established in the region to examine 

when these boulders and limestone benches were actively producing and transporting armor 

downslope. 

The dissertation presented in the following chapters is concerned with developing a better 

understanding of heterolithic landscapes and hillslope armor. The Flint Hills provides an 

opportunity to address the major research questions of this dissertation Its location is prime due 

to Kansas State University managing a local portion, the Konza Prairie, within a short driving 

distance from the university. An increased amount of research has been performed on this 

portion of the Flint Hills and so provides a rich research background that can be utilized to put 

the findings of this research in context of the larger landscape it takes place in. The presence of 

abundant hillslope boulder armor makes it an optimal location to address the first of the primary 

dissertation research questions (R1) in Chapter 2. The regularly fractured limestone that outcrop 

as small cliffs and benches along with the boulder armor below make the Flint Hills opportune 

for the second of the main research dissertation questions (R2) in Chapter 3. While Chapter 4 

uses landscape evolution modeling to answer the third primary dissertation research question 

(R3) The Flint Hills acts as the model landscape that is used when interpreting the model. For all 
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three chapters, the Flint Hills is an important part of the research preformed here in this 

dissertation. 
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Chapter 2 – Transport and weathering of large limestone blocks on 

hillslopes in heterolithic sedimentary landscapes 

2.1 Abstract 

Geomorphic transport laws that describe the movement of material across landscapes 

generally hide the role of lithological and climatic boundary conditions behind proportionality 

terms. The geomorphic community aims to characterize the role of these boundary conditions 

and include them in mechanistic transport laws. A more detailed mechanistic understanding is 

needed for hillslopes formed in heterolithic rock that weathers into weak regolith and hard blocks 

(boulders), such as in hogbacks. The properties of such blocks may determine both the process 

and rate of their transport downslope. I focused on soil mantled hillslopes in the Flint Hills of 

Kansas in the United States, where I studied the role of block (boulder) shape and size under a 

limestone cliff that breaks up approximately into equal amounts of cubic and tile-shaped clasts. 

Based on previous studies on the transport of rock clasts, I hypothesized that cubic and tile-

shaped blocks should be transported differently, leading to different distributions of size and 

orientation with increasing distance from the cliff. Block shape does have significant influence 

over how soil collects and is stored on the hillslope near blocks. Yet, few cubic blocks appear to 

be transported through tumbling in contrast with assumptions in recent modeling work. I found 

complex relationships between block size and distance from the cliff face, and I propose that this 

is due to weathering via fragmentation. This process produces discrete smaller fragments from a 

larger parent block. The data suggests that at least in Kansas both cubic and tile-shaped blocks 

are transported primarily by creep processes. 
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2.2 Plain language summary 

In steep landscapes like those of the Rocky Mountains or the Canyons of the Colorado 

Plateau, large boulders and blocks move downslope quickly and violently under the force of 

gravity. Recent research has shown that the general shape of these blocks (boulders) is important 

for how they tumble and how far they can travel downhill. However, in much flatter landscapes, 

like those of the Great Plains, we generally don't have a well-defined understanding of how these 

large rock blocks move downhill. I hypothesize that blocks that are broadly cubic or tile-shaped 

will move differently downslope and so should lead to them occupying different positions in 

these flatter landscapes. My investigation is focused on the Flint Hills of Kansas. I show that in 

this landscape of soil-covered hills and shallow slopes that all blocks, despite shape, must be 

transported downslope via a process known as creep. I also present evidence that the blocks on 

these hills quickly break apart into halves and quarters and this may be helped along by factors 

such as fire. My results lead me to believe that block shape is not as an important consideration 

in downslope movement for landscapes like the Flint Hills. 
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2.3 Introduction and conceptual framework 

Geomorphic transport laws are mathematical relationships that describe the mass flux of 

material over a landscape. The formulation of such laws is central to the modern field of 

landscape evolution modeling (Dietrich et al., 2003; Temme et al., 2017; Tucker & Hancock, 

2010). Landscape evolution models have been used in constraining sediment fluxes, 

understanding the developmental history of landscapes, and projecting the evolution of 

landscapes into the future (Dietrich et al., 2003; Temme et al., 2017; Tucker & Hancock, 2010). 

Laws have been formulated to describe fluvial erosion in both transport and detachment limited 

settings, and to simulate the processes related to hillslope diffusion (Braun et al., 2001; Dietrich 

et al., 2003; Roering et al., 2001), among others. The earliest diffusion transport law was the 

linear diffusion model, derived from equations describing chemical diffusion (Culling, 1960; 

Roering et al., 1999). This transport-law initiated landscape modeling of hillslope evolution 

(Culling, 1960; Roering et al., 1999). The linear diffusion model states that the flux of hillslope 

material is directly proportional to topographic gradient (Culling, 1960; Hirano, 1968). However, 

this model failed to replicate observations of hillslope curvature in steep landscape positions 

(Roering et al., 1999). In response to this shortcoming, the non-linear diffusion model was 

formulated, which better replicates observed hillslope profiles, yet still lumps processes ranging 

from creep to landsliding (e.g., Dietrich et al., 2003; Martin, 2000; Roering et al., 1999.). The 

non-linear model quantifies hillslope regolith flux (qs) as: 

𝐪𝐬,𝐧𝐥 =
𝐃𝐒

𝟏−(𝐒/𝐒𝐂)𝟐
                                           Equation 2.1 

where S is the hillslope gradient, and Sc is a limiting slope steepness beyond which 

sediment fluxes become infinite (through landsliding). Practically, Sc is often defined as the 

steepest slope present in a landscape that has reached equilibrium. However, not all steady state 
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landscapes may necessarily attain slope steepness near Sc and so may remain as a theoretical 

value for low-gradient landscapes. The proportionality parameter D is a constant combining the 

role of vegetation, lithology, regolith properties, and climate, among others. This collection of 

many factors into one term can be done to simplify our landscape evolution models. However, 

this simplification also reveals our knowledge gaps concerning how these factors come together 

and interact to influence hillslope and sediment transport, thus requires tuning of D to each new 

studied landscape (e.g., DiBiase et al., 2017; Marston, 2010; Roering et al., 2001). 

Climate, lithology, and vegetation cover are known significant controls on the flux of 

material (e.g., Govers & Poesen, 1998; Marston, 2010; Roering et al., 2001). The geomorphic 

community has recognized this and is attempting to understand how climate, lithology, and 

vegetation are reflected in proportionality terms such as D (e.g., Carriere et al., 2020; Johnstone 

& Hilley, 2015; Pelletier & Rasmussen, 2009). One of the factors that has recently received 

attention is the lithological composition of the hillslope, particularly in heterolithic settings. The 

different lithologies in these settings can each produce distinct weathering products with 

different properties. These properties—grain or clast size, shape, erodibility, and density—can 

act as controls on material transport (as illustrated for fluvial regimes by Menting et al. (2015)). 

Of specific interest, the transport of large rock blocks (boulders) from hard lithologies down a 

hillslope and into a fluvial channel can significantly modulate erosional signals propagating 

through a landscape (Duszynski et al., 2017; Glade & Anderson, 2018; Glade et al., 2019; Roth 

et al., 2020; Shobe et al., 2018, 2021). Therefore, knowing how and when large rock blocks are 

transported downslope by hillslope processes is important for understanding broader aspects of 

landscape evolution. Recent work focusing on hillslope transport of discrete cobble and larger 

clasts by Duszynski and Migon (2015), Glade et al. (2017), and DiBiase et al. (2017) has shown 
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that clast size is important in understanding how and at what rates clasts are transported 

downslope. These studies build upon earlier work beginning in the 1970s examining the 

transport of large, cobble to boulder-sized, rock fragments downslope (e.g., Govers & Poesen, 

1998; Grab et al., 2008; Pérez, 1985; Schumm, 1967; Shobe et al., 2020). Early work on the 

movement of rock fragments was done on arid and alpine bare rock slopes (Pérez, 1985; 

Schumm, 1967). These studies focused on measuring rates of surficial movement of talus 

material or rock fragments over a finer-grained regolith. Schumm (1967) found that thin, tile-

shaped rock fragments are highly mobile on the arid shale slopes of the Colorado Plateau. He 

proposed that rock fragments on bare regolith slopes move through a combination of sliding, 

caused by sheet, wash and rafting on creeping regolith. Pérez (1985) observed that talus of 

varying size and shape on alpine slopes in the Andes moves through a combination of creep 

driven by temperature fluctuations and needle-ice action. In a similarly arid landscape like the 

Colorado Plateau, Turkey, Govers and Poesen (1998) showed that dislodging by animals and 

subsequent rolling can drive downhill clast movement on debris covered slopes. Grab et al. 

(2008) invokes frost jacking and gelifluction as the primary mover of boulders on slopes in the 

mountains of New Zealand. Recent work has established that block size has also emerged as a 

key control on momentum-based downhill transport and erosional processes. DiBiase et al. 

(2017) examined the relationship between hillslope topographic roughness and the size of 

bouncing clasts in steep, soil-poor topographies. They found that when clast size is smaller than 

the microtopography of the hillslope, the probability of clast interception and storage on the 

hillslope is high. Caviezel et al. (2021) showed that in steep landscapes dominated by 

momentum-based transport, block shape has a strong control over movement trajectory: tile-

shaped blocks have a greater lateral spread in depositional location at the bottom of steep 
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hillslopes than cubic blocks. However, no examination of these size and shape relationships has 

been conducted for lower gradient soil-mantled hillslopes. Glade et al. (2017) observed that ~1 m 

3 rock blocks on hillslopes collect soil behind their upslope face, and that blocks had presumably 

moved in response to significant amounts of hillslope undermining below the block. 

 

Figure 2. 1 Models of blocks movement 

Proposed modes of block movement on hillslopes in literature. Each model is simplified into a three-step 

progression through time. (a) Block movement rate is faster than soil diffusion due to sliding (Schumm, 1967). (b) 

Block movement is at the rate of hillslope diffusion and is the result of the block being embedded and transported 

with the mobile regolith (Schumm, 1967). (c) Blocks resist downslope movement with regolith but are moved 

through a combination of slope undermining and upslope soil damming resulting in instability and tumbling (Glade 

et al., 2017). The rate of block movement will be slower than hillslope soil diffusion. (d) Blocks are too large to 

move and stay where they are deposited (Duszynski &Migon, 2015). The rate of block movement will be zero. The 

hillslope around the block lowers and the cliff laterally retreats away resulting in the appearance of downslope block 

transport. (e) Conceptual example of a tile-shaped block where the long and intermediate axes of the block are much 

larger than the shortest axis. (f) Conceptual example of a cubic block where the longest, intermediate, and shortest 

axes are approximately similar in length. 

 Glade et al. (2017) also observed that the size of blocks produced by hard sedimentary 

layers systematically decreases in the downslope direction—supposedly through weathering. 

Based on these field observations, they postulated a resistance of sub-meter and meter-sized rock 
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blocks to the downslope movement of the soil mantle. The implication of that assumption is that 

the movement of boulder-sized blocks on soil-mantled hillslope is an intermittent process where 

movement is triggered by undermining of the hillslope beneath the block resulting in blocks that 

move slower than the mobile regolith. Duszynski and Migon (2015) suggested that ~103 m3 rock 

blocks, observed in eastern Germany, do not move once they are deposited on a slope below or 

next to a cliff face, successfully resisting the downslope movement of soil and regolith. In later 

work, Duszynski et al. (2017) suggested that such blocks, too large to move otherwise, 

can only be carried downslope passively on mass movements, such as shallow rotational 

landsliding. This process of landslides carrying massive blocks is a possible explanation for the 

unexpected position of blocks dozens of meters in length more than 100 m from the cliff face, as 

observed by Duszynski and Migon (2015). The research presented above demonstrates the most 

common mechanisms for moving sub-meter to meter sized blocks downslope are creep, sheet 

wash-induced sliding, and discrete tumbling, whereas blocks ~103 m3 in size may be transported 

only through landslide rafting (Figure 2.1). Size may not be the only control on the processes 

regulating a block's movement. Apart from Schumm (1967), who explicitly described the shape 

of blocks studied, other studies largely observe or assume blocks that are generally cubic in 

shape. However, based on geometric principles, one should expect the shape to influence 

mechanisms and rates of downslope block movement. To explore this influence, in this project 

we can simplify block shape into two conceptual categories: cubic and tile-shaped (Figures 2.1e 

and 2.1f). Glade et al. (2017) proposed that cubic blocks may be rather immobile on slopes 

except for short intermittent moments of movement. Such cubic blocks, when compared to tile-

shaped blocks, have less downward-facing surface area in contact with the hillslope. 

Subsequently, the force of swelling hillslope material may be unable to overcome the cubic 
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block's greater pressure, which precludes movement by creep. Instead, movement may primarily 

result from downslope undermining and slope steepening, causing block instability, tumbling, or 

sliding (Glade et al., 2017). On the other hand, tile-shaped blocks as observed by Schumm 

(1967) are transported in a continuous fashion. Schumm described two primary transport 

pathways. Tile-shaped blocks can move rapidly via sliding induced by reductions in slope shear 

strength due to the moisture or surface runoff. Alternatively, tile-shaped blocks can be moved 

gradually by creep as part of the mobile hillslope regolith. Repeated lifting and lowering related 

to the periodic shrinking and swelling of material, or frost heave, results in downslope block 

transport in a similar manner to creep. In either case, tile-shaped blocks appear to be passive 

actors in downslope transport and depend on the activity of the soil. The lack of a systematic 

study on the effect of particle shape or size on downslope block transport in a low gradient soil 

mantled hillslope setting leads me to ask, “How does block size and shape affect downslope 

transport as 

well as soil-block interactions on creep dominated hillslopes?” 

To begin answering this research question, I test four hypotheses. These are: 

H1: Total block surface area decreases with increasing distance from the cliff face. 

H2: Visible signs of surface weathering increase with increasing distance from the cliff 

face. 

H3: Cubic blocks collect soil behind their upslope side, whereas tile-shaped blocks will 

be surrounded by soil. 

H4: The average difference between the slope of a block and the slope of the surrounding 

hillslope (quantified as Block Relative Slope [BRS]) is large for cube-shaped blocks 

compared to tile-shaped blocks. 
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I test these hypotheses in the Flint Hills in north-eastern Kansas. Hard, sub-horizontal 

limestone layers of the Flint Hills weather into blocks that range in shape from cubes to tiles and 

are transported over hillslopes mainly weathered from shale. This property of my study location 

allows me to examine how the initial properties of large rock fragments, particularly shape and 

size, affect downslope block transport while controlling for lithology, 

vegetation, and climate history. 

2.4 Geology and geography of study area 

Our research is conducted in the Konza Prairie Biological Station portion of the Flint 

Hills (39°05' N, 96°35'W) outside of Manhattan, KS (Figures 2.2a and 2.2b). Konza Prairie 

spans approximately 35 km2 of unplowed tallgrass prairie and has been little modified by 

humans. The Flint Hills physiographic province (Figure 2.2a) is approximately 26,000 km2 in 

area and was formed by the erosion of a sequence of quasi-horizontal Permian age limestones 

and shales (Aber, 1991; Dort, 1987; Oviatt, 1999). The current landscape configuration is 

estimated to be approximately 2–3 million years old (Frye, 1955; Oviatt, 1999). Evidence of the 

previous landscape configuration is present as chert-rich hilltop gravels found across the Flint 

Hills and eastern Kansas. The drainage network that deposited the gravels sourced its material 

from eastern Colorado and western Kansas and ran primarily in an east-west direction before the 

establishment of the modern drainage network (Aber, 1997, 2018). 

In more recent times, the region has experienced the Pleistocene advance and retreat of 

glaciers. Glaciers extended into the north-eastern corner of Kansas, at their maximum extent 

during the pre-Illinoian (~650 ka) glaciation, culminating in the damming of the Kansas River 

near Wamego, KS and giving rise to Glacial Lake Kaw (Aber, 1991; Balco et al., 2009; Bierman 
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et al., 1999). My study site is approximately 10 km from the terminal limit of the pre-Illinoian 

Glaciation (Figure 2.2a). During the Late Pleistocene and Holocene, valleys, and hillslopes 

in north-eastern Kansas were topologically stable, but responding to climatic changes (Beeton & 

Mandel, 2011; Layzell & Mandel, 2020; Smith, 1991). For example, the Konza Prairie portion of 

the Flint Hills experienced stream aggradations and incisions at approximately 8,000, 3,000, and 

1,700 yr B.P. (Smith, 1991). The primary stream in Konza, King's Creek, began evacuating 

material again around 180 yr B.P. and is currently deeply incised into its own alluvium and 

partially into bedrock. This Holocene history mimics that of other streams in the Flint Hills, such 

as Fox Creek, which is nearly 100 km south of my study location (Beeton & Mandel, 2011). 

The Flint Hills are known for their stairstep hillslope profiles, whose morphology is controlled 

by alternating layers of quasi-horizontal shale and limestone (Frye, 1955) (Figure 2.2c). The soft 

shales form soil-mantled parts of hillslopes, whereas the limestones can form small (up to 2 m 

high) bedrock ledges and cliffs which contour 
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Figure 2. 2 Study location map and landscape stratigraphy 

(a) Physiographic provinces of Kansas, the Flint Hills and the Glaciated Region. The location of Konza Prairie is 

denoted with rectangle. (b) Hillshade map of a small study portion of Konza Prairie demonstrating the characteristic 

staircase hillslope morphology of the Flint Hills region. Slope block survey locations are denoted with circles. White 

points represent transects in forest setting; black points represent transects in grassland setting. The major stream in 

Konza Prairie, Kings Creek, is traced with a solid black line. The dashed line represents typical stair-step hillslope 

represented in panel (c) which depicts lithologic controls on landscape morphology. (c) Stratigraphic cross-section 

of the region demonstrating the lithologic control particular limestone units have on landscape morphology. Major 

bench or cliff forming limestone units are named. Colored regions represent major limestone lithologic units that 

have been split up into limestone member sub-units. The abbreviation “L.S.” represent “limestone,” and “Mbr” 

represents “member.” Adapted from Smith (1991) and not to scale. (d) Example of small limestone cliffs formed 

from Badar Limestone and large rock blocks on slopes common in Konza Prairie, KS. Limestone cliff in left-hand 

portion of photo is approximately 0.25 m in height and rock is pre-fractured into ~1 × 1 × 0.25 m blocks. Large rock 

blocks are in center and right-hand portion of photo. Large rock blocks are found up to approximately 10 m 

downslope. 

 

along the landscape. The benches and cliffs thus primarily run parallel with stream valleys cut by 

first-order ephemeral streams. Locations where streams cross limestone benches are marked by 

increases in tree cover and the development of amphitheater hillslope morphology centered on 
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the stream. The cliff-forming limestones are well-fractured into regular units at approximately 

one-m intervals that eventually form the boulders and blocks that are deposited on the shale 

slopes below the cliffs (Frye, 1955) (Figure 2.2d). The blocks vary between cubic and tile-

shaped and are assumed to move via tumbling and soil rafting respectively, as hypothesized 

above. 

I studied a prominent limestone bench formed from the Cottonwood Limestone Member 

of the Beatie Limestone (Aber & Grisafe, 1982; Imbrie et al., 1964) (Figures 2.2b and 2.2c). The 

studied section of cliff mainly faces south and east, with some sections facing north. This 

limestone unit was primarily chosen due to its prominence in the landscape, with clear vertical 

separation from the next-higher bench-forming Morrell Limestone. The vertical 

separation caused the formation of an approximately 50 m long slope, with few to no observable 

blocks in its lowest 10 m in most locations, which should prevent contamination from Morrell-

limestone blocks (boulders) in the studied part of the hillslope under the Cottonwood Limestone 

member. 

The study cliff formed by the Cottonwood Limestone and the hillslope under it are 

covered by mostly grassland and some forest. Forested sections are occupied by a combination 

of trees and dense woody underbrush that grow on top of and in the fractures of the cliff face and 

around the blocks on the hillslope under it. These forests take the form of gallery forests that 

parallel streams of the region (Knight et al., 1994). Four species of tree, the American Elm 

(Ulmus americana); the Honey Locust (Gleditsia triacanthos); the Hackberry (Celtis 

occidentalis); and the Eastern red cedar (Juniperus virginiana); account for approximately 90% 

of the trees in the area (Briggs et al., 2002). Grassland portions are dominated by tall grasses 

with infrequent large woody plants occupying some cliff face positions. Dominant grass species 
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are big bluestem (Andropogon gerardii); Indian grass (Sorgastrum nutans); little bluestem 

(Schizachyrium scoparius); and switch grass (Panicum virgatum) (Briggs et al., 2002). 

2.5 Methods 

Properties of the Cottonwood Limestone cliff and blocks (boulders) on the hillslopes 

under it were recorded every approximately 25 m for a 2 km distance along the cliff, excluding 

locations near trails. This spacing between measurements was implemented to capture spatial 

variations in cliff properties and in blocks on the underlying slope. Examples of properties of 

interest include cliff height, bedrock fracture spacing, surface weathering, and block size and 

shape. This survey scheme resulted in observations from 30 transect locations along the cliff 

(Figure 2.2b). 

2.5.19 Cliff measurements 

A set of four cliff measurements were collected for each location separated by 2 m to 

capture local variability (Figure 2.3, red circles). Surface weathering of the cliff surface was 

again visually estimated as the percentage of surface area affected by spalling, flaking, and 

pitting. Fracture spacing and orientation were recorded in two pairs to reflect the presence of two 

primary fracture directions and to calculate the size of future blocks before their release. Fracture 

orientation was measured as an azimuth and fracture spacing was measured as a distance 

separating one fracture to another (Figure 2.3). These measurements allowed me to quantify the 

expected initial dimensions of blocks deposited on hillslopes in this landscape. 
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Figure 2. 3 Hillslope survey schematic 

Schematic of slope block transect and cliff measurements. A slope transect is shown as a red line surrounded by the 

2 m-wide transect area. Red circles on the cliff face represent where cliff property measurements were taken. Cliff 

property measurement locations are separated by approximately 2 m. All blocks touching or partially overlapping 

the transparent red transect survey block were measured.  

 

2.5.20 Block measurements 

Block  (boulder) properties were measured for all blocks in a 30 m long, 2 m wide 

transect straight down the slope from the cliff face formed by the Cottonwood Limestone (Figure 

2.3). Block properties such as size, weathering, and downslope dip were then aggregated over 3 

m distance intervals during data analysis. Minimum block size observed was set at 64 mm 

(corresponding to a 0.004 m2 surface area). This minimum represents the cutoff between pebble 

and cobble-sized rock fragments and represents the smallest grain size that can be easily 
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observed in the grassy study location. Distances between all blocks and the overlying cliff were 

measured along the transect line from the center of the slope block. Block size was recorded as 

two measurements: the length of the longest and intermediate axes of the block. Each axis was 

perpendicular to the other. Size was reported as an area calculated by multiplying these two 

measurements. While I did not measure the short axis of blocks, I categorized them by shape. 

Blocks that had a short axis <0.5 * intermediate axis were recorded as “tile-shaped” and blocks 

that have a short axis >0.5 * intermediate and long axis were recorded as “cubic” (Figures 2.1e 

and 2.1f). This distinction 

was implemented as it best reflected my initial first order field observations and categorization of 

rock blocks into categories of “cubic” and “tile-shaped.” For ease of communication, I continue 

to use the terms “tile-shaped” and “cubic” when referring to the two shape classes of hillslope 

blocks in the results and discussion sections. Blocks were designated “undetermined” if this 

distinction could not be confidently made. This designation was made for 65 of 842 blocks 

measured.  

Weathering state was assessed visually as the percentage of the visible block surface that 

was occupied by surface pitting or spalling. I recognize that this method may underestimate the 

surface affected by weathering if spalling has removed large thin flakes that make the new 

surface look un-weathered. This process of spalling may be a mechanism by which the surface of 

these blocks weather through time. Spalling may lead to a decreasing relationship between 

distance and weathering. However, I do not believe that the process of surface spalling is fast 

enough to significantly affect the surface of a block that is occupied by pitting. I was not able to 

observe many instances where large portions of a block surface were reset by spalling. Yet, I 
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acknowledge that my values for surface weathering percentage may be a minima controlled by 

the process of surface spalling. 

Block dip in the downhill direction was measured in degrees using a digital inclinometer 

placed at the center of the block. Hillslope steepness was calculated at a 2 m resolution (derived 

from a 2 m lidar-derived DEM, Blackmore (2019)). The calculated hillslope steepness was then 

subtracted from the block dip to obtain a BRS. The azimuth of the surface of each block was 

calculated from the DEM using aspect of the hillslope at the block position. These observations 

were collected to quantify spatial relationships that reflect transport processes that could move 

large blocks downslope. 

Additionally, qualitative observations of stability, burial, and embedding were recorded 

to deduce transport processes. Block stability was recorded as stable or unstable depending on if 

movement or rotation resulted from the force of a human foot pushing the block. Burial 

condition was based on how embedded a block was in soil. The perimeter of embedded blocks 

was probed with either a soil knife or rock hammer to estimate the depth at which the bottom of 

the block occurred and in extension how much of the block was buried below the soil surface. 

If at least 50% of the block's short axis was embedded, then a block was described as buried in 

soil. Blocks that were less than 50% embedded were recorded as unburied. For blocks that were 

buried, a secondary designation was given based on how the block was embedded. If a block was 

surrounded by soil, it was recorded as buried on all sides, whereas blocks only buried on the 

upslope or downslope faces were recorded as such. 

2.6 Results 

A total of 30 slope block survey transects were performed, resulting in a total of 842 

block observations. Three hundred sixty blocks were cubic and 417 blocks were tile-shaped. A 
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large majority of blocks were in grassland transects (717), while 108 blocks were observed in 

forest transects. Seventeen blocks were observed in a transitional region between forest and 

grassland. 

2.6.21 Size, shape, weathering 

Before release from the cliff, the average block (boulder) size is 2.12 ± 1.82 m2. In 

grassland, pre-release blocks have an average size of 2.07 ± 1.38 m2, whereas in forest, pre-

release blocks have an average area of 2.31 ± 2.66 m2. These differences between forest and 

grassland are small and not significant at the 0.05 level. On hillslopes under the cliff, the average 

size of blocks of both shape classes is 0.39 ± 0.67 m2. Tile-shaped blocks have an average size of 

0.50 ± 0.80 m2, and cubic blocks have an average size of 0.32 ± 0.56 m2. This size difference 

between tile-shaped and cubic blocks is large and significant (t-test, p < 0.001). Blocks in forest 

(0.38 ± 1.11 m2) are also overall larger than blocks in grassland (0.32 ± 0.50 m2, t-test, p < 

0.001), although this difference is less substantial. I report other statistics for block properties in 

Table 2.1. 

 

 

 

 

 

 

 

 

 



55 

 

Table 2. 1 Properties of large blocks separated by block shape as well as vegetation cover. 

 All Blocks Cubic Blocks Tile-shaped 

Blocks 

Grassland 

Blocks 

Forest Blocks 

  n = 842 n = 360  n = 417 n = 717 n = 108 

Size (m2) 

Average ± SD 0.39 ± 0.67 0.32 ± 0.56 0.50 ± 0.80 0.32 ± 0.55 0.38 ± 1.11 

Median 0.17 0.14 0.20 0.14 0.39 

Minimum 0.01 0.01 0.01 0.01 0.02 

Max 7.20 6.44 7.20 7.20 6.44 

Block Relative Slope (Degrees) 

Average ± SD 9.00 ± 10.64 10.16 ± 12.60 8.36 ± 9.30 8.65 ± 10.53 9.69 ± 10.78 

Median 6.00 6.52 5.89 5.48 6.86 

Minimum 0.00 0.01 0.00 0.00 0.01 

Max 82.36 82.36 71.87 82.36 65.01 

Azimuth (Degrees) 

Average ± SD 203.36 ± 70.05 207.10 ± 67.30 203.30 ± 72.58 198.70 ± 59.69 250.60 ± 101.89 

Median 215 209.50 215.00 215.00 306.00 

Minimum 75 75.00 75.00 104.00 75.00 

Max 355 355.00 355.00 352.00 355.00 

Surface Weathering (% of surface occupied by pitting) 

Average ± SD 19.45 ± 15.54 23.00 ± 16.69 17.08 ± 14.60 17.82 ± 14.58 28.17 ± 17.84 

Median 15.00 20.00 15.00 15.00 25.00 

Minimum 0.00 0.00 0.00 0.00 1.00 

Max 80.00 80 73.00 80.00 80.00 

 

The average BRS for all blocks is 9.00 ± 10.64°. This means that there is an average 

difference between the dip of a block and the steepness of the local hillslope of 9°. The average 

BRS of tile-shaped and cubic blocks are 8.36 ± 9.3° and 10.16 ± 12.6°, respectively. This small 

difference between them is not significant (t-test p = 0.08). In grassland, blocks have an average 

BRS of 8.65 ± 10.53°, whereas in forest, blocks have an average BRS of 9.69 ± 10.78°. This 

difference between forest and grassland is also small and not statistically significant (p = 0.351). 

The average azimuth for hillslope blocks is 203.36 ± 70.05°. Grassland blocks have an average 

azimuth of 198.70 ± 59.69°, whereas forest blocks have an average azimuth of 250.60 ± 101.89° 

(t-test p < 0.001). The average azimuth of tile-shaped and cubic blocks is 207.10 ± 67.30° and 
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203.30 ± 72.58°, respectively. Differences on account of block shape are not significant at the 

0.05 level.  

Cliff face surfaces have an average estimated surface weathering of 30% ± 12%. The 

mean value for surface weathering of blocks on slopes under the cliff is substantially lower, at 

19.5% ± 15%. This difference is statistically significant (t-test, p < 0.001). Tile-shaped blocks 

appeared less weathered (17% ± 14%) than cubic blocks (23% ± 16%, t-test p < 0.001). Large 

blocks (>1 m2) appear to be overall more weathered than smaller blocks (<1 m2) (Figure 1.4a). 

 

Figure 2. 4 Hillslope block (boulder) surface weathering and size data 

(a) Surface weathering plotted as a function of block size. Yellow points are mean values of distance and weathering 

calculated at 0.25 m 2 interval. The standard error of surface weathering for each interval is shown with error bars. 

(b) Sum of block area of hillslope blocks for 3 m intervals. Secondary axis shows the block area as a portion of the 

hillslope area. (c). Block size as a function of distance for the cliff face. Grey points are individual measured 
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hillslope blocks. Colored points are the largest blocks in intervals of 3 m to capture trends in surface area on account 

of block size. The black horizontal line is the median surface area of fractured limestone unit calculated from 

fracture spacing. Black dashed lines are confidence intervals of the median. (d) Subset of data presented from panel 

(c), showing block sizes from 0 to 2.0 m2. Colored points are specific grain size fractions in intervals of 3 m to 

capture trends in surface area on account of block size. The black horizontal line is the median surface area of 

fractured limestone unit calculated from fracture spacing. Black dashed lines are confidence intervals of the median. 

 

2.6.22 Changes downslope 

There is a strong and significant decrease in block size with distance from cliff (b = -

0.0002 m2/m, p = 0.019, Figure 2.4c). There is also a strong and significant linear decrease in 

total block area when aggregating over 3 m downslope intervals (b = -0.41 m2/m, p < 0.001) 

(Figure 2.4b). Most blocks, 60%, are found within the first 12 m below the cliff face. There 

appears to be a visual decrease in the maximum block size with increasing distance from the cliff 

(Figure 2.4c). When the largest sized blocks for 3-m distance intervals are examined, there is a 

substantial and significant decrease (Figure 2.4c) in maximum size and distance (b = -1.60 m2/m, 

p = 0.02). This seemingly linear decrease is also present for the 5th (p < 0.001), 10th (p < 0.001), 

and 15th (p < 0.001) largest rock blocks (b = -0.71, -0.47, -0.37 m2/m, respectively). When 

specific grain size fractions are calculated over 3 m distance intervals (Figure 1.4d) there is no 

significant linear trend for the D16, D50, or D84 (b = 3 × 10 -4,0.003, -0.014 m 2/m respectively) 

with distance from the cliff (p = 0.78, 0.10, and 0.08 respectively). The average values of these 

grain size fractions are 0.05 ± 0.02 m2, 0.18 ± 0.05 m2, 0.63 ± 0.22 m2, respectively. Only the 

largest grain size fraction, D95 (1.3 + -0.5 m2), has a substantial and significant decreasing size 

with increasing distance from cliff (b = -0.46 m2/m, p = 0.007). There is no significant difference 

between cubic and tile-shaped blocks in terms of decrease in size with distance, and therefore, 

tile-shaped blocks remain larger than cubic blocks. There is no significant difference between 

forest and grassland blocks in terms of decrease in size with distance, either.  
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When lumped into 3 m intervals, no overall trend can be observed between surface 

weathering and distance from the cliff face for either tile-shaped or cubic blocks (Figure 2.5a). 

However, there appears to be a moderate increasing trend for a subset of blocks at distances 9–27 

m from the cliff face. In this interval, it can be observed both cubic and tile-shaped blocks 

overall increase surface weathering with increasing downslope position. For all distance 

intervals, the mean surface weathering percentage of both tile-shaped and cubic blocks are 

substantially below the mean surface weathering of the modern cliff face. In fact, the mean 

surface weathering percentage for tile-shaped blocks for distance intervals 0–12 m is 

significantly below the standard deviation of cliff face surface weathering values. Mean 

weathering below the standard deviation of cliff face weathering also occurs for distance 

intervals 15–18 m, and 21–24 m for tile shaped blocks. 
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Figure 2. 5 Block (boulder) property with distance from bedrock bench 

(a) Box plot of average surface weathering of hillslope blocks for 30 slope transects in 3 m intervals. Solid black 

horizontal line is the average surface weathering of cliff face surfaces via pitting. The dashed black line is the 

standard deviation of average surface pitting of cliff faces. Each bin of the histograms represents a 3 m interval 

downslope from the cliff face. To better compare cubic and tile-shape block spatial patterns on hillslopes, the 

number of individual blocks in each bin has been standardized. Standardization was done by dividing number of 

points in the bin by the total number of tile-shaped or cubic blocks respectively. (b) Box plot of difference between 

hillslope blocks and hillslope slope for 30 slope transects for 3 m intervals. Horizontal dashed lines mark 10° 

increments of Block Relative Slope. (c) Histogram showing distribution of cubic and tile-shaped blocks on slopes. 

(d) Histogram showing the distribution of stability of blocks on slope. (e) Histogram showing burial status of blocks 

on slopes. Significant peak of unburied, surface blocks in distance interval 3–6 m. (f) Average hillslope slope profile 

was calculated from slope values extracted every 3 m along transect survey lines. Average slope value for each 

distance interval along transects lines is plotted with its standard deviation. The pattern of the data reflects the 

concave-up hillslope morphology common to hillslopes below this limestone layer. 

 

All BRS values are greater than zero for both cubic and tile-shaped blocks, reflecting that 

all blocks are inclined more than the local hillslope. BRS appears to decrease moderately for 

both cubic and tile-shaped blocks with downslope distance from the cliff face (Figure 2.5b). 

Blocks in the first 3 m downslope from the cliff face have an average BRS of 11°, whereas those 

furthest from the cliff have an average BRS of 3°. This difference is significant (t-test, p < 

0.001). This signal is present for both tile-shaped and cubic blocks: tile-shaped blocks in the first 

3 m of the cliff face have a BRS of 11.1° compared to those furthest from the cliff with a value 

of 3.8° (t-test, p < 0.001) and cubic blocks in the first 3 m of the cliff face have a BRS of 12.5° 

compared to those furthest from the cliff with a value of 3.9° (t-test, p = 0.001). There is no 

substantial or significant relationship between azimuth and BRS or between azimuth and surface 

weathering for the entire data set or for tiles and cubes separately. Shape is not related to block 

position on hillslopes: there is no significant difference between cubic and tile-shaped blocks in 

relation to position (two-sample Kolmogorov-Smirnov test, p = 0.91, Figure 2.5c). Unstable 

and stable blocks also appear to be in about the same position on slopes, with slightly more 

unstable than stable blocks in the 3–9 m range (p = 0.65, Figure 2.5d). There is no overall 

significant difference in distribution of blocks that are embedded in the soil or sitting on the 
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surface (Kolmogorov-Smirnov test, p = 0.41), there are substantial differences between 

embedded and on surface blocks in cliff proximal positions (0–6 m from the cliff face (Figure 

2.5e). 

2.6.23 Interaction with soil 

Most blocks (543, or 64%) were embedded in the hillslope soil to some degree. Three 

hundred eleven blocks were surrounded by soil, 202 had soil only behind the upslope face, and 

30 had soil covering only the downslope face. I used a χ2 test to determine whether block shape 

and the type of embedding are related for all blocks, for grassland blocks, and for forest blocks 

(Figure 2.6). The null hypothesis for this test is that shape and embedding status are independent. 

This hypothesis was rejected (p < 0.001): there is a relationship between block shape and how 

the block is embedded in hillslope soil. Cubic blocks have more individuals embedded in soil 

only on the upslope side. Tile-shaped blocks are more often embedded in the soil on all sides. 

The strength of the association between embedding type and block shape, expressed as Cramer's 

V, is 0.33, indicating moderate associations for the entire data set (Figure 6). For blocks in forest 

locations, Cramer's V is 0.25 (low association strength), while in grassland locations, Cramer's V 

is 0.34 (moderate association strength). 
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Figure 2. 6 Block (boulder) geometry association analysis 

Association analysis results between embedding status and block shape. Results are reported for all blocks measured 

and then separated out by vegetation cover type. The Cramer V test produces an output between 0 and 1, where 0 is 

no association, and any value that is above 0.5 is considered a strong association. Associations between 0.3 and 0.5 

are moderate strength.  Associations below 0.3 are weak associations. This histogram visualizes data used in each 

combination of block shape and embedding status classes. 

  

2.7 Discussion 

2.7.24 Block size and surface weathering 

Results clearly show that blocks are decreasing in size through time via weathering 

processes as they move downslope. There is also a significant decrease in total block size with 

distance from the cliff face, leading me to accept my first main hypothesis. We can further 
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observe that the size of the largest individual blocks (D95, and the largest, 5th, 10th, and 15th 

largest blocks) decreases with distance from the cliff. For semi-arid and arid landscapes, Glade et 

al. (2017) and McGrath et al. (2013) observed a logarithmic decrease in size with distance for the 

largest particles on the hillslopes. For this landscape, I do not find this to be true. Instead, the 

largest size fractions decrease in size linearly (Appendix A – Table A.1). I propose these trends 

reflect the fundamental nature of chemical and physical weathering of limestone blocks in this 

landscape. As a limestone fragment breaks apart and dissolves, the surface area continues to 

increase relative to the total block volume. This increase in the ratio between surface area and 

volume through time corresponds with an increase in weathering which would manifest as a 

continual decrease in block size. If this is the case, we would expect to see a continual decrease 

in size along the hillslope toposequence, which we observe here in the data. 

This location also shares Glade et al. (2017) observation that the smallest particle fraction 

(D16) remains constant across slope positions. This relationship holds true for a significant 

portion of my observed clast sizes. However, where Glade et al. (2017) interpreted the constancy 

of the smallest grainsize fraction (D16) as evidence of the constant provision of weathered 

fragments of larger blocks, I suggest that in this case the stable D16 of blocks more strongly 

reflects the minimum observable rock size more than a physical process. In my study, I did not 

observe rock fragments smaller than a cobble due to visibility problems in the dense grassy 

vegetation. This measurement scheme results in an artificial minimum block size that is related 

to methodology rather than a physical minimum. As a result, I proceed cautiously when making 

interpretations concerning the smallest grain sizes in my data set. However, the overall 

implication of block size changes along the topo-sequence remains, weathering reduces block 

size. 
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At the same time, I do not observe a significant increase in signs of surface weathering with 

increasing distance from the cliff, leading me to reject my second main hypothesis. My initial 

assumption that limestone blocks weather primarily via flaking and dissolution of small 

fragments from the surface would have led to increasing signs of surface weathering on the 

blocks as the move downslope and become smaller. In keeping with that hypothesis, it also 

seemed reasonable to expect that blocks would inherit the surface weathering that accumulated 

when they were part of the cliff face. If that would have been the case, we would expect average 

block surface weathering near the average cliff surface weathering in cliff proximal positions 

(Figure 2.5a). One would also expect that in cliff distal positions the block surface weathering 

would be greater than the average cliff surface weathering. In contrast to both of those 

expectations, we see that in cliff proximal positions block surfaces are less weathered than cliff 

faces. Only at more distal hillslope positions does block weathering begin to increase again and 

becomes closer to the average cliff weathering. To explain why we do find smaller blocks but 

not more signs of weathering, I propose that fragmentation into discrete fragments drives a 

reduction in total block size, produces complex size-distance patterns, and creates new 

unweathered block surfaces along fracture planes. 

Fragmentation is the process by which large clast break up into discrete smaller fractional 

portions of the original (Wells et al., 2008). This process has most recently been described by 

Román-Sánchez et al. (2019) who present two broad conceptual fragmentation pathways. In the 

first broad pathway, particles break into discrete halves, thirds, quarters, and so on. In the second 

broad pathway, larger particles break off significantly smaller particles and decrease slightly in 

size themselves. I initially expected the latter in Konza (through spalling), but my observations 

point to some combination of the two, favoring the former model. As the largest blocks weather 
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via fragmentation and are transported downslope, they decrease in size (Figures 2.4c and 2.7), 

losing portions of themselves as small fragments or larger discrete daughter blocks. The presence 

of both types of fragmentation also results in the complex size-distance patterns observed on 

these hillslopes (Figures 2.4c and 2.4d). Yet, when sum together the size of individual rock 

fragments and large blocks in the downslope direction (Figure 2.4b) we see a strong linearly 

decreasing relationship in total block size. This trend would reflect that while the largest block 

present may decrease with distance from the cliff face, a decreasing proportion of the original 

large block is preserved on the hillslope. Some of the original material of these large blocks is 

permanently lost through dissolution or fragmentation to a grain size that cannot be differentiated 

from the mobile regolith (Figure 2.4b). This clear relationship is a significant result, as it reflects 

fundamental landscape relationship between the rate at which large blocks break apart and the 

rate at which these discrete fragments are transported downslope. 
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Figure 2. 7 Conceptual model of block fragmentation 

Generalized conceptual pathways of block (boulder) fragmentation. Tile-shaped blocks will maintain or slowly 

decrease in area whereas cubic blocks will decrease in area as they break apart along a vertical face. Irregular rock 

fragments along the bottom represent the smallest rock fragment sizes observed. These smallest fragments can have 

tile or cubic shapes. Fragmentation is always occurring, resulting in small fragments at all distance intervals from 

the hillslope. (a) Photograph of limestone block breaking along pre-existing horizontal planes. These are blocks that 

are still part of, or just disconnected from the cliff face. (b) Photograph of limestone block breaking along vertical 

irregular weakness of crack. Block in photograph is approximately 3–6 m from the modern cliff face. 

 

One can also observe that most blocks, even in positions very close to the cliff face, are 

substantially smaller and less weathered than the average and median of limestone fracture 

spacing. This suggests that substantial fragmentation occurs immediately upon release of 

limestone blocks onto the hillslope, creating fresh non-weathered surfaces on daughter blocks. 

This is supported by visual field observations of blocks that have broken apart and are resting 

directly on the hillslope surface (Figures 2.2d and 2.5e) in response to slumping, falling, or 

tumbling from their cliff face positions. If blocks do indeed have a high likelihood of instant 

break-up, it would help explain why there is not a significant decrease in block size with distance 
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from the cliff for most size fractions of blocks—the largest decrease has already occurred before 

the block has moved away from the cliff face. Fragmentation into few large fragments can 

explain both the absent increase in surface weathering with increasing distance from the cliff 

(Figure 2.7) and the fact that blocks are overall less weathered than the average cliff face by 

providing a process that creates new, unweathered block surfaces. This process can also explain 

the roughly positive relationship between surface weathering and block size (Figure 2.4a)—

larger blocks have had more time to accumulate signs of surface weathering, whereas smaller 

blocks are mostly fragmentation products with newly exposed surfaces. 

Finally, fragmentation into few, relatively large new blocks can explain the observation 

that tile-shaped blocks have larger average areas than cubic blocks. I propose that the limestone 

that forms the slope blocks can break apart in two styles. On one hand, large blocks can break 

apart into a series of large regular tile-shaped blocks along horizontal weaknesses, resulting from 

original sedimentary layering (Figure 2.7a). This mode of break-up would preserve the large 

surface formed by the largest and intermediate axes of the parent block and create equally large 

un-weathered surfaces, thus depressing the observed surface weathering of tile-shaped blocks. 

On the other hand, blocks can break apart into more cubic halves, quarters, thirds, and so on, 

breaking along cracks that may have formed after the block separated from the cliff face (Figure 

2.7b). This style of fragmentation would create new cubic blocks with a smaller surface area than 

the parent block, but fewer new un-weathered surfaces. 

As a result of the findings discussed above, I propose fragmentation of large blocks into a 

small number of smaller blocks provides a simple explanation for the complex observed 

relationships between block size and distance (Figures 2.4c and 2.4d). It also provides a simple 

explanation for the absent relationship between block weathering and distance (Figure 2.4a). 
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Finally, the difference in style of block break-up discussed above explains why we observe tile-

shaped blocks that are less weathered yet larger than cubic blocks (Figure 2.7). 

2.7.25 Transport and block shape 

I hypothesized based on previous work by Schumm (1967), Glade et al. (2017), Glade 

and Anderson (2018), and Caviezel et al. (2021) that different block shapes result in different 

transport mechanisms. This difference would be caused by block geometry controlling the block 

center of gravity as well as the volume of soil that can collect behind it. We do indeed observe a 

similar process of upslope soil collection and downslope soil depletion with cubic blocks (Figure 

2.6), as proposed by Glade et al. (2017). On the other hand, soil builds up equally along all sides 

of tile-shaped blocks. This shows that block shape plays an important role in how soil is stored 

on and routed down hillslopes. Thus, we accept my third hypothesis—there is indeed a 

significant correlation between the shape of a block and the distribution of hillslope material 

around a block. However, my observations subsequently do not support a different transport 

process for different shapes. 

If cubic blocks would have transported via slow tumbling or rotation, we should have 

observed overall greater values of BRS. For a cubic block undergoing rotational movement, we 

would expect surfaces to occupy inclinations ranging from parallel to the slope to nearly standing 

on edge. Cubic blocks would occupy these high inclinations before tumbling or rotating would 

happen when a block's center of gravity moves beyond its lower edge. This would result in BRS 

values that would range from 0° to 25°, assuming a hillslope of 20°. However, this was not 

observed; both tile-shaped and cubic blocks have similar, low BRS values between 5° and 15°, 

while hillslope steepness ranges from 20° to 10° (Figures 2.5b and 2.5f). Thus, I reject my fourth 

hypothesis. Instead, I propose that both cubic and tile-shaped blocks are mainly transported by 
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soil creep, as first proposed by Schumm (1967) for substantially smaller tile-shaped clasts in arid 

settings. 

Nonetheless, blocks on occasion do tumble downslope. This tumbling occurs in locations 

near cliffs where slope steepness is highest (around 20°, Figure 2.5f). In the field near cliffs, I 

observe meter and sub-meter scale blocks that are unstable and not embedded in the hillslope in 

these locations (Figures 2.5d and 2.5e). The number of not-embedded blocks reaches its peak in 

the first 12 m of slopes and so may indicate more recent or frequent movement in this zone 

(Figure 2.5e). We also observe that BRS in this region (Figure 2.5b), specifically in the first 9 m, 

is at its highest, which suggests an increased likelihood of unstable spatial configurations for a 

small number of blocks on steeper hillslopes. Recent movement is consistent with the low 

percentage of surfaces presenting evidence of weathering so close to the cliff (Figure 2.5a). My 

interpretation is that in this cliff-proximal zone, slopes are steeper, and the likelihood of 

especially newly- or recently released blocks rotating or tumbling is higher, leading to more 

fragmentation via breakage, exposure of fresh surfaces, and blocks sitting directly on the 

hillslope surface rather than being embedded in the soil. Furthermore, I propose that the small 

amount of rotation seen for all blocks (Figure 2.5b) is most likely related to downslope soil 

mining and upslope soil storage as proposed by Glade et al. (2017). While in the field I see 

evidence of rotation related to this process, we do not see evidence of the ultimate effect of 

downslope movement. This may be due to this landscape not being steep enough to allow for 

sporadic movement, but rather slight surface rotation while creep processes move the blocks 

downslope like a conveyor belt.  

Further work focusing on whether and how large blocks break apart because of tumbling 

should be done to confirm or refute these suggestions as well as the mechanism that produces the 
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small amounts of rotation for all blocks. This future work would also need to consider lithologic 

characteristics that allow for easier break up of some blocks over others. Carbonate rocks in this 

region as covered above have relatively regular fractures and joints that generally control the 

dimensions of the block that is first deposited on the hillslope. I also observe in the field that 

there is lateral variation in thickness of bedding in the Cottonwood limestone (Aber & Grisafe, 

1982). These bedding planes act as a primary weakness that the rock may break along once the 

block detaches from the cliff face (Dredge, 1992; Ruedrich et al., 2011). We may expect a higher 

proportion of tile-shaped blocks below cliff locations with thinner beds and thus more bedding 

planes along which failures can occur. Another lithologic characteristic of interest may be the 

level of dolomitization of the rock. Carbonate rocks in the region have undergone levels of 

conversion from limestone to dolostone that can vary laterally (Imbrie et al., 1964). Dolomite has 

a higher tensile strength (5–25 mPa) than calcite (1–15 mPa) and is less reactive to chemical 

weathering (Baykasoglu et al., 2008; Drever, 1982; Paronuzzi & Serafini, 2009; Szramek et al., 

2011). In places where the cliff face is composed of more dolomite, we would expect slope 

blocks to be larger compared to blocks sourced from purely limestone cliffs. This difference 

would arise due to dolomite's comparatively greater “toughness” to both physical and chemical 

weathering. 

2.7.26 Effects of vegetation cover 

While not one of the initial goals of this research, I found that there is a significant size 

difference between blocks under forest cover and blocks under grassland (Appendix A – Table 

A.1 and Figure A.1). Blocks in forest cover are slightly larger (0.38 ± 1.11) than grassland 

blocks (0.32 ± 0.55), and the difference is statistically significant (t-test, p < 0.001). The 

difference cannot be attributed to a difference in pre-release fractured bedrock between grassland 
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(2.07 ± 1.38 m2) and forest sections (2.31 ± 2.66 m2) of the limestone cliff—there is no 

significant difference between the two (t-test, p = 0.63). Furthermore, while there is a significant 

difference in hillslope gradients between forest and grassland (t-test, p = 0.005), it is not 

substantial with average hillslope gradients being 17.6 ± 7.1° and 16.5 ± 9.7°, respectively. 

Therefore, I tentatively reject differences in hillslope gradient as a possible reason for differences 

in block size between the two vegetation cover types. Interestingly, we can also observe a 

difference in block surface weathering between the two vegetation cover types (Table 2.1). The 

surface weathering of blocks is higher in the forest (28.17% ± 17.84%) than in the grassland 

areas (17.84% ± 14.58%, t-test, p < 0.001). This difference in surface weathering suggests the 

observed differences in size may be the result of differential rates of weathering between the land 

cover types. I explore below three other possible reasons for the block size difference. 

First, block size difference could result from differences in long term fire-related 

processes between forest and grassland. Grasslands have about three times more intense and 

energetic fires than forests (Gomes et al., 2020). These differences in fire intensities can lead to 

stronger physical weathering (through fragmentation and spalling) and thus to smaller blocks in 

grasslands. This explanation requires that the forest-grassland transition has been spatially 

largely constant over block-weathering timescales, which I assume to be at least centuries. 

Indeed, prairie grasses have dominated this portion of the Great Plains region since at least 

30,000 yr B.P. (Axelrod, 1985; Johnson et al., 2007; McLauchlan et al., 2013). Over this period, 

the spatial extend of forests has been primarily contained to areas near stream and river channels 

(Axelrod, 1985; Knight et al., 1994). Over shorter timescales, the gallery forests expand and 

contract based on factors such as water availability or grazing patterns, but never reach into 

higher hillslopes (Knight et al., 1994). Along with the relative spatial stability of the grassland-
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forest boundary, wildfires have had a significant presence in these grassland landscapes over 

both human and geomorphic time scales (Gorynski & Mandel, 2009). Fire has been shown to 

weaken rocks and increase post-fire susceptibility to weathering (Goudie et al., 1992). Micro-

cracks can form through individual grains within a rock in response to fire heating, creating new 

internal weaknesses (Dorn, 2003), which can then lead to macro-scale fractures, breaks, and 

exfoliation (Dorn, 2003; Goudie et al., 1992; Shtober-Zisu & Wittenberg, 2021). In the context 

of this landscape, increased fire related weathering in grassland vegetation cover could therefore 

result in faster rates of fragmentation and increased amounts of fresh surfaces being exposed 

compared to forest settings. This difference in fire intensity between grasslands and forest could 

be one explanation for differences in surface weathering as well as block size between the 

vegetation cover types. 

Second, the block-size difference may be the result of landcover-associated microclimatic 

variations (Eppes & Keanini, 2017; McFadden et al., 2005). Globally, except for the boreal 

regions, forests dampen the diurnal temperature range that is experienced in a location (Duveiller 

et al., 2018; Lee et al., 2011). Trees in forested locations shade blocks from direct sunlight, 

reducing thermal expansion and contraction cycles and thus limiting physical weathering. Due to 

differential amounts of thermal expansion due to microclimatic controls, the rate of spalling and 

fragmentation would be lower in forest settings (Eppes & Keanini, 2017). This lower rate of 

forest fragmentation would result in slower block breakup, larger blocks, and less fresh surface 

being exposed compared to the grassland locations. 

Third, the observed difference may be the result of leaf litter cover in forested areas 

covering and obscuring smaller blocks that would be exposed and therefore observed in the 
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grassland setting. However, it is difficult to validate this hypothesis without removing the leaf 

litter and vegetation. 

Further research focusing on the role of microclimate, vegetation shielding, and fire 

frequency in relation to block weathering in grasslands will be needed to test these propositions. 

Of the three proposed explanations, I believe that wildfire differences may be the best supported 

by previous research and be the easiest to investigate. Monitoring the post fire evolution of 

cracks and fractures that may develop in a block (i.e., Goudie et al., 1992) may be the simplest 

way to measure resulting differences between forest and grassland fires. However, that still does 

not give us an insight into crack formation during the fire event itself. Therefore, it may be 

advantageous to monitor crack propagation during a fire event. For example, the installation of 

geophones on select large hillslope blocks (boulders) may allow us to “hear” the cracking as it 

takes place. Doing this in both forest and grassland settings may allow us to establish differences 

in fracture propagation intensity for the two different wildfire types. The Konza Prairie research 

station would be an optimal location to perform this future work due to regular prescribed burns 

of both forested and grassland locations as well as the bed rock geology that allow the targeting 

of large blocks of the same lithology for this monitoring. 

2.7.27 Block transport mechanisms 

Topography, specifically slope steepness, must be a first order control over block 

transport. Transport of blocks and clasts over hillslopes in very steep mountain settings is 

primarily driven by the pull of gravity (Caviezel et al., 2021; DiBiase et al., 2017). Yet, in 

landscapes where hillslope gradients are lower, such momentum-based transport will be rare. 

However, even on less steep slopes, it stands to reason that block transport via soil interaction 
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and block rotation increases with slope steepness, and that transport through rotation becomes 

harder on flatter slopes. In my study location, the slopes below limestone cliff are on average 

15°, and I find little evidence of rotational-based transport. We could expect that undercutting 

and rotation-based transport may be observable or even dominant in steeper settings. Steeper 

slopes increase the potential for rotation-based movement and transport. Furthermore, based on 

my findings, shape does not have a particularly strong control over the type of mechanism 

moving blocks downslope in the Flint Hills as opposed to steep landscapes (i.e., Caviezel et al., 

2021). Regardless of block geometry, transport occurs mainly along with the mobile regolith via 

creep. 

In addition, I postulate that seasonal temperature and moisture fluctuations are important 

in determining whether creep processes can move blocks downslope. Grab et al. (2008) showed 

that in alpine regions, frost jacking and gelifluction can be a primary movement driver of large 

meter-scale blocks on soil-mantled hillslopes. This type of strongly frost-driven transport occurs 

irrespective of clay content of the soil (Grab et al., 2008). In less extreme 

climatic conditions, we could expect that frequent formation and melting of frost in the near 

surface may be able to repeatedly lift and lower blocks, resulting in movement in the downslope 

direction in a similar manner as creep. Locations where winters are wet and frequent temperature 

fluctuations from above to below freezing occur would maximize this type of process's 

contribution to transport. The climate of my study location may not be ideal for maximizing the 

cycles of lifting and lowering blocks due to its temperate mid-continental climate characterized 

by cold, dry winters and warm, wet summers. Most of the precipitation (75%) falls during the 

agricultural growing season, May through September (Hayden, 1998). However, autumn and 

spring diurnal temperature swings from above to below freezing coupled with precipitation or 
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substantial soil moisture may result in some amount of lifting and lowering over the course of a 

year due to near surface frost formation. A fair test of the role of climate in frost-jacking 

transport of large blocks would be possible by finding a climatic gradient along which other 

conditions remain approximately equal. An example would be examining hillslope blocks below 

a cliff forming unit that runs along climatic gradient where frost formation frequency decreases. 

Reduction in frost formation would result in decreased creep efficiency, resulting in more 

transport being accomplished by slope steepening and tumbling rather than creep. We could 

perhaps also expect that the frequency of blocks would be lower near cliff proximal positions in 

climatic conditions where creep is efficient enough to carry away the blocks from the cliff face in 

northern locations. 

 A final factor that I believe contributes to creep transport of blocks is the proportion of 

expansive clays that compose hillslope soils. When clays (especially expansive 2:1 clays such as 

smectite and vermiculite) wet, they expand and can cause soil heave. In extreme settings where 

soils are nearly entirely composed of these 2:1 clays, this swelling can result in damage to 

building foundations (Kalantari, 2012). This process can lead to lateral movement of slope 

blocks sitting on top of the soil, rather than rotating or tumbling. Repeated expansions and 

contractions over time would result in slow downslope movement, just as with frost heave. In 

experimental settings, a bentonite expansive clay exerted a maximum swelling pressure between 

1,000 and 2,500 kPa when wetted (Bhanwariwal & Ravi, 2021). A cubic 1 m3 limestone block of 

ρ = 2,000 kg/m 3 with 1 m 2 surface area would exert merely 20 kPa of downward force on the 

soil surface, much less than that of the experiment's pure bentonite. Clearly, in natural settings, 

the force exerted by swelling clays would be less because clay percentages are lower; many clays 

are less expansive than bentonite, and expansion can to some extent happen in directions other 
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than upward. Yet, a role for clay-expansion in block transport via creep seems warranted. In my 

study location, hillslope soils form primarily from upland loess and the shale that form the 

hillslopes which result in high proportions of silt and clay. Furthermore, as the limestones of this 

landscape weather, they too release clays as the calcite around them eventually dissolves away. 

2.8 Conclusions 

Rock blocks on hillslopes under cliffs in Konza Prairie appear to display complex 

relationships between size and distance from the modern cliff face. I find that the larger size 

fraction of blocks exhibits a clear decrease in size with distance from the cliff; however, the 

relationship is less clear for smaller block sizes. Furthermore, I observe a clear decrease in total 

block size with increasing downslope distance from the cliff when the size of individual blocks is 

summed together in 3 m intervals. The sum of hillslope block size for these 3 m intervals does 

appear to decrease with distance strongly linearly (Figure 4b). I propose that fragmentation of 

large blocks is a simple explanation for the weak relationship between block size and distance 

from cliff for moderate and small blocks. Fragmentation allows for the largest blocks to decrease 

in size, while acting as a mechanism for the production of the small and moderate sized blocks 

and rock fragments found across the entire hillslope. Field observations lead me to conclude that 

the process of fragmentation differs between cubic and tile-shaped blocks leading to tile-shaped 

blocks being larger in size and less weathered compared to cubic blocks. 

When these observations are considered together, I conclude that in this temperate mid-

continental landscape limestone blocks weather primarily through fragmentation. Furthermore, 

this process occurs while the block moves downslope through time. I also find that block shape 

may play and important role in how soil is spatially distributed around large hillslope blocks. 

Cubic blocks are more likely to collect soil on their upslope side and act as repositories of soil, 
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whereas tile-shaped blocks are surrounded on all sides by soil, suggesting that soil may move 

around them more easily. Yet, block shape does not appear to play as important a role in block 

transport as expected at the beginning of my investigation. I show that most blocks, regardless of 

three-dimensional geometry, are transported in a fashion first described by Schumm (1967)—on 

top of moving regolith with creep. This conclusion is based on the following observations: we 

find on similar values of relative slopes for both tile-shaped and cubic blocks as well as both 

shape classes having nearly the same distribution of hillslope positions. 

Finally, I observe that differences in slope block size and surface weathering is related to 

differences in vegetation cover types. I propose that this difference may be caused by 

microclimatic as well as wildfire intensity differences between grassland and forest vegetation 

cover. Wildfires can weaken rock and speed up the process of fragmentation, whereas 

microclimate differences can affect weathering rates. However, further research will be 

needed to decide between the relative importance of these two possible reasons. 

 

  



78 

Chapter 3 - The lasting legacy of glacial landscape dynamics: 

Capturing the transport of boulder armor and hillslope retreat 

with geochronology in the Flint Hills of Kansas 

3.1 Abstract 

I present new geochronological data derived from hillslope boulder armor in the Flint 

Hills in northeastern KS, United States, that provides insights into the rates and timing of lateral 

retreat in this landscape. My results show that the surfaces of these limestone boulders date back 

to the Pleistocene era, well within the last glacial period. I also found that there is a significant 

increase in the ages of hillslope armor with increasing distance downslope from the modern 

limestone bench, the source of the boulders. Based on the age-distance relationship of the 

boulders, I estimate the rate of lateral retreat in this landscape to be 0.02 mm/yr, which falls 

between the geometrically estimated retreat rates based on calculated denudation rates of the 

Flint Hills region. I propose that the cooler temperatures and higher effective moisture due to less 

efficient evapotranspiration during the late Pleistocene period resulted in more effective freeze-

thaw and transport processes, such as creep due to soil expansion and contraction. The 

production and transport of new boulder armor would then have effectively ceased once the 

climate transitioned to warmer conditions during the Holocene. My findings suggest that the 

boulder armor observed on the soil mantled hillslopes today are relict features from before the 

LGM-Holocene transition. These results provide important insights into the long-term evolution 

of these ubiquitous layered sedimentary landscapes. 
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A version of this chapter was submitted to the Journal Geomorphology on June 23rd, 

2023, and accepted after going through peer review on November 13th, 2023. The citation of the 

journal article is: McCarroll, Nicholas Reilly, and Arnaud Temme. "The lasting legacy of glacial 

landscape dynamics: Capturing the transport of boulder armor and hillslope retreat with 

geochronology in the Flint Hills of Kansas." Geomorphology 445 (2024): 108980. 

3.2 Introduction 

3.2.28 Plain language summary 

Limestone boulders found on hillslopes in Konza Prairie, Kansas date to the Pleistocene 

period, specifically to glacial times. The age of the boulders indicates that the cooler 

temperatures and higher moisture levels during the Pleistocene period provided more favorable 

conditions for processes like ice wedging, resulting in more boulders being produced and 

transported away from the limestone benches on the landscape. I estimated the rate of lateral 

change in the landscape at 0.02 mm/yr, and the apparent rate of boulder transport at 0.12 mm/yr. 

The boulder armor found on the hillslopes today is therefore relict features from the most recent 

Ice Age, produced and transported during the Pleistocene period. The research suggests that the 

climate fluctuations over geologic timescales may result in conditions that speed up or slow 

down landscape activity, and my estimated long-term averaged rates of lateral retreat are 

consistent with the vertical denudation rate of 0.1 mm/yr published for this location. 

Understanding the history and processes that shaped the landscape can provide valuable insights 

into how it may continue to change in the future. 

3.2.29 Introduction and conceptual framework 

The rate of landscape development and response to exogenic changes determined by the 

rate at which material can be removed from the landscape. This rate of material flux out of a 
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landscape is directly controlled by the rate at which material can be weathered, transported down 

a hillslope, and eventually carried away by the fluvial system (Glade et al., 2019; Shobe et al., 

2021). The rate of material transport is controlled by the efficiency at which various geomorphic 

processes proceed (Sweeney et al., 2015; Richardson et al., 2019; Neely et al., 2019). On one 

hand, internal geomorphic drivers like the underlying lithology, precipitation patterns, changes in 

vegetation cover, and biologic activity exert considerable influence on the processes that drive 

material flux on both hillslopes and the fluvial system (Govers and Poesen, 1998; Roering et al., 

2001; Marston, 2010; Schanz and Montgomery, 2016). On the other hand, external boundary 

conditions, such as climate, tectonics, and base level changes, can significantly control the 

effectiveness and relative dominance of the different internal geomorphic drivers that drive the 

processes that transport material out of a landscape (Gran et al., 2013; Zondervan et al., 2020; 

Marshall et al., 2021). These process drivers and boundary conditions can, individually or 

together, exaggerate or mute these different processes and thus speed up or slow down the rate of 

material transport and in turn the rate of overall landscape change (Glade et al., 2017; Glade and 

Anderson, 2018; Glade et al., 2019; Shobe et al., 2021; Chapter 2). The geomorphic community 

has made significant progress in understanding the effects of geomorphic drivers and processes 

on landscape change. In the case of hillslopes, the key processes are: bedrock weathering, debris 

flows, and soil creep (Roering et al., 1999; Mudd and Furbish, 2004). Recently, the geomorphic 

community’s attention has shifted to examine less obvious or harder measured landscape 

properties that can also influence geomorphic drivers and processes. Hillslope armor, formed by 

rock fragments and boulders, is one such landscape property that has received increased attention 

by the geomorphic community (Glade et al., 2019; Chilton and Spotila, 2020; Shobe et al., 2021; 
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Chapter 2). This surface armor may function as a dynamic boundary condition at the hillslope 

and regional landscape scale.  

Rock fragments of varying sizes from a harder lithology can cover and protect 

underlying, more erodible rock or soil, which can modulate erosion in both hillslope and fluvial 

settings (Glade et al., 2019). On hillslopes this armor works by trapping regolith on the upslope 

side and reducing the rate at which the bedrock beneath the armor is converted into regolith and 

eroded away (Granger et al., 2001a). The ability of boulder armor to reduce the rate of material 

removal off a hillslope is an important control in landscapes composed of alternating lithologies 

with differing erodibility. In such landscapes, portions of slopes underlain by weaker lithologies 

can be armored by boulders sourced from outcrops of resistant lithologies. Model simulations 

indicate boulder armor can significantly increase the geomorphic lifespan of landforms as well as 

modulate ongoing river incision and hillslope adjustment (Thaler and Covington, 2016; Glade et 

al., 2017; Glade et al., 2019). However, we have yet to constrain the rate at which such material 

is provided to and transported over the hillslopes. Understanding how and when large rock 

boulders are transported downslope by hillslope processes is important for comprehending the 

longevity of this control on landscape evolution.  

I seek to establish a chronology of the production and movement of hillslope boulder 

armor for hillslopes in the Konza Prairie portion of the Flint Hills of Kansas, where a record of 

fine sediment fluxes off the hillslopes has already been established (Gorynski and Mandel, 2009; 

Layzell and Mandel, 2020). The Flint Hills are formed from many repeating layers of shale and 

limestone that create a distinct stair-step hillslope profile (Frye, 1955). Many of the slopes are 

armored by boulders and rock fragments sourced from the limestone layers (Frye, 1955; Chapter 

2). Using cosmogenic 36Cl collected from benches and boulders on two hillslopes, this chapter 
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will provide insights into rates of boulder transport as well as an estimate of how quickly these 

hillslopes are retreating laterally. 

3.2.30 Production of hillslope boulder armor 

The lateral migration and erosion of various land features such as cliffs, bluffs, hogbacks, 

as well as bedrock benches, are a critical source of hillslope armor in the form of deposited 

boulders, as noted in recent studies (Duszyński et al., 2019; Shobe et al., 2021; Fame et al., 

2023). The production of hillslope armor from an active cliff face makes it an active participant 

in landscape evolution, as it regulates rates of erosion and weathering below the cliff face (Glade 

et al., 2017; Glade and Anderson, 2018; Glade et al., 2019). A significant portion of research has 

focused on the large escarpments in arid settings, such as the Colorado Plateau (Koons, 1955; 

Schmidt, 1996; Schumm and Chorely, 1966; Ward et al., 2011; McCarroll et al., 2021). These 

towering escarpments, several hundred meters high, are primarily composed of a hard rock unit 

that overlays a much softer lithology, creating a significant amount of rock debris that mantles 

the slopes directly below the cliff (Koons, 1955; Schmidt, 1996; Schumm and Chorely, 1966; 

Ward et al., 2011). While impressive, these colossal cliffs are not typical of most cliffs and 

hillslopes around the world. Cliffs and escarpments ranging in size from several meters to tens of 

meters are more prevalent (Duszyński et al., 2019). In these scenarios, thin caprock, block-by-

block weathering, boulder release, cliff retreat, and subsequent boulder transport are crucial 

factors governing hillslope evolution. In locations with prefractured or jointed caprock, this 

mode of cliff-retreat is dominant (Koons, 1955; Yeend, 1973; Abrahams et al., 1984). The 

removal of material beneath the caprock ultimately results in slumping and detachment of a 

portion of the escarpment face as a discrete boulder that may begin to move downslope (Yeend, 
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1973) This process is usually gradual and slow as opposed to the catastrophic rock avalanches of 

much larger escarpments (Yeend, 1973; Koons, 1955; Ward et al., 2011; Chapter 2). 

3.2.31 Boulder armor impacts 

The concept of colluvial armor protecting hillslopes from erosion is not new in hillslope 

geomorphology. Bryan (1940) and later Mills (1981) described a process where depressions in 

hillslopes, such as gullies or heads of streams, fill up with coarse colluvial material sourced from 

a more resistant rock unit from above and armor that location. The armor shields that part of the 

hillslope from future erosion via runoff and diverts the focus of erosion to another nearby 

location. Eventually, the armoring effect can result in a location where the protected part of the 

hillslope becomes a stranded high point or hilltop (Bryan, 1940; Mills, 1981; Chilton and 

Spotila, 2020). This type of armoring of a portion of a hillslope by a colluvial package has 

become a fundamental theory in later work examining the evolution of large arid escarpments 

and the development of associated landforms, such as talus flatirons (Koons, 1955; Gutiérrez 

Elorza and Sesé Martinéz, 2001; Oh et al., 2019; McCarroll et al., 2021). However, the focus has 

shifted from examining the effect of armoring via a continuous colluvial package to the impact 

of individual large boulders scattered across a hillslope. 

A combination of recent field and landscape modeling studies have started to investigate 

the impact of discrete boulder armor on hillslope processes and landscape evolution (Glade et al., 

2017; Glade et al., 2019; Chilton and Spotila, 2020; Shobe et al., 2021; Chapter 2). Boulder 

armor can be defined as multiple individual large rock fragments on a hillslope that influence 

hillslope activity at their individual location and collectively have a large-scale impact on the 

hillslope. Although a boulder is technically any sediment grain larger than 256 mm (Wentworth, 

1922), this definition is not useful in hillslope geomorphology as it includes a wide range of 
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grains with scales from submeter to decameter. Shobe et al. (2021) pragmatically defined 

boulders as grains large enough to restrict the motion of smaller, more mobile grains and trigger 

significant geomorphic change. I adopted this definition of boulders for this discussion. 

Conceptually, boulders can affect regolith flux in several ways. They can trap regolith on the 

upslope side and decrease the rate at which underlying bedrock is converted into regolith and 

eroded even if it’s already weathered, thereby reducing the removal of material from soil-

mantled hillslopes and forcing them to steepen (Granger et al., 2001b; Chilton and Spotila, 2020; 

Glade et al., 2017; Glade and Anderson, 2018). In steep landscapes, boulders produce 

depressions and pockets that capture smaller grains, inhibiting dry ravel, and increase surface 

roughness, which decreases the effectiveness of erosion caused by overland flow due to the 

microtopography capturing grains in local topographic lows thus making them energetically 

unfavorable to transport (DiBiase et al., 2017; Bunte and Poesen, 1993). However, the movement 

and removal of boulders must be considered when understanding the durability of their impact 

on the landscape. Such rates of boulder production, boulder removal, residence times, and rates 

of downslope boulder movement have only started to be constrained recently (Denn et al., 2017; 

Del Vecchio et al., 2018; Fame 

et al., 2023). Due to the scarcity of known rates of boulder armor residence times there is still an 

immense need for more data across a variety climatic and geologic settings so that a natural 

range of residence times can be established by the geomorphic community.  

Numerous studies have attempted to estimate or derive the rates of landscape denudation 

and regolith diffusion; however, with such little data concerning boulder armor it is difficult to 

assess their residence times on hillslopes. Shobe et al. (2021) estimated the residence time of 

boulders based on the landscape’s average boulder size and known denudation rates. However, 
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this approach assumes that boulder armor is relatively immobile, that boulders weather in place, 

and that the landscape is in equilibrium. Several studies suggest that hillslope boulder armor 

residence times are short enough that armor can be transported into fluvial channels before 

weathering processes can disintegrate the boulders while still on the hillslopes (Ouimet et al., 

2007; Glade et al., 2019; Shobe et al., 2021). So, while we know that boulders are produced, 

deposited on hillslopes, and transported by geomorphic processes, the geomorphic community 

has yet to establish the rates of those processes with modern geochronology.  

Ideally landscape evolution models would model boulder movement using physical laws 

that reproduce those rates of boulder production and movement that are measured in landscapes. 

However, up until now our landscape evolution models have solely used rules that govern under 

what conditions a boulder may move in the downslope direction (Glade et al., 2017; Glade et al., 

2019).  

3.2.32 Boulder armor transport and removal 

Once a boulder is emplaced on a hillslope, it can theoretically affect the transport of 

regolith and protect the underlying rock from weathering. Recent studies have highlighted how 

large cubic boulders on hillslopes beneath a resilient boulder-producing rock unit, typically in 

the form of a cliff, can significantly alter and control the evolution of landforms over time 

(Duszyński and Migoń, 2015; Glade et al., 2017; Glade and Anderson, 2018; Shobe et al., 2021). 

In this study, I am concerned with boulders in a soil-mantled hillslope setting that cannot be 

removed through higher-energy transport processes like landsliding or tumbling (Caviezel et al., 

2021). However, even in a soil-mantled setting, these boulders must either weather in place or be 

removed from the hillslope and transported out of the landscape. The most apparent way to 

accomplish this is by chemically (Darmody et al., 2005) and physically weathering (Eppes et al., 
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2010; McGrath et al., 2013; Eppes et al., 2020) the boulders into smaller, more easily 

transportable components (Wells et al., 2008; Román-Sánchez et al., 2019; Chapter 2). However, 

if the rate of boulder weathering is slow enough, then boulder armor can be transported off the 

hillslope by geomorphic processes like creep. This would result in a removal rate faster than 

what may be expected if weathering was the only process at work. 

Several conceptual models have been proposed to explain the movement or stability of 

rock boulders and fragments on hillslopes, including those by Schumm (1967), Abrahams et al. 

(1984), Duszyński and Migón (2015), Glade et al. (2017, 2019), and Chapter 2. Some research 

found that boulders are highly mobile downslope (Schumm, 1967; Glade et al., 2017; Glade et 

al., 2019). Various mechanisms, such as soil creep, frost jacking, animal trampling, and sheet 

wash, have been proposed as the primary causes of this movement (Schumm, 1967; Abrahams et 

al., 1984; Govers and Poesen, 1998; Duszy´nski and Migo´n, 2015; Duszy´nski et al., 2019). In 

other cases, studies found that boulders are resistant to movement, even as the hillslope and 

landscape around them erode (Duszyński and Migoń, 2015; Duszyński et al., 2019). Computer 

modeling suggests that such large boulders primarily move due to periodic tumbles downslope 

but are otherwise immobile for extended periods of time (Glade et al., 2017, 2019). Field 

measurements presented in Chapter 2 suggest that in soil mantled landscapes, boulder armor (up 

to meter scale) is generally transported by creep independent of boulder geometry. 

Due to the transport mechanism being practically the same between cubic and tile shaped 

boulders in the Flint Hills we expect both shape classes to experience similar residence times and 

transport rates (Chapter 2). The data presented in Chapter 2 suggests that outside of creep driven 

transport, fragmentation of boulders is the only other mechanism by which boulder armor can be 

effectively removed from hillslopes in the landscape. 
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3.2.33 Geology and geography 

The Flint Hills, covering an area of approximately 26,000 km2, is a physiographic 

province formed by the erosion of quasi-horizontal Permian age limestones and shales (Frye, 

1955; Dort Jr., 1987; Oviatt, 1999). The contrasting erodibility between the shales and 

limestones has resulted in the development of stairstep hillslope profiles (Figure 3.1B 

and C). The resistant limestone forms small bedrock benches and cliffs that contour the 

landscape, while the shales create convex soil-mantled hillslopes that sit between the limestone 

layers stratigraphically. The limestones in the region are approximately orthogonally joined and 

fractured into regular units that eventually form the cubic and tile-shaped boulders found on the 

hillslopes below the modern limestone bench. My focus will be on the Konza Prairie Biological 

Station portion of the Flint Hills (39.05' N, 96.35' W) located outside of Manhattan, KS (Figures 

3.1A). Konza Prairie spans approximately 35 km2 of unplowed tallgrass prairie and has 

undergone little modification by humans. 
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Figure 3. 1 36Cl sampling location field map and site photography 

(a) The physiographic province of the Flint Hills of Kansas (grey). Riley county Kansas is highlighted in red while 

the location of the study location, Konza Prairie is denoted with a star. (b) A Hillshade map of the study portion of 

Konza Prairie demonstrating the stairstep morphology of the landscape. Points on the hillshade denote the locations 

of the two study sites where cosmogenic sampling took place. The shaded portions of the map represent the 

viewsheds of my two sampling locations that were used to evaluate topographic shielding for my cosmogenic 

surface exposure ages. The relief of the hillslopes in the study area is approximately 60 meters on average. (c) Is a 

stratigraphic cross-section of the region demonstrating the lithologic control specific limestone units have on 

landscape morphology. Limestone units that were targeted in this study are highlighted in yellow. The abbreviation 

“L.S.” represents “limestone”, and “Mbr” represents “member” Adapted from Smith (1991) and not to scale. (d) 

Photograph of the large boulders right next to the modern Cottonwood Limestone bench face that were sampled. (e) 

Photograph of the Three Mile limestone bench and sampling location from afar. Note the abundance of hillslope 

boulder armor in the foreground. 

3.2.34 Regional Pleistocene hillslope activity 

During the late Pleistocene and Holocene periods, the Great Plains region, including the 

Flint Hills region of Kansas remained topologically and topographically stable, without major 

fluvial reorganization, but has responded to climatic changes (Smith, 1991; Beeton and Mandel, 
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2011; Layzell and Mandel, 2020). Several studies, including those within the Flint Hills, used the 

stable carbon isotope (δ13C) of soil organic matter (SOM) to track changes in the relative 

contributions of 12C and 13C to biomass found in sequences of buried colluvial deposits and 

hence through time. The proportions of 12C and 13C carbon isotopes in biomass are determined 

by the type of pathway a plant uses to sequester carbon dioxide during photosynthesis (Monson 

et al., 1984; Kohn, 2010). These different carbon fixation pathways produce either a three carbon 

(C3) or a four carbon (C4) sugar and have different affinities for lighter or heavier isotopes of 

carbon. C3 plants tolerate moist or dry conditions and are adapted to cooler climates, while C4 

plants tolerate moist or dry conditions and are adapted to warmer climates. The relative 

proportions of 12C/13C in Great Plains Holocene and Pleistocene deposits are linked to the 

proportions of short(C3) to tall (C4) grasses present in the landscape at the time of soil 

formation, and thus to climatic conditions (Layzell and Mandel, 2020). In the study area, the 

dominant grasses currently are big bluestem (Andropogon gerardii), Indian grass (Sorgastrum 

nutans), little bluestem (Schizachyrium scoparius), and switchgrass (Panicum virgatum) all of 

which are C4 tall grasses (Tieszen et al., 1997; Briggs et al., 2002). 

Based on findings from several sites near the study area, shifts in relative proportions of 

short and tall grasses repeatedly caused upland hillslopes to become unstable, resulting in 

shedding of fine-grained material that lasted approximately 500 years, followed by major periods 

of stream aggradation that lasted equally long or longer. Six such destabilization events occurred 

between 10,000 C14 yr. B.P. and 900 yr. B.P. (Gorynski and Mandel, 2009; Layzell and Mandel, 

2020). The deposition of low-gradient fine-grained alluvial fans at the base of hillslopes 

characterizes these destabilization periods (Layzell and Mandel, 2020). Once the shifts in the 

relative amounts of short and tall grasses have stabilized, sediment flux effectively ceases. 
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However, these records only suggest that the fine-grained portion of the mobile hillslope was 

affected by these shifts over the past 10,000 years (Layzell and Mandel, 2020). There is no 

evidence that boulder armor was transported from hillslope positions during this time, suggesting 

that their positions may have been stable over the last 10,000 years or longer. This is curious, as 

observations from the modern-day hillslope would suggest that boulders are transported along 

with the creeping regolith (i.e Chapter 2) and during times of increased fine-sediment flux off 

hillslopes we might also expect proportional amounts of armor being carried downslope as well. 

3.3 Methods 

3.3.35 36Cl exposure dating 

Cosmogenic nuclide dating techniques rely on the accumulation of isotopes such as 10Be, 

26Al, 14C, and 36Cl that are produced when cosmic rays interact with minerals in rock (Lal, 1991; 

Balco et al., 2008; Alfimov and Ivy-Ochs, 2009). The isotopes build up in the mineral 

proportionally to the duration of exposure to cosmic radiation (Nishiizumi et al., 2007). In my 

study area, we are limited to using 36Cl as the target nuclide because the limestone boulder armor 

and cliffs are composed primarily of calcite (CaCO3), which, when interacting with cosmic rays, 

converts 40Ca to 36Cl (Alfimov and Ivy-Ochs, 2009). This is the primary way 36Cl concentration 

increases near the surface, although low energy muon interactions can produce 36Cl at lower 

rates in deeper rock (Alfimov and Ivy-Ochs, 2009). By measuring the concentration of these 

isotopes in rock, we can determine the time since the rock surface was last exposed (Granger and 

Muzikar, 2001; Balco et al., 2008). Cosmogenic nuclide dating has successfully dated a range of 

geologic features and processes, including hillslope evolution (Dunne et al., 1999; Granger et al., 

2001a; Heimsath et al., 2002). The use of 36Cl nuclide dating has the advantage of being less 
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sensitive to shielding effects from overlying rock or sediment compared to other cosmogenic 

nuclides (Nishiizumi et al., 2007). 

3.3.36 Sample location determination and surface sampling 

We studied two significant limestone benches formed from the Three Mile and the 

Cottonwood Limestone Member of the Beatie Formation (Imbrie et al., 1964; Aber and Grisafe, 

1982). Before collecting any samples for 36Cl surface dating, I examined limestone boulders in 

the field. The sampling criteria for each site were tailored to the type of boulders present and the 

purpose of sampling. However, in all cases I gave preference to boulders whose surfaces showed 

minimal signs of weathering, such as flaking, to avoid the possibility of obtaining an erroneously 

youthful age due to the loss of a portion of the surface. Additionally, I collected samples from 

the in-situ limestone bedrock bench to attempt to account for the effect of cosmogenic 

inheritance from when the boulder was still part of the bedrock bench and buried but near the 

surface and was able to accumulate signal from slow muon capture. 

The Three Mile Limestone is stratigraphically and topographically located above the 

Cottonwood Limestone. The specific limestone bench I studied is situated on a prominent hilltop 

that is isolated laterally from the next bench-forming unit above it by nearly 170 m. The edge of 

the bench reaches a maximum height of one meter, with most parts measuring about half a meter 

in height. Our study focused on a northwest-facing position and is exclusively covered by 

grasses. At this location I focused on boulder armor along a 30 m long topo-sequence 

perpendicular to the bedrock bench formed by the Three-Mile Limestone (Figure 3.1E). I elected 

to sample from “tile-shaped” boulders, which I previously used as a geometric classification to 

distinguish between broadly 3-dimensional “cube-shaped” boulders and 2-dimensional, tile-

shaped boulders (Chapter 2). I selected tile-shaped boulders based on field observations and an 
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original conceptual model that they would be more resistant to flipping over than cubic-shaped 

boulders due to hillslope processes. Studies by Caviezel et al. (2021) found that even in high-

energy environments, flipping of tile-shaped boulders is difficult, and they move downslope via 

sliding. In Chapter 2, I also showed that tile-shaped boulders in this location appear more stable 

than cube-shaped boulders and show little evidence of the possibility of rotational movement. 

This stability is important as it would imply that the same face of the boulder has been exposed 

to the sky over its whole lifetime on the hillslope. However, I also show in Chapter 2, that tile-

shaped and cubic-shaped boulders appear to both transported via creep with little evidence that 

either shape class experiences frequent rotational movement. This refutes the original conceptual 

model that I used to inform my sampling procedures and as such the chronology presented here 

should be representative of both shape classes of boulder armor on these hillslopes. 

I targeted boulders for sampling that were at least 0.5 × 0.5 m in size, and samples were 

collected near the center of the boulder to reduce edge effects that might be caused by 

preferential weathering of corners or edges. I collected a total of 10 samples, including 8 samples 

from boulder armor and 2 samples from the modern cliff face. I collected at least a kilogram of 

material for each sample. Each rock sample was limited to 4 cm in thickness due to tool 

constraints. 

The Cottonwood Limestone (Figure. 3.1D) is situated lower in the landscape and forms a 

prominent 1.5-m-high “cliff” that outcrops in most parts of the region. Grassland mostly covers 

the Cottonwood Limestone and the hillslope underneath it, with some forested sections that 

consist of a combination of trees and dense woody underbrush growing on top of and within 

fractures of the cliff face and around the boulders on the hillslope below. The study area forests 

are mainly gallery forests that grow along streams (Knight et al., 1994). The studied section of 
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this layer faces northwest, and both the cliff and the hillslope below are covered by forest 

vegetation because of their close position to the stream network. At this location, I followed a 

similar sampling scheme: I sampled large boulders that are found immediately under the modern 

limestone bench (Figures. 3.1D and 3.2B). These boulders are large cubic boulders of limestone, 

approximately 2 × 2 × 1.5 m, which have slumped and detached from the limestone bench. I 

collected samples along a perpendicular transect relative to the modern bedrock bench edge, 

focusing on the only two large cubic boulders present in this location. Samples were collected 

from both the horizontal tops of the boulders as well as the sides of the boulders. I used the top 

surfaces of the boulders to estimate the rate of lateral exhumation of the limestone bench, while 

the vertical surfaces were sampled to estimate the rates of actual boulder detachment from the 

limestone bench. I collected samples as far away from the edge of the boulder as reasonably 

possible with the available equipment. 
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Figure 3. 2 Renderings of sample sites 

Overview of Threemile Limestone bench and hillslope sampling location. The location of each sample is denoted by 

a transparent circular points and denoted with the sample ID. The white dashed line outlines the edge of the 

limestone bench at the sample location. The arrow labeled “Downslope” points in the downslope direction. (b) 

Orthophotograph of Cottonwood Limestone slump boulders (blocks) generated in Agisoft Metashape. Sample 

locations are denoted as transparent circular points and labeled with the sample ID. The black dashed lines follow 

the edges of the modern cliff edge. The black arrow points in the downslope direction. 
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3.3.37 Shielding evaluation 

To calculate the correct shielding factor for my sites, I determined the large-scale 

topographic shielding factor for both sites, and additionally the local shielding due to complex 

boulder geometries at the Cottonwood Limestone site. To calculate topographic shielding, I used 

the concept of a viewshed to determine the horizon line (Figure. 3.1). The horizon line is a 

physical boundary formed by the topography of the surrounding landscape that delimits the sky 

and thus blocks some portion of the incoming cosmic radiation. I used the “skyline” code 

(2018 revised version) developed by Balco et al. (2008) to calculate topographic shielding 

values. 

For the sample locations below the Three-Mile Limestone (Figure 3.2a), I only 

considered topographic shielding because boulder surfaces were nearly parallel with the hillslope 

surface, boulders were well separated laterally, and their shapes relatively flat and tabular. The 

(topographic and overall) shielding factor for this location is approximately 0.96, which is fitting 

for the open nature of this portion of the landscape. 

The sampling site beneath the Cottonwood Limestone (Fig. 3.2b) is locally more complex 

than the previous one. The large cubic boulders are situated close to the modern bench face and 

close to each other and are in locations similar to their original positions before detachment 

through slumping. The nearly horizontal surfaces of the boulders that face the sky are simple 

cases when it comes to shielding, as the only obstruction to the sky on these surfaces is the 

landscape. However, for the nearly vertical surfaces I sampled, substantial portions of the sky 

may be obstructed by the nearest boulder. To accurately capture shielding in this situation, I used 

the 3D shielding calculator of Balco (2014). The shielding calculator provides a Monte-Carlo-

based estimate of the shielding factor based on a 3D model of the feature of interest. Balco’s 
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code requires photogrammetry to build a 3D model of the feature of interest. I performed 

photogrammetry on this large bench proximal boulders and used Agisoft Metashape (v.1.7.5) to 

produce my 3D model (Fig. 3.2B) that I exported for use in Balco’s (2014) MATLAB code. 

With this code, I found that the horizontal surface shielding ranged from 0.95 to 1.00, while the 

vertical surface shielding ranged from 0.75 to 0.87 (Table 2.2). 

3.3.38 Sample preparation and age calculation 

Samples were chemically prepared using methods outlined by Stone et al. (1996), and 

subsequent AMS measurement of 36Cl was conducted at the Purdue Rare Isotope Measurement 

(PRIME) Lab at Purdue University. Bureau Veritas Mineral Laboratories in Vancouver, BC 

conducted geochemical analyses of the samples. The measured concentrations of 36Cl, simulated 

shielding values, and rock geochemistry were used to calculate exposure ages using the 

community standard CRONUS Earth Web Calculator (Balco et al., 2008; Marrero et al., 2016; 

https://hess.ess.washington.edu/). This calculator employs several different cosmogenic nuclide 

production rate scaling schemes that use the same nuclide concentration inputs (St, Lal, 1991; 

Stone, 2000, Lm, Lal, 1991; Nishiizumi et al., 1989, LSDn, Lifton et al., 2014). The resultant age 

estimations from the different scaling schemes varied by no more than 10 %, which is less than 

the 10–15 % analytical uncertainty of the AMS measurements. More importantly, the relative 

ages of my samples did not change between scaling schemes. I present all my ages as scaled by 

the time-dependent model (LSDn) of Lifton et al. (2014), which incorporates magnetic field 

fluctuations, solar modulation, and atmospheric pressure. 

3.3.39 Modeling Cosmogenic Inheritance and Lateral Exhumation 

We conducted a modeling experiment to gain insight into the potential levels of 

inheritance resulting from subsurface accumulation of 36Cl in the bedrock bench before the 
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limestone bench was exhumed and started to produce discrete boulders. In this experiment, I 

made the simplifying assumption that the landscape topography and hillslope profile is in 

equilibrium and remains similar in form as the landscape retreats laterally and exposes new 

limestone surfaces. In the case of my stair-step landscape of the Flint Hills I use the geometric 

relationships of an idealized system in topographic equilibrium for making prediction of the 

relationship between denudation and lateral retreat (Glade and Anderson, 2018; McCarroll, 

2019). With equilibrium topography, for every amount of vertical incision there is a 

corresponding amount of lateral retreat. I believe that this assumption is correct as this landscape 

is composed of nearly horizontal strata, the landscape is lowering, and the stream channels are 

not significantly migrating towards or away from hillslope over time (Glade and Anderson, 

2018). Glade and Anderson (2018), suggest that in this type of scenario the landscape 

profile will be stable through time as the hillslope retreats laterally backwards. In this case of 

lateral retreat the vertical rates of erosion across the non-caprock portions of the hillslope are 

constant through time, unlike hogbacks formed out of tilted rocks (Glade and Anderson, 2018). 

To begin to understand how inheritance levels relate to the rate of cliff retreat, I focused 

solely on the production of 36Cl via spallation in the near surface and negative muon capture 

(Balco et al., 2008; Alfimov and Ivy-Ochs, 2009). Neutron spallation is the primary mechanism 

by which 36Cl accumulates at the surface with quickly decreasing in the first meter of soil and 

rock. At depth below a meter, lower energy muon capture of 40Ca should also be considered 

(Braucher et al., 2013). Braucher et al. demonstrated that 36Cl can accumulate at depths of up to 

25 m, at a rate of approximately 1 atom/g/yr, for typical rock densities of 2.63 g/cm3. At this 

slow yet significant rate, bedrock could accumulate concentrations like those measured in my 
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samples in a few hundred thousand years, given significantly slow rates of lateral erosion and 

exhumation, before the overlying material is removed.  

I modeled the in-situ production and radioactive decay of 36Cl as a function of depth 

below the retreating hillslope (Gosse and Phillips, 2001; Alfimov and Ivy-Ochs, 2009). 

𝑁36𝐶𝑙(𝑧, 𝑡) = 𝑁36𝐶𝑙
𝑖𝑛ℎ ∗ 𝑒(−𝜆36𝐶𝑙∗𝑡) + 𝑃(𝑧)                            Equation 3.1 

where N36Cl is the concentration of 36Cl, 𝑁36𝐶𝑙
𝑖𝑛ℎ  is the inherited concentration of 36Cl, λ36Cl is the 

decay constant for 36Cl, and P(z) is the depth dependent production of 36Cl. I characterize the 

production of 36Cl as the following: 

𝑃(𝑧) =  𝑃𝑠𝑝(𝑧) + 𝑃𝑚𝑢𝑜𝑛(𝑧)                                      Equation 3.2 

𝑃𝑠𝑝(𝑧) =  𝑃𝑠𝑝
36(0) ∗ [𝐶𝑎] ∗ 𝑒−

𝑧

𝑧∗                                     Equation 3.3 

𝑃𝑚𝑢𝑜𝑛(𝑧) =  𝑌𝑚𝑢𝑜𝑛
𝐶𝑙36 ∗ 𝑅𝑚𝑢𝑜𝑛(𝑧)                                    Equation 3.4 

𝑅𝑚𝑢𝑜𝑛(𝑧) =  𝑅𝑚𝑢𝑜𝑛(0) ∗ ∑ 𝑝𝑘,𝑚𝑢𝑜𝑛 ∗ 𝑒
−

𝑧

𝑧∗𝑘,𝑚𝑢𝑜𝑛  𝑘                     Equation 3.5 

where Psp is the production of 36Cl via neutron spallation at the surface and in the near-surface 

and Pmuon is production of 36Cl due to capture of slow muons at greater depths (Stone et al., 1996; 

Stone , 2000; Heisinger et al., 2002, b; Alfimov and Ochs, 2009). The production rate at the 

surface, 𝑃𝑠𝑝
36(0), is 48.8 ± 1.7 (atoms36Cl/g_Ca/yr) (Stone et al., 1996). The fraction of rock that 

is Ca, [Ca] = 0.59 (g_Ca/g_rock), and z* is the attenuation length for neutron spallation (160 

g/cm2). Rmuon is the stopping rate of muons (stopped muons/g/yr) and the yield of 36Cl per 

stopped negative muon is 𝑌𝑚𝑢𝑜𝑛
𝐶𝑙36  = 0.012 (36Cl atoms/ stopped muon) (Stone et al., 1996). 

Rmuon(z) is depth dependent, I use the approximation of Schaller et al., (2004) which is discussed 

in detail by Alfimov and Ochs (2009). I use the approximation of Rmuon (0) = 160 stopped 

muons/g/yr of Heisinger et al., (2002b). 
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To establish an approximation of the corresponding lateral rates of erosion, I can use 

geometric relationships between vertical and lateral changes in the landscape. Assuming 

topographic steady state, I can estimate the amount of lateral retreat to vertical denudation using 

the geometric prediction from McCarroll's M.S. thesis (2019). 

𝑥 =
𝑧

tan 𝛼+tan 𝛽
                                                   Equation 3.6 

where x is the amount of lateral cliff or landscape retreat and z is the amount of vertical incision 

in the landscape, and a is the dip of the bed rock. I use a local hillslope gradient ß of 10 and a 

rock dip a of ~0.9. (Smith, 1991). I input known estimates and calculations of denudation of 

Wooster (1903) and Macpherson and Sullivan (2019) to calculate the rate of lateral bench 

exhumation at 0.1 mm/yr and 0.4 mm/yr respectively. These estimated rates of lateral bench 

exhumation are used to constrain the range of retreat rates that one may reasonably expect in this 

landscape. I also use a rate of 0.2 mm/yr that is inferred from the Cottonwood Limestone bench 

chronology presented below. I model the lateral exhumation of a bedrock bench based on the 

Cottonwood Limestone bench sample location. The hillslope covering the bench retreats laterally 

away thought time while its profile remains the same. I vary the retreat rate for each scenario for 

a period of 40,000 years. 

3.3.40 Calculating boulder movement rates 

When measuring the distance downslope of the samples collected from boulders at the 

Three Mile site (Figure 3.2a) I used the edge of the modern bench face as my base line. I use the 

distances from bench and geochronology to estimate an apparent rate of downslope boulder 

movement via linear regression. However, this is not the true rate of downslope boulder 

movement because the edge of the bench has been retreating backwards through time and so this 

base line has not been constant through time. This backwards movement of the cliff face 
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exaggerates the rates of boulder movement based on their position relative to the modern bench 

edge following (Appendix B – Figure B.1): 

𝑥𝐵𝑀 = 𝑥𝐴𝐵𝑀 − (
𝑦𝐿𝑅

cos(𝛽)
)                                      Equation 3.7 

Here, XBM is the actual rate of downslope boulder movement, XABM is the apparent rate of 

boulder movement, and YLR is the rate of lateral retreat of the bedrock bench. The steepness of 

the hillslope below the bench that the boulders are on is β – here equal to 10 degrees. 

3.4 Results 

3.4.41 Rock chemistry 

The geochemistry of the Three-Mile and Cottonwood limestones are approximately 

similar (Appendix B – Tables B.1 to B.8). However, one can observe a difference in the rock 

geochemistry within the Three-Mile limestone samples. I found that the relative proportions of 

Ca decrease with distance from the modern bedrock bench face, while Si increases. This may 

represent the increasing amounts of calcite that have been removed from the boulders due to 

chemical weathering as they sit on the hillslopes. 

3.4.42 Raw ages 

The ages of boulder armor below the Three-Mile limestone range from 25±1.4 ka to 

48±3.5 ka, increasing in age with distance from the modern bedrock bench face in linear fashion 

(Table 3.1 and Figure 3.3). Linear regression on these data indicates a rate of age increase of 821 

years per meter downslope (R2 = 0.76). The in-situ bedrock of the modern limestone bench has a 

spread of ~5 thousand years, ranging from 25±1.4 ka to 30±2.2 ka. Assuming that the rate of cliff 

retreat is much slower than the actual rate of hillslope boulder transport (Equation 3.7), I 

estimate the movement of boulder armor on this hillslope to be 0.0012 m/yr (1.2 mm/yr) by 

taking the reciprocal of the slope of the linear regression.  
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Table 3. 1 Cosmogenic exposure result for hillslope boulder armor and bedrock bench surfaces 

 

Sample ID PRIME 

 ID 

Distance 

from 

bench 

Sample 

 Mass 

Dilution 

 Spike 

36 Ratio 

(x10-15) 

[36Cl] a 

(atoms g-1) 

Exposure b 

Age (ka) 

  (m) (g) (mg) Μ ±σ μ 

(106) 

±σ 

(104) 

μ ±σ 

(Int) 

±σ 

(Ext) 

Three-Mile Limestone 

K1-20 202101162 12.4 30.290 1.1376 1021 30.0 1.36 5.04 36.5 1.5 2.5 

K2-20 202101163 18.2 30.312 1.1848 930.1 28.5 1.40 7.83 36.7 2.3 3.1 

K3-20 202101164 21.2 30.127 1.1671 1098 32.0 1.89 8.74 48.3 2.6 3.9 

K4-20 202101165 3.4 30.106 1.1678 590.8 18.9 1.08 5.49 26.2 1.4 2.1 

K5-20 202101166 0.0 30.081 1.1658 1000 30.0 1.08 53.7 30.1 1.6 2.2 

K6-20 202101167 10.4 30.170 1.1734 756.8 22.5 1.17 44.2 29.8 1.2 2.1 

K7-20 202101168 7.2 30.127 1.1376 861.1 28.6 1.39 5.26 35.5 1.5 2.5 

K8-20 202200428 12.8 30.212 1.158 30.212 27.0 1.30 30.4 37.9 1.0 2.2 

K9-20 202200429 16.9 30.366 1.157 30.366 18.4 1.57 38.2 40.0 1.1 2.5 

K10-20 202200430 0.0 30.187 1.171 30.187 13.3 0.87 16.4 24.9 0.5 1.4 

Cottonwood Limestone 

KC1_21 202200433 1.5 30.232 1.135 523.8 8.9 1.03 23.4 25.8 0.6 1.6 

KC2_21 202200434 3.7 30.082 1.164 616.3 10.1 1.42 30.1 34.7 0.8 2.3 

KC3_21 202200435 4.7 30.880 1.229 535.1 8.8 1.71 47.1 42.7 1.3 3.6 

KC4_21 202200436 3.0 30.405 1.127 444.6 7.6 1.38 33.3 32.5 0.9 2.6 

KC5_21 202200437 0 30.732 1.166 466.0 9.4 1.31 95.0 28.6 2.3 3.0 

KC6_21 202200438 2.3 30.675 1.205 505.4 8.4 1.27 69.2 34.8 2.1 3.1 

KC7_21 202200439 1.9 30.294 1.188 425.7 6.9 1.31 26.3 34.8 0.8 2.7 

KC8_21 202200440 -0.3 30.296 1.162 523.3 7.8 1.30 44.8 29.8 1.1 2.2 

KC9_21 202200441 1.3 30.061 1.251 502.0 7.7 1.11 19.9 27.8 0.5 1.7 

KC10_21 202200442 0.2 30.290 1.149 421.6 7.8 1.13 33.6 27.3 0.9 2.0 

a – Blank Corrected concentrations 

b – Calculated from CRONUS online exposure age calculator (Balco et al., 2008) using LSDn scaling (Lifton et al., 2014). 
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The surfaces of the large boulders near the edge of the modern Cottonwood bedrock 

bench range in age from 26 ± 1.6 ka to 42 ± 3.5 ka and increase in age with distance from the 

modern bench surface (Table 3.1 and Figure 3.3). The linear regression shows that the rate of age 

increase is 2472 years per meter from the modern bedrock bench (R2 = 0.64). The bare in-situ 

bedrock of the modern limestone bench is between 27 ± 2.0 ka to 30 ± 2.2 ka. In an analogous 

manner as above, if we take the reciprocal of the slope of the linear regression, we can estimate 

the rate of lateral hillslope retreat (YLR) to be 0.0004 meters per year (0.4 mm/yr). This rate can 

be interpreted as how quickly the bedrock bench is exposed at the surface as the hillslope above 

is peeled away via erosion and retreats laterally away from the edge of the limestone bench. At 

the Cottonwood site (Figure 3.2b) the large cubic boulders are situated near the edge of the 

modern bedrock bench. Based on field observations these boulders appear to be in locations that 

correspond closely to where they were when they were once attached to bedrock bench, only 

changing position mainly in the vertical direction due to detachment and slumping. However, the 

large boulders have shifted laterally in the downslope direction, leaving space between each 

boulder and the modern bench edge that is greater than the natural width of the fractures and 

joints in the in-situ limestone bedrock (Figure 3.2b). I artificially close the gaps to reconstruct the 

bedrock bench to calculate rates of lateral hillslope retreat (Figure 3.3). I then use these adjusted, 

gap-closed distances of the boulders to produce “distance corrected” rates of lateral retreat. By 

accounting for the distances between the large boulders (Figure 3.2b) and the modern bench, the 

rate of retreat changes to 4500 years per meter (R2 = 0.76), and the rate of lateral uncovering of 

the bedrock to approximately 0.0002 meters per year (0.2 mm/yr) (Figure 3.3). 
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Figure 3. 3 Age-distance regression of boulder and bench surface ages 

 Uncorrected exposure ages plotted as function of the relative distance of the sample location from the modern 

bedrock bench edge. Ages are plotted with their external uncertainties. Light grey circles represent the set of 

samples collected from Cottonwood Limestone surface to understand rates of lateral change. Dark grey triangles 

represent the set of samples collected from the Cottonwood Limestone surface but the distances from the modern 

cliff have been corrected to account for lateral shifting of the boulders since being released from the limestone bench 

Black squares represent the set of samples collected from the Three-Mile Limestone hillslope boulder armor to 

understand rates of boulder transport. 

 

3.4.43 Accounting for weathering and inheritance 

The exposure ages presented above were calculated with the assumption of negligible 

surface erosion since deposition. I attempted to establish a reasonable rate of surface erosion, to 

explore its impact on the ages. 

Long-term monitoring of stream chemistry by Macpherson and Sullivan (2019) has 

shown that the modern landscape denudation rate within my study area is approximately 0.02 

mm/yr. However, they suggest that this rate overestimates the actual long-term denudation rate 

for the bedrock of the landscape, with the temporary decreases due to weathering of calcareous 

loess deposits. Additionally, limestone weathering is more favorable in the subsurface via karst-

related processes and slows down significantly when exposed directly to the atmosphere (Wood 
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and Macpherson, 2005; Macpherson and Sullivan 2019). Therefore, one can assume that the 

actual rate of surface weathering over the lifetime of my sampled boulders is substantially less 

than 0.02 mm/yr. 

To understand the potential impact of surface erosion on my chronology, I calculated 

exposure ages for varying rates of weathering up to 0.02 mm/yr. This analysis revealed that all 

samples followed a similar pattern, with weathering-corrected ages remaining essentially the 

same until weathering rates approach 0.02 mm/yr, at which point the ages would be 

approximately 20% older than those measured at lower erosion rates (Appendix B – Figure B.2). 

Therefore, I conclude that the effect of erosion on my dataset is negligible when compared to the 

uncertainty associated with the 36Cl analysis process.  

The issue of signal inheritance also needs to be addressed. In many geomorphological 

settings, sediment grains are the target of dating, however each grain in a deposit has inherited its 

own geochronological history as it was transported. Fortunately, boulders are much simpler in 

this regard. Ideally, once the shale and soil covering the limestone is removed and the surface of 

the limestone is exposed, the accumulation of 36Cl can begin. However, the accumulation of 

cosmogenic nuclides can also occur in the subsurface before exposure due to the penetration of 

the cosmic rays into the rock. The production of 36Cl via neutron spallation quickly drops off 

within the first meter of soil and rock (Balco et al., 2008; Alfimov and Ivy-Ochs, 2009). 

Additionally, slow muon capture can produce 36Cl at greater depths but at much lower rates 

(Alfimov and Ivy-Ochs, 2009).  

In the Flint Hills landscape, some amount of lateral erosion and hillslope retreat is always 

occurring, resulting in new portions of the limestone bench coming near the surface, where 

spallation can cause the accumulation of significant nuclide concentrations (Alfimov and Ivy-
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Ochs, 2009). Since inheritance will affect all my samples equally if we assume constant retreat 

rates, it will not affect my interpretations of rates of lateral retreat and boulder movement. 

Simulations show that as retreat rates become slower, the relative proportion of inherited 36Cl 

increases (Figure 3.4). At slower retreat rates, surfaces can look much older than they are, with 

boulders already having concentrations that are at least 22%-35% made up of subsurface 

produced nuclide. 

I believe using a retreat rate of 0.2 mm/yr to correct these ages for inheritance effects is 

prudent as it is directly derived from the geochronology of the Cottonwood surfaces (Figure 3.3). 

Even without correcting for inheritance a rate of lateral bench exhumation is preserved in the 

geochronology of the modern bench surfaces and nearby boulders (Figure 3.2b) Ideally, the 

relative change in ages across the bedrock bench and hillslope armor preserves the information 

relating to retreat and transport independent of the actual absolute age of the surfaces. Because 

this rate is directly tied to this study location geochronology and it falls between the two end-

member rates of Wooster (1903) and Macpherson and Sullivan (2019) I believe that it is the most 

reasonable lateral retreat rate to use for an inheritance correction. (Table 3.2 and Figure 3.4). 

Even so there is a level of uncertainty introduced when choosing one rate over another in making 

a correction. If I use the lateral retreat rates calculated from the denudation rates of Wooster 

(1903) and Macpherson and Sullivan (2019) (Table 3.2) the inheritance corrected surfaces ages 

can look between 15% younger (0.4 mm/yr retreat rate of Wooster (1903)) to 20% older (0.1 

mm/yr retreat rate of Macpherson and Sullivan (2019)) when compared to the 0.2 mm/yr retreat 

that I chose to use to correct my ages. In absolute terms surfaces could inherit between 13 to 18 

ka worth of signal depending on which lateral retreat rate is used. Nevertheless, most of these 

ages, even when using inheritance corrections derived from the other rates of lateral retreat 
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would still be within the last glacial period and so the interpretations presented in the discussion 

section below would not change significantly.  

 

Figure 3. 4 Inheritance modeling curves 

Apparent ages of limestone due to subsurface inheritance of 36Cl. The simulation is run for 40,000 years at different 

rates of lateral hillslope retreat to examine how “old” the limestone bench is when it is first exposed at the surface. 

There is a general trend of less inherited age as lateral retreat rate increases. Note that the 0.4 mm/yr retreat rate that 

was estimated for the denudation rate of Wooster (1903) is the same as the rate estimated from the Cottonwood 

surfaces uncorrected for the boulders moving lateral since they detached from the limestone bench. 

When using the chosen 0.2 mm/yr lateral retreat rate results in 15 ka of age is inherited, 

and the corrected age range for my two sites is 10 ± 1.4 – 33 ± 3.5 ka for the Three Mile 

Limestone location and 10 ± 1.6 – 28 ± 3.5 ka for the Cottonwood Limestone location. If my 

estimations of inheritance are correct, then most ages are within the last glacial period but mainly 

during the height of the LGM (Last Glacial Maximum) and into the period of deglaciation in the 

Late Pleistocene. A smaller portion of the ages, proximal to the modern cliff face, appear to be 

just within the Holocene. 
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Table 3. 2 Boulder and bench surface exposure ages corrected for inheritance based on lateral hillslope retreat 

Sample ID 

# 

Distance 

from 

bench (m) 

Geomorphic 

Surface 

Uncorrected 

exposure 

 age (ka) 

Corrected exposure age (ka) Shielding 

Coefficient% 

LR* = 

0.4 

mm/yr 

Wooster 

(1903)! 

LR* = 0.2 

mm/yr 

Corrected 

Cottonwood 

Surfaces -

This study @ 

LR* = 0.1 

mm/yr 

Macpherson 

and Sullivan 

(2019) & 

 

Three-Mile Limestone  

K5-20 0 Bench 30.2 17.2 15.2 12.2 0.96 

K10-20 0 Bench 24.9 11.9 9.9 6.9 0.96 

K4-20 3.4 Boulder 26.2 13.2 11.2 8.2 0.96 

K7-20 7.3 Boulder 35.5 22.5 20.5 17.5 0.96 

K6-20 10.5 Boulder 29.8 17.0 15.0 12.0 0.96 

K1-20 12.4 Boulder 36.5 23.6 21.6 18.6 0.96 

K8-20 12.8 Boulder 37.9 24.9 22.9 19.9 0.96 

K9-20 16.9 Boulder 40.0 27.0 25.0 22.0 0.96 

K2-20 18.2 Boulder 36.7 23.7 21.7 18.7 0.96 

K3-20 21.2 Boulder 48.3 35.3 33.3 30.3 0.96 

Cottonwood Limestone  

KC8-21 -0.3 Bench  29.8 16.8 14.8 11.8 0.98 

KC5-21 0 Bench  28.6 15.6 13.6 10.6 0.97 

KC10-21 0.2 Bench 27.3 14.3 12.3 9.3 0.80 

KC9-21 1.33 Boulder 27.8 14.8 12.8 9.8 0.87 

KC1-21 1.54 Boulder 25.7 12.7 10.7 7.7 1.00 

KC7-21 1.9 Boulder 34.8 21.8 19.8 16.8 0.80 

KC6-21 2.3 Boulder 34.7 21.7 19.7 16.7 0.75 
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Sample ID 

# 

Distance 

from 

bench (m) 

Geomorphic 

Surface 

Uncorrected 

exposure 

 age (ka) 

Corrected exposure age (ka) Shielding 

Coefficient% 

LR* = 

0.4 

mm/yr 

Wooster 

(1903)! 

LR* = 0.2 

mm/yr 

Corrected 

Cottonwood 

Surfaces -

This study @ 

LR* = 0.1 

mm/yr 

Macpherson 

and Sullivan 

(2019) & 

 

        

KC4-21 3 Boulder 32.5 19.5 17.5 14.5 1.00 

KC2-21 3.74 Boulder 34.7 21.7 19.7 16.7 0.95 

KC3-21 4.7 Boulder 42.6 29.6 27.6 24.6 0.90 

# - Samples organized by distance from the edge modern bench face. 

* - LR = Lateral retreat rate for exhumation of bedrock bench 

! - Estimated from geomorphic relationships and volumetric calculations 

@ - Corrected distances subtract to account for widening of spaces between cubic boulders that are larger than what the fracture space 

would be when they slumped from the slope. Uncorrected distances yielded a rate similar to Wooster (1903). 

& - Chemical denudation rate calculated from long term monitoring of stream chemistry. 

% - Shielding values for Three-Mile Site are topographic shielding only, Cottonwood site shielding values are estimated by Balco (2014) 

complex geometry shielding MATLAB code. 
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3.5 Discussion 

3.5.44 LGM timing of landscape activity 

The chronology of my site indicates that the production and movement of boulder armor, 

as well as lateral hillslope change, primarily occurred during glacial times. I initially expected 

that, like in many other landscapes (Gutiérrez et al., 1998; Boroda et al., 2011; Rouqé et al., 

2013), boulder ages and the timing of lateral hillslope retreat would typically revolve around 

times of climate transition, such as the shift from glacial to interglacial, due to the bio-

geomorphic changes that may lead to increased hillslope activity. However, my chronology, 

even after accounting for inheritance, shows that geomorphic activity related to the production 

and transport of boulder armor spans the early Holocene and well into the Late Pleistocene for all  

inheritance corrected samples. This interpretation suggests that the boulder armor features are 

mostly related to glacial period landscape activity and that only a few of them are Holocene 

features. My interpretation below will use the inheritance-adjusted ages (10 ± 1.4 – 33 ± 3.5 ka). 

The inheritance-adjusted ages of this location’s hillslope armor are somewhat unexpected 

when compared to other regional records of hillslope and landscape activity, which shows 

activity occurring primarily in the Holocene (Lyzell and Mandel, 2020). However, timing of 

boulder and bench activity present in my chronology may be consistent when compared late 

Pleistocene and Early Holocene climate records (Figure 3.5). My analysis indicates that a 

considerable proportion of the ages fall within the range of 15 ka to 35 ka, which corresponds to 

the Last Glacial Maximum (Marine Isotope Stage “MIS” 2) and the Last Glacial Period (MIS-3). 

Northern Hemisphere paleoclimate records suggest the region was cooler than present (Figure 

3.5A).  
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Figure 3. 5 Comparison of paleoclimatic and geomorphic activity to 36Cl chronology 

(a) Northern hemisphere ice core temperature proxy data (nGRIP) denoted with Marine Isotope stages (North 

Greenland Ice Core Group, 2004). (b) Periods of hillslope destabilization described by Mandell and Lyzell (2020) 

based on soil profiles and stable carbon isotope analysis. (c) My boulder and bench surface ages corrected for 

inheritance and denoted by sample site and geomorphic surface. Note that bedrock bench exposure ages are 

clustered around the Pleistocene-Holocene transition, while the majority of boulder armor surfaces cluster with MIS-

2. 

 

Regional temperatures at the time have been modeled to be ~10°C cooler (Shafer et al., 

2021). Although this location is not commonly considered “periglacial” during these times, it 

likely experienced an increased number of temperature oscillations between freezing and 

thawing conditions. This increase in temperature fluctuations, both annual and diurnal, can 

enhance various processes like freeze-thaw heave, frost wedging, and soil creep (Hales and 

Roering, 2007; Remple et al., 2016; Marshall et al., 2017; Schachtman et al., 2019; Marshall et 
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al., 2021). Paleontological and pollen records suggest that the region and the Great Plains were at 

least as wet as they are currently during the Pleistocene, when lower temperatures would have 

increased the effective amount of precipitation due to reduced evapotranspiration (Schultz, 1969; 

Woodburn et al., 2017). The Pleistocene climate was cool and moderately moist, transitioning to 

a warmer, drier climate during the Holocene (Woodburn et al., 2017). Therefore, we may expect 

that there was enough water available during the LGM to enable these processes to occur at a 

higher rate than they do currently. Interestingly, recent modeling work of Marshall et al., (2021) 

strongly suggests periglacial processes were pervasive for broad swaths of mid-latitude North 

America that were not glaciated during the LGM. They suggest that for much of North America 

paleoclimatic conditions for both temperature and moisture were favorable to the formation of 

permafrost and the activation of periglacial processes such as frost heave and solifluction. If true, 

then these more effective processes would be much more successful in moving large boulders as 

shown in modern alpine settings (Grab et al., 2008). Predicted swell depths of frost heave may 

have been able to reach up to 2m in depth in the region and would provide force to move 

boulders (Grab et al., 2008; Marshall et., 2021). Future geomorphic investigations concerning the 

region need to consider that the Flint Hills and Kansas were indeed periglacial landscapes during 

the Pleistocene. 

The limestones in this region are pre-fractured with joints that have been widened in the 

subsurface via dissolution (Frye, 1995; Townsend and Macfarlane, 2012). The wedges between 

these pre-fractured units of limestone are the starting point for increased frost-wedging, causing 

accelerated cliff retreat and armor production. Once the limestone reaches the near surface and is 

exposed, freeze-thaw wedging could detach individual boulders of limestone and tilt them onto 

the slope as new boulders. Initially, water freezes and expands fractures, but once the fracture is 
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wide enough, soil may collect in it. The swelling and shrinking of the clay in that soil will also 

act to widen the fracture. Field observations suggest that these fractures eventually fill 

completely with soil and may even act as preferential pathways for soil transport (i.e., Migoń et 

al., 2023) through the limestone benches if fractures are perpendicular to the cliff line. These 

processes repeat until the limestone becomes a hillslope boulder rather than a portion of the 

bedrock bench. On the hillslope, glacial-period conditions may have increased rates of freeze-

thaw related creep, leading to higher hillslope diffusion, increased removal of material from 

below the cliff face, and eventually faster slumping and detachment of boulders from the bench. 

Increases in creep processes also lead to faster transport of boulders and hillslope armor 

downslope. During this time the more frequent formation and melting of frost in the near surface 

may be able to repeatedly lift and lower boulders and rock fragments, resulting in movement in 

the downslope direction in a similar manner as creep (Grab et al., 2008; Chapter 2). 

MIS-3 and to a lesser extent MIS-2 are characterized by several high-amplitude 

Dansgaard-Oeschger (DO) fluctuations, which are abrupt perturbations in climate that last for 

about a millennium (Kissel et al., 1999; Overpeck and Cole, 2006). These fluctuations would 

perturb the landscape out of equilibrium and lead to increased hillslope disturbance and fluxes of 

regolith off the hillslope through a combination of vegetation, hydrologic, and geomorphic 

drivers. Unstable climate periods or major climatic transitions have been suggested as a 

mechanism to drive geomorphic change in a variety of landscape ranging from soil mantled and 

loess covered landscapes like those in the Upper Midwest region of the United State (Knox, 

1972) and the Flint Hills in Kansas (Lyzell and Mandel, 2020), to bedrock landscapes like the 

Valley and Ridge province  of Pennsylvania (Del Vecchio, 2018), and on the Colorado Plateau, ( 

McCarroll et al., 2021) as well as in other arid and semi-arid locations around the world (e.g., 
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Gutiérrez et al., 1998; Guitérrez et al., 2010; Boroda et al., 2011; Enzel et al., 2012; Rouqé et al., 

2013). These perturbations would contribute to or exaggerate the increases in lateral hillslope 

retreat, boulder production, and transport downslope.  

According to the modeling by Marshall et al. (2021), this location may have experienced 

periglacial conditions during the Late Pleistocene. If true, then the paleo-climatic conditions may 

have driven substantial amounts of geomorphic activity on hillslopes. We could expect these 

conditions to have mimicked activity observed in modern periglacial conditions, which are 

capable of moving clasts as large as boulders down hillslopes (Grab et al., 2008). If these 

periglacial conditions modeled by Marshall et al., (2021) did not occur, we still may expect that 

the paleoclimatic conditions may have at the very least allowed for enhanced creep, frost 

wedging, and freeze-thaw heave resulting in some amount of boulder transport during the 

Pleistocene (Deshpande et al., 2021). Nevertheless, these processes rely on specific temperature 

and moisture conditions that were only achievable in the region during the Pleistocene, as 

discussed previously. Subsequent climate changes following the Holocene-Pleistocene transition 

rendered the temperature and moisture conditions unsuitable for the processes to occur or be 

effective in boulder transportation. After the glacial period ended approximately 12,000 years 

ago, the production of new boulder armor appears to have ceased, most likely due to unfavorable 

climatic-geomorphic feedbacks. Consequently, in my two transects at least, no new boulder 

armor has been deposited on the hillslope, and the efficiency of hillslope processes responsible 

for downslope movement of these boulders may have significantly declined. Therefore, these 

boulders should primarily be regarded as relict Pleistocene features. Interestingly, Fame et al. 

(2023) found that boulder production in the structurally more complex, yet similar latitude, 

layered landscape of the Blue Ridge Mountains of Virginia overlap with the ages presented here. 
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Fame et al., (2023) found that exposure ages of boulder surfaces correspond to glacial times 

(MIS 2 & 3) with boulder production essentially shutting off during the Holocene, mirroring my 

findings here in the Flint Hills. These two locations with their similar boulder production 

histories may suggest that production of boulder armor is a consistent feature of layered 

landscapes while under glacial conditions. Indeed, for hillslopes formed in such layered 

landscapes, the effects of glacial climates may persist well into the following interglacial periods. 

Presently, in Chapter 2 I observe that in the current landscape individual boulders can act 

as sediment traps that store sediment on their upslope side. This sediment trapping, like the 

process described by Glade et al. (2017), occurs primarily behind cube-shaped boulders, but also 

some of the tile-shaped boulders as well (Chapter 2). While there is no direct evidence, there is 

also have anecdotal evidence that these blocks shield the shale hillslopes from weathering and 

produce steeper hillslopes. Many of the steeper hillslopes in my study area occur in locations of 

high boulder armor concentration. However, further work will need to be conducted to tease out 

how boulder armor controls different aspects of hillslope morphology in soil mantled stairstep 

landscapes like the Flint Hills. 

3.5.45 Relation to holocene activity 

Although most of my inheritance-corrected ages fall within the Last Glacial Period, I also 

have a small subset of inheritance-corrected ages that range from 10 to 15 ka, spanning the 

transition from the LGM to the Holocene (Figure 3.5C). Ages closer to 15 ka may be related to 

landscape perturbations resulting from the transition out of glacial conditions, which is known to 

drive geomorphic activity and change (Bull 1991; Harvey et al., 1999; Pelletier, 2014). As I 

discussed earlier, we see a shift from cooler and wetter to warmer and drier climate in the region 

during this transition (Schultz, 1969; Woodburn et al., 2017). These changes in temperature and 
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hydrology would drive biogeomorphic changes such as shifts in plant assemblages, particularly 

grasses, which would result in periods of decreased stabilizing vegetation on the hillslope. The 

transition between grass assemblages and establishment of new ones during these transitional 

climates would leave portions of the hillslope vulnerable to the erosive effects of processes like 

sheet wash and rain splash due to less efficient coverage. The increased efficiency of these 

processes could then result in fluxes of soil and regolith off the hillslope and reveal and 

undermine new bench surfaces. For surface ages closer to 10 ka, hillslope destabilization may be 

related to shifts in the relative proportions of C3/C4 grasses (Lyzell and Mandell, 2020) (Figure 

3.5C and D). Although boulder armor has been relatively stable in the Holocene, climate 

fluctuations appear to have driven the removal of fine materials from the surrounding hillslopes 

while not affecting the movement of boulder armor. During this time, any soil and regolith 

would be stripped away from the bedrock bench, exposing it as the bare rock surface we see 

today. 

3.5.46 Boulder transport and lateral retreat of benches 

The movement of boulder-sized particles is an area where our process-understanding 

remains surprisingly incomplete for soil-mantled landscapes. In landscape evolution model 

experiments it is generally assumed that undermining and tumbling a short distance is the 

primary way boulder armor moves downslope. However, for landscapes like ours, tumbling 

seems to be the exception and not the rule. The investigation presented in Chapter 2 concerning 

boulder armor concluded that the primary mechanism of transport downslope is movement along 

with the creeping regolith, or creep over the regolith. For the boulder armor below the Three-

Mile limestone, the chronology of this site preserves information concerning boulder transport 

downslope. On the other hand, the boulder surface ages for the large boulders in proximal 
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positions to the edge of the modern bedrock bench of the Cottonwood Limestone preserve 

information concerning the rates of lateral change in the landscape. Together, these two sites 

allow me to make estimates of both lateral landscape change and boulder transport downslope. 

 When assessing the boulder transport rate below the Three-Mile limestone, it is 

crucial to acknowledge that the limestone bench is also retreating over time. As I measured the 

position of these large cubic boulders relative to the current edge of the moving limestone bench, 

the rate of lateral retreat must be considered when calculating the movement rate derived from 

the geochronology of these boulders. Therefore, I employ Equation 3.7 to determine the actual 

rate of downslope boulder movement (XBM). Based on the geochronology data for the boulder 

armor below the Three-Mile limestone, the apparent rate of boulder movement (XABM) is 1.2 

mm/yr. By examining the geochronology of the boulder and bench surfaces of the Cottonwood 

Limestone, I estimate the lateral retreat rate of the bedrock bench (YLR) at 0.2 mm/yr. It is 

important to note that the rate of lateral hillslope retreat may vary depending on specific location 

characteristics, such as hillslope aspect or position relative to a stream. It is possible that the 

Cottonwood Limestone bench retreats slower than the Three-Mile Limestone bench due to the 

flatter slope of the former. Nonetheless, assuming that hillslopes and limestone benches in the 

region are all retreating laterally at the same rate and considering the mean hillslope steepness of 

the sample location (~12o) to account for the boulder moving down an inclined surface, I 

estimate the boulder downslope movement rate (XBM) is 1.0 mm/yr. This corrected rate is 

approximately 17% slower than the apparent downslope boulder movement rate directly derived 

from my geochronology. When comparing these rates to known rates of modern average surface 

creep across the northern hemisphere (1 – 30 mm/yr), the rate here may be considered relatively 

slow in comparison to soil creep (Oehm and Hallet, 2005). While this rate may be considered 



117 

slow by modern standards, it likely reflects a history of transport that encompasses periods of 

increased activity and relative dormancy, resulting in a long-term averaged rate slower than 

ongoing modern soil creep. 

Interestingly, my estimate of the lateral retreat rate from the cliff and boulder chronology 

falls between the lateral retreat rates (Table 3.2 and Figure 3.4) based on denudation rates by 

Wooster (1903) and Macpherson and Sullivan (2019). This geochronology shows a rate twice as 

fast as the estimated 0.1 mm/yr retreat from Macpherson and Sullivan's denudation rates, and 

half as much as the 0.4 mm/yr estimation from Wooster's (1903) denudation estimation. As 

previously discussed, the more favorable climatic conditions in the past may have been the 

driving force of lateral retreat and boulder production. Therefore, these rates, both boulder 

transport and lateral retreat, may be relic rates from when the landscape was more active. If that 

is true, present rates should be much less, indicating a largely dormant landscape from the 

perspective of cliffs and boulders. However, over geologic timescales, oscillating climates may 

cause conditions that speed up or slow down landscape activity, and the long-term rates of lateral 

retreat may be accurately estimated with 0.1 mm/yr for this location. Future research in the area 

should examine if each limestone bench in the region retreats at the same rate through time or if 

each bench has its own retreat rate. This can be done by obtaining additional cosmogenic 

exposure ages from samples taken where the benches are still overlain by regolith. 

3.6 Conclusions 

Geochronology conducted on hillslope boulder armor in Konza Prairie revealed that these 

limestone boulders were formed during the Pleistocene period, specifically during the last glacial 

period. I present observations that show significant increases in the ages of hillslope armor with 

increasing distance from the source of the boulders, i.e., the limestone bench. Using the 



118 

geomorphic relationships between the large boulders that simply slumped when detached from 

the limestone bench in the past, I estimated the rate of lateral change, i.e., of cliff retreat in this 

landscape to be 0.02 mm/yr. This rate falls between the geometrically estimated retreat rates 

based on denudation rates of the Flint Hills region. It is faster than the retreat rate estimated (0.01 

mm/yr) from the calculated denudation rate of Macpherson and Sullivan that does not account 

the slowing down effects of dust and climate variation, but slower than the rough estimations of 

Wooster (1903). However, I interpret these rates as relict, preserving process information from 

when this part of the landscape was most active during glacial periods.  

I propose that boulder armor ages reflect conditions during the glacial periods, when 

freeze-thaw processes must have driven boulder production and transport. During the 

Pleistocene, cooler temperatures must have resulted in more frequent and more effective ice 

wedging due to the higher effective amount of moisture and more frequent frost-thaw events. 

This led to more boulders being wedged free from the limestone benches in the landscape. 

Additionally, transport processes, primarily creep due to expansion and contraction of the soil, 

were more effective at this time, allowing boulders to be carried away from the bench, providing 

space for further boulder production from benches. The warmer and drier conditions that 

followed mostly shut down the production and transport of new boulder armor. However, the 

modern bench surfaces were exposed during the Holocene, likely due to the stripping of finer 

hillslope material caused by bio-geomorphic fluctuations such as those reported by Lyzell and 

Mandel (2020). Today, the boulders we see on this soil-mantled hillslopes are relics from a much 

earlier time. 
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Chapter 4 - Fossil hillslopes and the stratigraphic control on rates of 

adjustment in multi-layered landscapes. 

4.1 Abstract 

I investigate the intricate relationship between stratigraphic architecture and hillslope 

dynamics in heterolithic landscapes, shedding light on how the presence of boulder armor 

influences erosion and diffusion. Using numerical simulations, I examine the effects of the 

Hardness Ratio (HR) and hillslope armor on hillslope evolution and response to changes in uplift 

rates.  Modeling reveals that heterolithic hillslopes exhibit dynamic steady states, with crest 

elevations fluctuating as topmost layers are gradually eroded through block-by-block cliff retreat 

processes. The introduction of boulder armor adds complexity, leading to non-periodic elevation 

fluctuations and periods of accentuated growth and denudation, depending on hillslope-boulder 

interactions. Moreover, my simulations show that the response of virtual hillslopes to step 

changes in uplift rates varies with HR. Higher HR hillslopes exhibit shorter adjustment times 

following uplift increases, while around an HR of 0.4, optimal boulder armoring and hard layer 

spacing contribute to distinct adjustment patterns following uplift decreases. These findings 

suggest that such heterolithic hillslopes may serve as relict features on the landscape, taking 

significantly longer to adjust than single lithology hillslopes due to the dynamic interplay 

between boulder armor and stratigraphy. 

4.2 Introduction 

4.2.47 Plain language summary 

Many landscapes across the globe are carved and sculpted out of rock that has layers that 

alternate between hard and soft. Recent computer modeling work and geologic investigations 
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have created new understanding of how rivers and streams in such landscapes behave and shape 

these type of landscape. However, the geomorphic community has not focused as much their 

efforts on the parts of the landscape that are not streams or rivers, the hillslopes. The work that 

has been done points to the fact that hard rock units produce boulders and rock fragments that 

protect and shield softer parts of the hillslope from weathering and erosion. However, we do not 

have a well-defined model of how the underlying organization of rock as well as boulder on such 

hillslopes influence the development of the hillslopes in these layered landscapes. Our 

investigation builds upon previous computer modeling investigations that focused on landforms 

formed out of one hard and soft layer in tilted rock, here we expand the model to handle multiple 

layers. We find that the height of a hill in an uplifting landscape varies over time due to the 

erosion and removal of the topmost level. When boulders are introduced the behavior of the hill 

through time gets more complicated with the fluctuations becoming harder to predict. We also 

find that hills in layered landscape with boulder present take longer than expected to erode away 

due to a complicated interplay between boulder armor, layer spacing, and erosion. 

4.2.48 Introduction and conceptual framework 

The competition between erosion and the resistance offered by surface rocks represents a 

fundamental concept in the evolution of landscapes (Lane and Richards, 1997; Gilbert, 1909; 

Gilbert, 1877). In sedimentary basins worldwide, diverse lithologic layers are cyclically 

deposited, resulting in stratigraphies that exhibit substantial variations in erodibility (Figure 

4.1B). These variations in erodibility, occurring at multiple scales, significantly impact landscape 

weathering and give rise to distinctive features such as cliffs and hogbacks. The regional-scale 

organization of stratigraphy plays a pivotal role in shaping landscapes (Ward, 2019; Glade et al., 

2019; Yanites et al., 2017; Forte et al., 2016). Previous studies have demonstrated the influence 
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of lithologic relationships on the propagation of erosion waves within fluvial systems (Forte et 

al., 2016; Yanites et al., 2017). In heterolithic landscapes, escarpments and hillslopes act as 

transitional features that preserve valuable information about regional tectonic changes, distinct 

from those typically observed in fluvial networks (Ward, 2019). However, the majority of 

investigations into layered landscape evolution have predominantly focused on the fluvial 

aspects of the terrain. 

At the hillslope scale, recent modeling efforts have delved into the impact of lithologic 

variations on hillslope evolution, with particular attention to the role of boulders in influencing 

changes (Glade et al., 2019; Glade et al., 2017; Johnstone and Hilley, 2015; Ward et al., 2011). 

Disparities in erodibility between lithologic units contribute to the formation of cliffs, while 

boulders play a pivotal role in trapping regolith, thereby reducing erosion and creating steeper 

slopes (Granger et al., 2001; Glade et al., 2017). Nevertheless, our comprehension of hillslopes 

within layered landscapes remains incomplete, leaving unanswered questions regarding the 

timing of equilibrium, landscape responses, and the dynamics of uplift and denudation. 

In this study, I adapt Glade et al.'s (2017) model to investigate the controls governing the 

development of heterolithic hillslopes (Figure 3.1). Employing numerical simulations, I explore 

the impacts of stratigraphic architecture on hillslope evolution. My objectives encompass the 

analysis of the influence of resistant layer thickness and spacing on landscape changes under 

varying uplift rates. Additionally, I aim to examine the rate at which landscapes attain a new 

steady state and scrutinize the role of substantial boulder armor in shaping hillslope behavior. 

4.3 The model 

My starting point is the model created by Glade et al. (2017) that examines the impact of 

large boulders (blocks) on hogback evolution. This model simulated a landscape consisting of a 
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single tilted hard (resistant) bedrock layer surrounded by softer (erodible) rock. In this study, I 

have extended this model to incorporate multiple resistant layers. The key parameters I 

manipulate in these model iterations are the thickness (Lth) and separation (Ls) of these hard 

layers - dictating the stratigraphic architecture of the virtual landscape. The stratigraphy 

comprises a regularly repeating sequence of harder and softer layers, with nearly horizontal dips. 

As the virtual landscape undergoes uplift, new hard layers become exposed at the surface and old 

hard layers. The softer rock undergoes direct conversion into regolith, with the rate of conversion 

decreasing exponentially with soil depth (Johnstone and Hilley, 2014; Ahnert, 1977). On the 

other hand, no weathering occurs on the hard layer until a portion of it is undermined and 

released as a boulder, triggering weathering of the boulder. 

I use the linear transport law where soil flux is controlled both by local slope and soil 

depth (Johnstone and Hilley; 2014). 

𝑞 =  −𝑘𝑆ℎ𝑡(1 − 𝑒−𝐻/ℎ𝑡)                                         Equation 4.1 

where q is volumetric soil discharge (L3/LT), k is the hillslope diffusivity (L/T), S is the 

local slope gradient, H is the thickness of soil, and ht is a characteristic soil thickness 

representing the depth scale of soil transport. This updated model incorporates both boulder 

armor production and downslope movement of individual boulders on the hillslope. Boulders are 

deposited immediately downslope when the hard layer undergoes a certain amount of 

undercutting through diffusion. Individual boulders move down the slope when a specified 

elevation difference is created between neighboring cells. Boulder armor is converted to regolith 

when boulders reach a set minimum size. Additionally, once the edge of the topmost hard layer 

reaches the position of the hillslope ridge crest, that hard layer is removed to simulate the 

complete erosion and removal of a caprock layer from the hillslope. 
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In all these experiments, I initiate with an inclined planar hillslope of 15 ° to ensure the 

presence of multiple hard layers. The dip angle of these hard layers into the slope is nearly 

horizontal, approximately 0.1°. To investigate the impact of stratigraphic architecture, I vary the 

size and spacing of these hard layers, which allows me to define the hardness ratio (HR). HR is 

determined by the ratio of the average thickness of the hard layers (Lth) to the distance separating 

them (Ls). I explore a range of hardness ratios from 0.1 to 0.6 in increments of 0.1, with Lth 

values ranging from 1.0 to 4.0 meters in 1-meter increments. I limit this investigation to HR 

values up to 0.6 because values beyond this range would characterize landscapes dominated by 

catastrophic mass movements like rock falls, a phenomenon my model is not equipped to 

simulate. To further explore different stratigraphic scenarios, I also consider combinations of Lth 

values ranging from 1.0 to 4.0 meters in 0.5-meter increments and Ls values of 1.5, 3 meters, and 

up to 15 meters in 3-meter increments. These variations enable me to simulate various 

stratigraphic configurations while acknowledging the simplification of regularly spaced layers. 

The criterion for undermining a hard layer, thus triggering boulder production, is set at 

1.5 times the thickness of the hard layer (1.5 x Lth). This criterion ensures that thicker layers 

require more undercutting before they fail and produce a boulder, a concept adapted from Wu 

and Pollard (1995). In cases where HR is smaller than the amount of undercutting, layer failure is 

dependent of the next lowest layer to collapse to create the vertical drop needed to induce failure. 

In each set of experiments, I conducted two subsets of models (Fig 4.1A). One subset involved 

the release of large boulders from the hard layers, thereby influencing the transport of regolith 

downslope. The other subset represented a landscape end member in which hillslope armor was 

instantly converted into regolith, eliminating the influence of large boulders but retaining the 
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presence of multiple hard layers. This configuration reflects scenarios where the liberated 

lithology is inherently brittle or poorly cemented. 

 

Figure 4. 1 Examples of simulated landscapes and examples of real layered landscapes 

Examples of a subset of simulated heterolithic landscapes in dynamic steady state for hillslopes with and without 

armor. A) Landscapes with and without large rock armor present four combinations of Layer Thickness (L th) and 

Layer Separation (Ls). The cross section shows hard rock units as grey lines whereas the softer rock unit is white. B) 

Examples of heterolithic landscapes and hillslopes across the globe and their approximate Hardness Ratios (HR) 

based on available stratigraphic information of those areas. i) Ebro Basin, Spain ii) Flint Hills, KS, USA iii) Book 

Cliffs, UT, USA iv) Gabilan Mesa, CA, USA v) Margalef, Spain 
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I conducted two sets of modeling experiments to investigate the role of HR in hillslope 

development and its influence on landscape changes. In the first set of experiments, I focused on 

examining the steady-state characteristics of heterolithic hillslopes developed under various rates 

of uplift. The uplift rates were varied in the range of 1x10-6 to 5x10-4 m/yr. I purposely avoided 

modeling hillslopes at uplift rates exceeding 10-4 m/yr since these high-uplift environments 

typically involve different hillslope processes like landslides and catastrophic failures, which are 

beyond the scope of this model. In this set of experiments, simulated hillslopes were allowed to 

reach a steady state during a run time of 5 million years. My objective was to quantitatively 

assess how both boulder armor and stratigraphy interact and influence hillslope development 

under differing uplift conditions. 

For the second set of models, I initiated the process by allowing the initial landscape to 

achieve equilibrium through various processes such as diffusion, undercutting, cliff failure, 

boulder weathering, and boulder movement over a period of 3.5 million years at an uplift rate of 

1x10-4 m/yr (Fig 1A). Subsequently, I introduced a step change in the uplift rate, with one set of 

models experiencing a fourfold increase (4x10-4 m/yr) and another set with a fourfold decrease in 

uplift rate (2.5x10-5 m/yr). The models ran for an additional 3.5 million years after the uplift 

change. My goal was to quantify the time required for a hillslope to reach a new steady state 

following a perturbation in uplift. 

Initially, I defined this new steady state as a period during which the rate of change in 

elevation over time (dz/dt) reached zero. However, due to the complex processes inherent in my 

simulations, the dz/dt signal exhibited dynamic and oscillatory behavior across various 

timescales (Fig 4.2). Nevertheless, as the landscape gradually returned to equilibrium, the mean 

elevation, and consequently the dz/dt signal, exhibited a shape resembling an exponential decay 
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curve. To determine when a new mean equilibrium elevation was achieved, I employed a Python 

curve-fitting algorithm, specifically polyfit, to fit an exponential decay curve to the mean 

hillslope elevation time series. This allowed me to precisely quantify the timing of the attainment 

of a new mean equilibrium elevation. I use the following equation: 

𝑥 =  𝑧𝑒𝑛𝑑 − (𝑧𝑒𝑛𝑑 − 𝑧𝑠𝑐) ∗ 𝑒(−𝑡/𝑡𝑠)                         Equation 4.2 

Where zend is the final elevation in the elevation time series, zsc is the elevation at the time 

step right after the uplift change, t is the time step, and ts is a scaling parameter with units of 

frequency (1/t). However, where the fit of the curve is poor, I visually inspect and manually 

determine when equilibrium is achieved, if at all. In cases where equilibrium is determined that 

the hillslope has not achieved steady state, I record the time to steady state as the length of time 

from the imposed step change to the end of the model run. 

4.4 Results 

4.4.49 Basic processes of layered landscapes 

In each combination of Ls and Lth, distinct events unfold across various timescales (Fig 

4.2). Over extended periods, the removal or exhumation of hard layers exerts an influence on 

changes in the landscape surface (Fig 4.2A). On briefer timescales, the movement and extraction 

of individual boulders play a pivotal role in shaping the landscape surface (Fig 4.2Aii and 

4.2Aiii). Furthermore, as Ls (the spacing between hard layers) decreases, a greater number of 

hard layers populate the hillslope. These higher HR landscape result in more non-periodic swings 

in landscape change due (Fig 4.1A and 4.2Biii). The periodic oscillations observed in the 

elevation of the hillslope surface, and consequently in the dz/dt signal, are indicative of hillslopes 

attaining a dynamic steady state. These oscillations signify the recurring removal of one set of 

hard and soft units from the landscape. The duration of this process is determined by the 
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combined value of Ls and Lth, divided by the current rate of uplift. Moreover, the amplitude and 

wavelength of these oscillations are intricately linked to HR, and the presence or absence of 

boulder armor (Figure 4.2B). 

 

Figure 4. 2 Simulated layered landscape dynamics examples 

 Changes in landscape elevation for a model run of 1 million years with Lth = 2 m and Ls = 15 m. Geometric symbols 

plotted above the bold black dz/dt curve represent specific landscape events. i) Averaging changes in dz/dt over 104 

years reveals that landscape change is primarily influenced by the appearance, disappearance, and activity of the 

hard layers between 104 and 105 years. ii) Averaging changes in dz/dt over 102 years shows that landscape events 

occurring over this timescale include the removal and production of large boulders (blocks) from the model domain, 

specifically at the edge of the domain. iii) Not averaging the dz/dt record shows that the movement of individual 

boulders downslope is the dominant activity shaping the landscape over hundred-year timescales. Negative spikes 

are discrete boulder movement event, positive spike soil accumulation behind boulders. B) Subset of model runs 

showing changes in landscape surface elevation change averaging over 104 years. C) Subset of model runs showing 

dz/dt through time for models where a step change increase or decrease in uplift are imposed at 3.5x106 years into 

the model run. 

Layer thickness (Lth) and layer separation (Ls) wield significant influence over hillslope 

development. When Lth increases and Ls decreases, the crest elevation of the hillslope rises, and 

the hillslope takes on a steeper profile (Fig 4.1A). Holding other variables constant, an escalation 
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in Lth yields taller, steeper, and more linear hillslopes. Conversely, an increase in Ls results in 

shorter, flatter, and more convex hillslopes. Moreover, as HR (hardness ratio) increases, the 

spacing between the hard layers exerts a more pronounced control over the overall steepness of 

the landscape when uplift rate is held constant (Fig 4.3B and 4.4Ai). 

 

Figure 4. 3 Effect of the presence or absence of armor and response to uplift change 

A) Mean landscape steepness for different Hardness Ratios (Lth/Ls) under varying uplift rates (1x10-6 to 5x10-4 

m/yr). Circular points represent averages of four model runs with Lth values of 1, 2, 3, and 4 m. Stars represent 

model iterations where no layers are present. Numbered triangular points correspond to real "heterolithic" layered 

landscapes. The Hardness Ratio and landscape steepness of the real landscapes were determined through landscape 

analysis, examination of well logs, and published stratigraphic information. Uplift rates were based on previously 

published values that were geographically closest to the respective landscapes. The numbered landscapes are as 

follows: 1) Salem Plateau, MS (Rovey et al., 2010; Rovey et al., 2021), 2) State Game Lands 57, PA (DiBiase et al., 

2018; McElroy, 2001; Geyer and Wilshusen, 1982), 3) Flint Hills, KS (Macpherson and Sullivan, 2019; Goldberg 

and Miller, 2019), 4) Monument Valley, UT (Condon, 1997; Cook et al., 2008), 5) Book Cliffs , UT (Seymour and 

Fielding, 2013; Pederson et al., 2013b), 6) Gabilan Mesa, CA (Roering et al., 2007; Johnstone and Hilley, 2015), 7) 

Margalef, Spain (Sanjuan et al., 2014; Benito-Calvo et al., 2022). Panel i corresponds to simulations without boulder 

armor, while Panel ii represents simulations with armor. B) Subset of models runs showing the mean elevation 

through time for armored and unarmored hillslopes for various HRs and increase or decrease in uplift. 
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4.4.50 Stratigraphy, armoring, and uplift rates 

In the context of landscape uplift rates, the absence of boulder armor appears to lead to 

minimal variation in landscape steepness until higher uplift rates are reached or when HR 

(hardness ratio) is greater than or equal to 0.5 (Fig 4.3A). However, with the presence of boulder 

armor, the relationship between uplift rates, HR, and landscape steepness becomes more evident 

(Fig 4.3B). At lower uplift rates (5x10-6 – 1x10-5 m/yr), the trends are similar, whether armor is 

present or not, with noticeable increases in steepness at higher HR values. Conversely, at higher 

uplift rates (5x10-5 – 1x10-4 m/yr), there is a linear increase in steepness with HR. These findings 

align with real landscapes, as some real-world examples closely resemble my model simulations 

when boulder armor is considered, based on measured uplift rates, HR values, and hillslope 

steepness (Fig 4.3B). 

4.4.51 Landscape response, adjustment times, and behavior 

Much like the findings of Glade et al. (2017), boulder armor exerts a significant influence 

on hillslope development and its behavior over time. This influence stems from reductions in 

weathering and mass export across the hillslope (Fig 4.1A and 4.3A). Boulder armor enables 

hillslopes to attain greater height and develop either concave or linear morphologies (Fig 4.1 and 

4.3B). Additionally, the presence of armor leads to steeper hillslope gradients (Fig 4.3B and 

4.4Ai). Overall, boulder armor strongly impacts landscape dynamics, affecting the overall 

dynamic steady state behavior of hillslopes and their response to variations in uplift rates (Fig 

4.2B, 4.2C, 4.3B, and Fig 4.4). When armor is present, it introduces a non-periodic signal (Fig 

4.2Biii and 4.3B) that overlays atop the periodic signal associated with the exhumation and 

removal of resistant layers (Fig 4.2Bii). This results in what appears to be a comparatively more 

irregular dynamic steady state. 
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Heterolith hillslopes appear to attain steady state conditions differently depending on 

whether the rate of uplift increases or decreases, as well as the hardness ratio (HR) of the 

stratigraphy. In cases where uplift decreases, these hillslopes commence denuding and flattening 

(Fig 4.4B). Therefore, they reduce their steepness and become flatter, a trend observed for all HR 

values below 0.5, both with and without armor (Fig 4.4Bii). Hillslopes with armor take longer to 

adjust than those without boulder armor when facing denudation (Fig 4.3B and 4.4Bv). This 

aligns with the findings of Glade et al. (2017) concerning boulder armor's role in preserving the 

form of hogback hillslopes over geomorphic timescales. In both cases, with and without armor, 

the adjustment time remains relatively stable for HRs below 0.3. However, beyond this threshold 

value (0.4), the adjustment time increases. For unarmored hillslopes, this increase appears to be 

exponential. The greatest amount of landscape change for these denudating hillslopes occurs 

when armor is present, and HRs are around 0.4. In cases where uplift is increased, heterolithic 

hillslopes grow taller and steeper, both with and without armor, as expected (Fig 4.4A). There 

seems to be a maximum attainable steepness for these heterolithic hillslopes at higher HR values 

(Fig 4.3Bviii, 4.4Ai, and ii). The time required to reach a new steady state decreases linearly 

with HR when uplift is increased, with hillslopes featuring armor appearing to require less time 

to achieve this new steady state steepness. This is unexpected and appears to contradict Glade et 

al.’s (2017) findings. Furthermore, the degree of steepening that occurs after the step change in 

uplift decreases for HRs higher than 0.30. 



131 

 

Figure 4. 4 Relationship between hardness ratio landscape properties 

The mean landscape steepness is analyzed to examine the effects of hardness ratio (HR) and the presence of boulder 

armor on changes in steepness following a step change in uplift rate. The results are presented for landscapes with 

and without boulder armor, allowing for a comparison of their respective influences on mean landscape steepness. 

B) The length of time required for a landscape to reach a new steady state after a step change in uplift rate is 

investigated as a function of hardness ratio. The analysis includes model runs where the hardness ratio is prescribed 

based on specific values of layer separation (Ls) and layer thickness (Lth), as well as model runs where the hardness 

ratio is determined from unique combinations of Ls and Lth. The grey points represent model runs with prescribed 

HR values, while the white points indicate the mean values for each HR. The black points correspond to model runs 

with unique HR combinations, providing additional insights into the relationship between HR and the time to reach 

steady state. C) Model of boulder armoring efficiency based on frequency of boulder movement as a function of 

slope steepness. For uplifting hillslope steepness will increase, but overall armoring effectiveness decrease due to 

increased movement. For denudating hillslopes steepness will decrease, decreasing frequency of boulder movement, 

and increase the efficiency of boulder armoring. 

4.5 Discussion  

4.5.52 Modeled outcomes and real hillslopes 

The relationship between stratigraphy and steepness in my simulated landscapes indeed 

appear to resemble that observed in real landscapes (Fig 4.1B), even when accounting for 

variations in uplift rates (Fig 4.3A). However, unmodeled factors, such as vegetation, climatic 

conditions, rock properties, or more complex stratigraphies, may introduce deviations from these 

simulated landscapes. This divergence may relate to the difference between the single diffusivity 
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I employ in the modeling versus the distinct diffusivity inherent in each real landscape, 

influenced by various factors affecting the weathering, erosion of rock, and transport of armor. 

Nonetheless, we can observe that in nature, as the hardness ratio (HR) increases, landscapes tend 

to exhibit steeper slopes (Fig 4.2). The rate of uplift remains the primary driver of landscape 

steepness, as indicated by the increasing steepness for the same HR. However, the organization 

of stratigraphy exerts a secondary yet profound influence on the steepness that a landscape can 

achieve. It's noteworthy that as the hardness ratio increases, the spacing between resistant layers 

becomes smaller, causing the stratigraphy itself to exert more control over hillslope steepness 

directly (Fig 4.1Bv). This phenomenon is partly due to how the model's resistant layers must be 

undercut to a certain extent to fail and produce a boulder. As layers come closer together, 

undermining becomes more challenging, leading to less frequent failures and the growth of 

higher and steeper landscapes. In real landscape we might expect these higher HR hillslopes to 

be something closer to an escarpment. While I did not model HRs much beyond 0.6, it's 

conceivable that in such landscapes, very steep slopes would develop (i.e, Neely et al., 2019). 

These slopes might not rely on block-by-block failure but instead depend on slow in-situ 

weathering and disintegration of hard layers. Alternatively, we might expect rapid removal of 

thin layers of soft rock, creating small voids that cannot support the weight of the overlying hard 

layer, potentially resulting in limited slumping and block creation. However, it's most likely that 

HRs above 0.6 would lead to the formation of complex cliffs with more dynamic and 

catastrophic processes, which are beyond the scope of my current model. The influence of slope 

armor further complicates the system (Fig 4.3A and 4.3B). 
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4.5.53 Stratigraphic controls and dynamic steady state 

My modeling experiments reveal that heterolithic hillslopes, when reaching 

“equilibrium”, exhibit continuous growth and denudation over time, characterized by oscillations 

without settling on a single elevation (Fig 4.2B and 4.3B). As such it may be more appropriate to 

say that these landscapes reach a dynamic steady state. In uplifting landscapes, the removal of a 

hard layer serving as the caprock for the hillslope triggers a sudden increase in landscape erosion 

until the soft rock is entirely weathered and eroded, culminating in the exposure of the next hard 

unit. This interruption halts the period of heightened hilltop erosion. The exposure of a new hard 

caprock allows the hillslope to grow in elevation once again. Similar patterns can be observed in 

landscapes actively denuding due to a decrease in uplift rate, involving periods of intensified 

weathering and rock removal once the caprock at the top of the landscape is entirely removed. 

Followed by periods of slow denudation once the next hard layer is reached. The spacing 

between these hard layers dictates the timing of these fluctuations. However, spacing and 

thickness are not perfectly regular vertically within real stratigraphic sections or laterally, where 

layers can pinch out or be disrupted by tectonic features like faults. In real landscapes, we can 

expect that hillslopes, especially at their summits, may experience varying degrees of weathering 

and denudation laterally, depending on local lithologic properties. Nevertheless, the long-term 

average of hillslope elevation change (dz/dt) tends to converge towards zero. 

The introduction of boulder armor introduces a level of non-periodicity to these otherwise 

predictable oscillations of heterolithic hillslopes in a dynamic equilibrium with uplift and 

weathering. Boulder armor serves as protection against weathering and acts as a repository for 

mobile regolith buildup. When these boulders move downslope, the stored material is released, 

resulting in localized increases in regolith movement. Depending on the rate of armor 



134 

production, storage on the hillslope, and the pace of downslope movement, we can observe 

periods of heightened landscape growth when more armor is present and times of increased 

denudation when less armor is produced (Fig 4.3B). This is evident in the non-periodic 

fluctuations of the mean elevation over time for slopes with armor (Fig 4.3B). The degree of 

non-periodic fluctuations in mean elevation increases with HR, as higher HR values correspond 

to a greater number of hard layers within the hillslope. Consequently, more locations are 

available for boulder production, resulting in a higher number of blocks that can modify the 

hillslope's surface and trap mobile regolith, yet there are less locations for boulders to actually 

armor. Furthermore, these high HR landscapes are steeper and thus block movement is more 

frequent and results in lower effective armor (Fig 4.4C). I discuss this more in the sections 

below. 

4.5.54 Time to steady state 

The modeling of step changes in uplift has revealed intriguing behaviors in both uplifting 

and denudating hillslopes. For uplifting hillslopes, we observe a relatively linear decrease in the 

time needed to reach a steady state as the HR (hardness ratio) of the hillslope increases. It's 

important to note that this trend does not signify that high HR landscapes are more efficient at 

achieving steady state, but rather that these high HR landscapes are very nearly at their 

maximum potential steepness prior to the step change. Examining the percent change in 

steepness (Fig 4.4Aiv), we find that the relative increase from before the step change to after the 

step change diminishes, indicating that the actual degree of steepening is not substantial relative 

to the original slope steepness. Due to the modest amount of steepness increase in high HR 

hillslopes, the time required to reach a new steady state remains relatively brief. In some 

instances, it appears as though the hillslope is minimally affected by the step change in uplift 
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(Fig 4.2Biv). This is especially noticeable when blocks are present, as their mere presence 

already contributes to the steepening of the landscape. Furthermore, the presence of blocks 

seems to expedite the rate at which a hillslope can attain steady state. Some amount of mass is 

exported from the hillslope in the form of entire blocks (Fig 4.2A), rather than solely as mobile 

regolith. This is particularly evident when the resistant layers are situated close to the edge of the 

simulation domain. In real landscapes, this can be likened to armor entering the fluvial system 

and being transported relatively swiftly compared to the rate of hillslope processes (see Glade et 

al., 2019; Shobe et al., 2021). 

Conversely, my simulations of denudating landscapes exhibit a markedly different trend. 

We can observe that for low HR values in both armored and unarmored cases, the time required 

to reach a new steady state after a decrease in uplift rate is relatively consistent (Fig 4.4Biv). In 

this set of models, blocks decelerate the rate of landscape change, akin to what is observed in 

Glade et al.'s (2017) modeling of hogbacks. We can also observe that as the hillslopes denudate, 

armoring prevents the hillslope from rapidly collapsing to the new steady state mean elevation 

(Fig 4.3Bi -4.3Biv). Instead, we witness a slower decline of the landscape, with intervals of a 

"false" new steady state elevation persisting for several hundred thousand years before 

transitioning to another phase of collapse and reaching the actual new steady state.   This 

phenomenon arises from armor being generated and persisting on hillslopes without being 

transported for extended periods (Fig 4.4C). Nevertheless, the time required to reach the new 

steady state for HRs ranging from 0.1 to 0.3 remains relatively consistent, until HR reaches 0.4, 

at which point the times to steady state increase. For armored landscapes, this change is abrupt, 

reflecting the intricate interplay between the stratigraphy and the armor on the hillslopes. These 
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simulated hillslopes suggest that for real layered landscape, denudation may be extend 

temporally due to the need to remove caprock as well as armor from the slopes. 

4.5.55 Optimum armoring and fossil hillslopes 

The coupling between armor and hillslope stratigraphy is a phenomenon that becomes 

apparent in my simulations when hillslopes are no longer actively exhumed at their previous 

rates, leading to weathering and topographic collapse. Interestingly, hillslopes with an HR of 0.4 

exhibit the most pronounced flattening (Fig 4.3Biii). It can also observe that at this HR, 

hillslopes take significantly more time to reach a new dynamic steady state (Fig 4.3Bv). I 

propose that this phenomenon is a result of the interaction between boulder armor and 

stratigraphy. When the HR is low, resistant layers are spaced farther apart, and the armor 

generated by weathering cannot effectively shield all parts of the slope. When the HR is high, 

resistant layers are closer together, slopes are steeper, and blocks do not remain in one position 

for a sufficient duration (see Fig 4.4C). However, for HRs around 0.4, the hard layers are spaced 

just right to ensure that boulder armor can cover positions across the hillslope down to the next 

resistant layer, representing a stratigraphic optimum. In this scenario, armor must span the entire 

length of the softer sections of the hillslope, while the blocks themselves must remain in place 

long enough to shield parts of the hillslope from weathering and capture and retain regolith. The 

presence of armor on a hillslope does not automatically guarantee its maximum effect on the 

hillslope's evolution; rather, it's about how effectively the armor covers the hillslope and the 

duration for which it remains in place before being transported downslope to some extent.  

In the context of real landscapes, these results suggest that for layered landscapes and 

hillslopes in denudating environments, may represent "fossilized" features in a geomorphic 

sense. This is especially true if the hillslopes have reached a false steady state (Fig 4.3Bii and 
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4.3Biii) and have not yet attained their final long-term equilibrium elevation. The rate of removal 

of resistant layers and efficiency of block transport appear to be critical factors in the longevity 

of these hillslopes after a reduction in uplift rate. If caprock remains in place, it will support the 

landscape, and the rate at which it is removed becomes a controlling factor. Removal is 

influenced by the rate at which armor in the form of boulders is liberated from the resistant 

layers through undermining via diffusion processes. However, once a boulder is deposited 

downslope, it can shield that location from weathering and transport. In scenarios where the 

landscape is actively flattening, the transport rate slows down, requiring more time for blocks to 

decrease in size through in-situ weathering. This slowdown in the rate of resistant layer removal 

contributes to the preservation of the hillslope as it was for a more extended period. Ward (2019) 

suggests that hillslope features such as cliffs, hogbacks, and cuestas take significantly longer to 

adjust than the baselevel fluctuations that would drive their evolution from a bottom-up 

perspective. My findings here align with Ward's perspective, showing that the adjustment of 

hillslopes in virtual space can take between 105 to 106 years, as predicted by Ward (2019). 

However, the adjustment times for a denudating heterolithic hillslope are notably longer than for 

an uplifting one, suggesting that if information is preserved in such features, it would be better 

retained in denudating landscapes where the uplift rate has slowed. 

4.6 Conclusion 

This study highlights the significance of stratigraphic architecture, particularly the 

Hardness Ratio (HR), as well as the presence of hillslope armor in controlling hillslope evolution 

and dynamics. I have demonstrated that for heterolithic hillslopes, achieving a steady state is a 

dynamic process, with the crest of the hillslope continuously rising and falling as the topmost 

layer is gradually removed through block-by-block cliff retreat processes. The introduction of 
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boulder armor into the system further complicates this dynamic, leading to non-periodic 

fluctuations in elevation and resulting in periods of heightened growth and denudation, 

contingent on interactions between the hillslope and boulders. Additionally, these simulations 

shed light on how virtual hillslopes respond differently when subjected to step changes in uplift 

rates, either increases or decreases. I show that the adjustment times for step increases in uplift 

decrease with increasing HR, as higher HR hillslopes are already closer to the new steady state 

steepness, resulting in shorter adjustment times. Conversely, step decreases in uplift rates reveal 

a shift in adjustment times around an HR of 0.4. This is attributed to the optimal interplay 

between boulder armoring and hard layer spacing. These findings suggest that such hillslopes 

may represent relict features on the landscape, taking much longer to adjust than single lithology 

hillslopes due to the intricate dynamics of boulder armor in these environments. Overall, this 

study contributes to a deeper understanding of the complex interplay between stratigraphy and 

hillslope evolution, with potential implications for the interpretation of real landscapes. 
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Chapter 5 - Layered landscapes future laboratories of hillslope 

dynamics 

5.1 Abstract 

This dissertation examined the layered landscape of Flint Hills, situated in northeast 

Kansas. The geology of this region results in a stair-step hillslope profile that is covered in large 

fragments of rock that armor the hillslopes. The dissertation research preformed here explores 

the dynamic interplay of geological factors, climatic forces, and boulder armor using a 

combination of field investigations, geochronology, and landscape evolution modeling. This 

research focuses on the interaction dynamics of hillslope armor and the interaction with the 

stratigraphy. Composed of rock fragments and weathered material, boulder armor serves as a 

geological record of the region's history. My dissertation across three research chapters attempts 

to begin to unravel the complexities of boulder armor production, its influence on landscape 

evolution, and its connection with climatic variations. In this final chapter, I will synthesize and 

contextualize the findings of these research chapters and propose new conceptual models of 

layered landscape evolution and hillslope armor dynamics. These new insights will expand our 

understanding of not only layered landscape but also hillslope dynamics in general. 

5.2 Introduction 

The Flint Hills, a physiographic region in northeast Kansas, is characterized by its rolling 

terrain, bedrock benches, and extensive outcroppings of limestone. The Flint Hills have 

presented an opportunity for expanding our understanding of hillslope dynamics in layered 

landscapes. This chapter delves into the interactions of geology, climatic forces, and boulder 
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armor described in the previous three research chapters. Here I will synthesize and present a 

more wholistic understanding of the findings presented in the three previous chapters. 

The Flint Hills' stratigraphy and geomorphology provides an ideal natural laboratory for 

studying landscape evolution in layered landscapes of alternating rock hardness. The resistant 

limestone layers cause flat benches to form that periodically punctuate the hillslope as well as 

produce boulder armor.  The central theme of this research revolves around boulder armor – a 

feature intimately tied to the Flint Hills' geological and climatic history. Boulder armor, 

comprised of rock fragments and weathered material, not only influences the region's topography 

but also reflects climatic variations that have occurred over geological timescales.  

One of the key contributions of this dissertation is the proposal of a new conceptual 

model for Flint Hills hillslopes, driven by climatic variations across Pleistocene glacial and 

interglacial periods as they denudate through hard and soft lithologies over geologic time. I also 

propose that boulder armor is an intrinsic part of many layered landscape systems. In this chapter 

I also raise important questions about the potential influence of stratigraphic architecture on long 

term behavior on denudating landscapes like the Flint Hills. 

5.2.56 The Flint Hills 

Landscapes formed in heterolithic settings, where rocks are oriented nearly horizontally 

or show minimal deformation, like the Flint Hills, are widespread across the globe (Migoń and 

Duszyński, 2022). Many interior regions of continents consist of sedimentary basins with rocks 

that have experienced little structural alteration (Migoń and Duszyński, 2022; Migoń, 2023). 

Consequently, these landscapes are often referred to as tablelands, characterized by features such 

as escarpments, mesas, buttes, or stairsteps. All these features share the common characteristic 

that differences in lithology lead to their development. 
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The Flint Hills exhibit a unique hillslope profile, resembling stair steps, which are shaped 

by alternating layers of nearly horizontal shale and limestone (Frye, 1955). This distinctive 

physiographic province covers approximately 26,000 km2 and results from the erosion of 

Permian-age limestones and shales (Dort, 1987; Aber, 1991; Oviatt, 1999). The soft shale layers 

comprise the soil-covered sections of the hillslopes, while the limestone layers give rise to small 

bedrock cliffs and ledges that gracefully curve along the landscape. These limestone layers are 

well-fractured into regular units at intervals of about one meter, resulting in the deposition of 

boulders (blocks) on the shale slopes beneath the cliffs (Frye, 1955). These blocks, with various 

shapes ranging from cubic to tile-shaped, are believed to move through processes such as 

tumbling and soil rafting, as previously hypothesized. Consequently, the Flint Hills provide an 

ideal laboratory landscape for studying heterolithic landscape development, the influences of 

boulder armor, and the history of Pleistocene landscapes. The geology and geomorphology of the 

Flint Hills offer valuable insights into the processes that shape and evolve landscapes. As such 

they were natural laboratory and inspiration for the research of my dissertation. 

5.3 Results of the previous three research chapters 

In this dissertation, I have identified three crucial areas demanding further investigation 

within the realm of heterolithic landscapes, and the Flint Hills Region has been a promising 

prospect for exploration for my dissertation. The preceding chapters concentrated on addressing 

three fundamental research questions, with the Konza Prairie portion of the Flint Hills serving as 

both my natural laboratory and primary source of inspiration. In the subsequent sections, I will 

present succinct summaries of the findings from each of the three research chapters, 

contextualizing the significance of this research within the existing body of knowledge. 
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5.3.57 Chapter 2 – Limestone boulders (blocks) and hillslope transport 

Features within heterolithic landscapes, such as cliffs, benches, hogbacks, and cuestas, 

actively contribute to landscape development (Glade et al., 2017; Duszyński et al., 2019; Glade 

et al., 2019). For example, cliffs and valley walls can deposit substantial rock boulders onto 

hillslopes, influencing the timing and rate of erosional signals across the landscape. This process 

results in the formation of hillslope armor, further complicating and modulating ongoing 

landscape changes in the areas below where cliffs, benches, and hogbacks (Glade et al., 2017; 

Glade et al., 2019; Shobe et al., 2021). The significance of boulders and coarse materials in 

safeguarding slopes from erosion has long been recognized as a fundamental concept in the study 

of hillslope geomorphology (Bryan, 1940; Mills, 1984). As outlined by Bryan (1940) and Mills 

(1984), depressions in hillslopes, such as gullies or stream heads, accumulate coarse colluvial 

material from a more resistant rock unit located above, resulting in armor at that specific 

location. This armor shields the hillslope from future erosion caused by runoff and redirects the 

erosive focus elsewhere. Over time, the armored portion of the hillslope evolves into a prominent 

high point or hilltop (Bryan, 1940; Mills, 1984; Chilton and Spotila, 2020). 

In steep landscapes, boulders form depressions and pockets that capture smaller grains, 

restraining dry ravel and enhancing surface roughness, thus diminishing the efficiency of erosion 

caused by overland flow (DiBiase et al., 2017; Bunte and Poesen, 1993). It is widely 

acknowledged in steep landscapes that boulder armor primarily undergoes movement through 

mass wasting processes (DiBiase et al., 2017; Caviezel et al., 2021). However, in less steep, soil-

mantled landscapes, the transport and removal mechanisms of such boulders are not as well 

understood. Previous studies have explored the removal pathway of boulders on hillslopes, 

undergoing breakdown through chemical weathering (Darmody et al., 2005) or physical 
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processes (Epps et al., 2010; McGrath et al., 2013; Eppes et al., 2020), eventually integrating into 

the mobile regolith. Yet, the physical transportation of boulders off the hillslope has not been 

thoroughly investigated and has been largely assumed (Glade et al., 2017 and 2019). In Chapter 

2, my investigation aims to provide a better understanding of the transport of boulders, 

specifically large clasts, on soil-mantled hillslopes. 

In Chapter 2, the geometric and spatial properties of hillslope boulder armor were utilized 

to test hypotheses pertaining to boulder armor transport. This research objective was addressed in 

Chapter 2, revealing that boulders (also referred to as blocks), irrespective of their shape, exhibit 

a uniform mode of transportation predominantly through creep-related processes. The tumbling 

of cubic-shaped boulders, in contrast to tile-shaped ones, was found to be infrequent, with 

freeze-thaw and shrink-swell creep-related processes identified as the primary drivers of boulder 

movement downslope. Chapter 2 demonstrated a trend of decreasing boulder size with increasing 

distance from the modern limestone bench edge, the point where new boulders detach. This 

observation aligns with findings from other landscapes concerning boulder armor below 

hogbacks. I proposed a novel hypothesis suggesting that large boulders break down into smaller 

fragments, thereby facilitating their transport through creep processes. 

5.3.58 Chapter 3 – Timing and rate of boulder movement and production 

In Chapter 3, I addressed the dearth of chronology regarding the production and transport 

of coarse hillslope boulder armor, both generally and specifically for the Flint Hills. While 

Chapter 2 provided new insights into the processes governing boulder transport, Chapter 3 seeks 

to comprehend the rate and timing of those processes. Despite the availability of chronology for 

the fine portion of hillslope material, uncertainty remains regarding whether coarse hillslope 

armor is actively undergoing transport. Furthermore, within the geomorphic community, there is 



144 

recognition that coarse hillslope armor moves downslope over time; however, there is a lack of 

spatial data on the rates of movement in temperate, low-relief, soil-mantled settings. This 

knowledge gap is evident in current models of hillslope armor, where simulated blocks are 

assumed to "tumble" to the next location in the model when slope steepening or undermining 

occurs. Nevertheless, based on observations in the Flint Hills (Chapter 2), this assumption 

appears inappropriate. The evidence suggests that boulders on soil-mantled hillslopes creep 

downslope while still retaining fine hillslope sediment behind their upslope faces, aligning with 

the findings of Glade et al. (2017). 

In Chapter 3, I addressed this knowledge gap using a combination of cosmogenic 

chronology, geometric analysis, and simple mathematical modeling to account for inheritance. In 

Chapter 3, the data shows that landscape activity related to the production and transport of 

boulders is linked to conditions during the Last Glacial Maximum (LGM). The boulders 

currently present on the hillslope are relict features from a much colder climate when periglacial 

conditions prevailed. Furthermore, the lateral retreat rate of the hillslopes and limestone bench in 

the study location of the Konza Prairie, is approximately 0.02 mm/yr. These rates offer 

significant insights into geomorphic processes and rates of landscape change, which future 

modeling work can utilize to constrain rates of boulder movement in soil-mantled settings. 

5.3.59 Chapter 4 – Modeling of heterolithic hillsopes 

The lithology of underlying rocks constitutes a foundational boundary condition 

influencing landscape development via geomorphic processes. Nevertheless, when these strata 

undergo deformation, complexity is added to the control exerted by lithology on landscape 

evolution, yielding distinct and intricate landscapes (Gilbert, 1877; Gilbert, 1909; Lane and 

Richards, 1997). The concept of lithology-driven landscape evolution hinges on the interplay 
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between forces such as tectonics and climate, which induce erosion, and the resistance of surface 

rocks to this erosion (Gilbert, 1877; Gilbert, 1909; Lane and Richards, 1997). This interplay 

unfolds across various scales, encompassing weathering and erosion of individual rock outcrops 

to entire regions. The non-uniform weathering and erosion of rock layers engender diverse 

topography, where differences in erodibility at the hillslope scale give rise to features like 

hogbacks and cliffs (Glade et al., 2019; Glade et al., 2017; Ward et al., 2011). 

The evolution of hillslope in layered landscapes are intrinsically tied to the underlying 

stratigraphy and structurally properties. Ward (2019) examined the relationship between incision 

rates and rock dip in the development of heterolithic landscapes. The adjustment time of a 

landscape with heterogeneous stratigraphy depends on the dip angle of the rock and the coupling 

between the cliff retreat rate and the escarpment's height. Ward (2019) posits that escarpments 

and hillslopes function as transitional features that retain information about regional tectonic 

changes, providing insights on scales distinct from those commonly found in fluvial networks. 

Nevertheless, the attention paid to hillslopes in these investigations of layered landscapes has 

been relatively limited, with a predominant focus on their connection to the fluvial components 

of landscapes. Furthermore, little is known about how the arrangement of these layers influences 

the broader landscape. As such in my third research chapter (Chapter 4) I use mathematical 

landscape evolution modeling to produce new insights into how the arrangement of the 

stratigraphy influences hillslope evolution. 

In Chapter 4, I expanded upon Glade et al.'s (2017) 1D hogback model to create a more 

comprehensive model that simulates hillslope evolution with multiple resistant layers producing 

blocks as the layers are undermined. Through various simulations of different stratigraphic 

arrangements, I investigated the effects of changing the spacing between resistant layers and the 
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thickness of these layers. I found that the interplay between stratigraphy and hillslope armor 

results in a complex response to ongoing uplift as well as changes in the rate of uplift.  In 

heterolithic landscapes without boulder armor, fluctuations in hillslope characteristics allow the 

landscape surface elevation to oscillate within a range once it reaches steady state. The 

wavelength and magnitude of these oscillations are determined by the thickness and spacing 

between the hard layers of rock. With the introduction of boulder armor, the periodic fluctuations 

become more non-periodic as blocks move across the hillslope, modulating erosion and regolith 

transport. Layered landscapes exhibit complex pathways to reach a steady state following a step 

change. When subjected to increases in uplift, landscapes with higher hillslope retreat rates 

(HRs) respond more swiftly due to their proximity to maximum steepness, as dictated by 

stratigraphy. Conversely, when uplift decreases, landscapes with higher HRs take longer to reach 

a steady state. This is because regolith weathering and diffusion require more time to undermine 

multiple hard layers, starting from the top of the landscape. The optimal interaction between 

boulder armor, stratigraphy, and HRs is at approximately ~ 0.4 HR, where the presence of armor 

significantly prolongs the time required to reach a steady state. These findings shed light on the 

dynamic interactions between stratigraphy, landscape evolution, and the response to changes in 

uplift conditions. 

5.4 Chapter 5 – Synthesis 

5.4.60 Boulder armor and glacial climates 

It is evident that in landscapes featuring relatively harder rock units, the production of 

hillslope armor through weathering is a common occurrence (Chapter 2; Denn et al., 2017; Del 

Vecchio, 2019; McCarroll and Pederson, 2021; Fame et al., 2023).  This phenomenon is 

observed across various environments, from arid regions to temperate ones, and the presence of 
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boulder or rock fragment armor plays a significant role in landscape evolution. The Flint Hills, 

for instance, provide excellent examples of boulder armor protecting hillslopes and trapping 

material that would otherwise move downslope. However, it is important to note that the 

production of boulder armor is not constant over time and appears to be influenced by climatic 

drivers. Furthermore, there appears to be differences in what type of climatic forcing is 

responsible for production of boulder armor and colluvial material. For more temperate 

landscapes it appears the significantly cooler temperatures during glacial periods leads to 

increased amounts of frost shattering of resistant lithologies due to periglacial temperatures 

(Denn et al, 2017; Del Vecchio, 2019; Fame et al., 2023).  For example, Del Vecchio (2019) 

connected the production of boulder armor on hillslopes to frost shattering under periglacial 

conditions, particularly in relatively hard-to-weather quartz sandstones of the ridge caprock. In 

more arid landscapes it appears that climatic disturbances in the form of periodic climatic 

fluctuations induce periods of toe slope weathering, caprock collapse, and colluvial armor 

transport and redistribution. McCarroll et al. (2021) showed that the depositional age of colluvial 

features along the Book Cliffs in semiarid Utah are associated with known periods of climatic 

instability during the Pleistocene.  

In the case of the Flint Hills (Chapter 2), it appears that the climate during the Last 

Glacial Maximum (LGM) played a crucial role in the delivery of hillslope armor to the region in 

Kansas. Of the two types of climatic response, my geochronology suggests that the Flint Hills 

falls under the more temperate, “periglacial,” mode of climatic response to glacial climates 

(Figure 1). However, there is no evidence in the Flint Hills region of frost shattering being the 

primary mechanism of armor production. Instead, as discussed in Chapter 2, increases in creep 

related hillslope process like freeze-thaw, shrink-swell, and frost-heave are the primary drivers of 
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boulder production and transport (Chapter 2) in the study region. Modeling work of Marshall et 

al., (2021) strongly suggests periglacial processes were pervasive for broad swaths of mid-

latitude North America that were not glaciated during the LGM. The case for periglacial type 

conditions in the Flint Hills Region are bolstered by Fame et al., (2023) seeing evidence of frost 

shattering at a similar latitude. Fame et al., (2023) found that exposure ages of boulder surfaces 

correspond to glacial times (MIS 2 & 3) with boulder production essentially shutting off during 

the Holocene, mirroring my findings here in the Flint Hills. These two locations with their 

similar boulder production histories may suggest that production of boulder armor is a consistent 

feature of layered landscapes while under glacial conditions. 
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Figure 5. 1 Conceptual model of climate driven boulder armor production and transport 

Conceptual hillslope weathering of both softer and harder lithologies, drawing upon field observations, background 

literature, and findings from Chapters 2 and 3. This model delineates distinct sections of the hillslope that undergo 

weathering, showcasing heightened activity under specific climatic conditions. Although specifically developed for 

the Flint Hills, its relevance extends to comparable latitudes or climates in other locations. During glacial climates, 

there is an intensification of weathering, leading to the fragmentation of resistant rock units. These fragments 

transform into sizable boulders, actively transported by increased efficiency attributed to elevated levels of 

freeze/thaw creep processes or periglacial heave. As the climate transitions to interglacial conditions, the removal of 

material from the resistant lithology ceases. Owing to climatic fluctuations and shifts in stabilizing vegetation, 

periodic fluxes of fine material from the hillslopes into the stream channels occur (Layzell and Mandell, 2020). The 

hillslope armor sediment, characterized by its relatively immobile nature, accumulates behind the boulder. 

I propose that, for temperate-layered landscapes, boulder armor produced during glacial 

conditions may persist throughout the following interglacial times. This is especially true in 
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cases where the layered landscape undergoes glacial conditions, as modeled by Marshall et al. 

(2021). In Chapter 2, I initially categorized boulder armor as a landscape property with a 

substantial influence on hillslope evolution. However, if boulder armor is intrinsically tied to 

layered landscapes, as observed in locations like the Flint Hills, it might be more appropriate to 

categorize it as a dynamic boundary condition or simply a boundary condition of landscapes, 

given its production and persistence over geomorphic and geologic time. 

If boulder armor stands as a fundamental element within layered landscapes, particularly 

those subjected to temperate conditions with periglacial influences, the findings from Chapter 3 

suggest that we can anticipate the persistence of boulder armor well into the interglacial period 

(5.4.59 Boulder weathering in the flint hills), thereby continuing to exert an impact on 

landscape evolution and characteristics. This persistence, however, is likely directly influenced 

by the efficiency of boulder armor weathering, transport, and removal. Studies by Denn et al. 

(2017), Del Vecchio et al. (2018), and Fame et al. (2023) provide evidence that boulder armor 

along the Appalachian Mountains, characterized by a temperate climate, has remained relatively 

unchanged since glacial times. These studies potentially offer insights into how the production 

and characteristics of boulder armor change with increasing distance from the glacier terminus. It 

is essential to note that the lithologies in these locations are composed of resistant quartz-rich 

sandstones. Along the Appalachian Mountains, the terminus of the ice sheet during the Last 

Glacial Maximum (LGM) reached into northeastern Pennsylvania (Braun, 2004). 

Both Denn et al. (2017) and Del Vecchio et al. (2018) conducted their studies within 

Pennsylvania, with Denn et al.'s study area situated merely 2 km from the terminus of the ice 

sheet, while Del Vecchio et al.'s study area is further south in central Pennsylvania. In both 

locales, boulder armor manifests as a boulder field, forming a blanket over the underlying 



151 

regolith. The genesis of these boulders is attributed to glacial temperatures sufficiently cold to 

facilitate frost shattering of bedrock. From the shattered bedrock, resistant units dislodged, 

tumbling down the valley flanks. Both studies highlight that the boulder armor in Pennsylvania is 

a multigenerational feature, persisting across several Pleistocene cycles, indicating high 

endurance over geomorphic timescales. These locations experienced conditions cold enough for 

frost shattering at multiple points during the Pleistocene. However, it is anticipated that closer to 

the glacial terminus, frost shattering would be more intense, resulting in higher boulder 

production, reflected in the thickness of the boulder armor ranging from 3 to 10 meters in both 

locations. Nevertheless, in these areas, transport processes seem relatively weak outside of the 

initial tumble when boulders are liberated from the resistant rock unit. This may suggest that in 

locations closer to the ice sheet, the constant cold may lead to the shutdown of boulder transport 

via creep processes due to the absence of freeze-thaw cycles. Consequently, boulders 

accumulate, forming extensive and thick boulder fields in both locations. Once conditions warm 

up, the boulder field becomes so extensive and thick that creep processes struggle to transport 

boulders downslope. The system essentially becomes clogged by boulders and may only resume 

transport when the boulders themselves chemically or physically weather away to a smaller size. 

Moreover, the boulder armor serves as protection for the underlying regolith, preventing its 

conversion into soil. This is evident in Del Vecchio et al.'s (2018) field site, where certain 

portions of the boulder field have weathered down, allowing regolith to separate the boulders and 

facilitating solifluction that transports boulders with the moving regolith. However, as one moves 

southward away from the ice sheet, trends in boulder production and transport appear to change. 

Fame et al. (2023) directed their research efforts to the Appalachians of central Virginia, 

a location significantly farther away from the terminus of the Last Glacial Maximum (LGM) ice 
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sheet. In this area, while boulder fields indicate initial shattering occurred, there is also evidence 

of discrete boulder armor similar to that observed in the Flint Hills. Although boulders in these 

locations were formed during glacial periods, the distribution of the boulder armor suggests that 

conditions were periodically warm enough to enable freeze-thaw creep-related processes to 

transport and disperse boulders across the hillslopes. While Fame et al. (2023) does not explicitly 

delve into the drivers of boulder production, it is inferred that, being at a similar latitude as the 

Flint Hills (Chapter 2 and 3), boulder production in central Virginia may have been either a 

slower or more discreet process compared to the Pennsylvania locations. 

Drawing insights from various studies, including my findings in the Flint Hills, we can 

formulate hypotheses about changes in boulder production and transport when transitioning from 

colder-drier climates near the ice sheet to warmer-wetter climates further away. In the coldest 

locations near the ice sheet margins, high boulder production may result from frost shattering of 

rock, while transport is limited due to consistently cold and dry conditions, inhibiting creep-

related processes. Moving southward away from the ice sheet, boulder production slows, but 

increasing moisture levels and temperature fluctuations enable creep processes to transport 

boulders downslope (Chapter 2 and 3). On the landscape, this might be reflected in the 

prevalence of more boulder fields or talus cones in cooler-drier climates, whereas in moister 

temperate climates, discrete boulder armor is scattered across hillslopes, separated by areas of 

soil or weathered regolith. The soil can then transport and move around the boulder via creep 

related processes like freeze-thaw heave or shrinking and swelling of soils. This trend from 

colder climates may also be mirrored in the transition from more temperate to warmer-drier 

climates. 
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In various semi-arid locations, such as those studied by Schumm (1967), Guitérrez et al. 

(2010), Boroda et al. (2011), Sheehan and Ward (2018), and McCarroll et al. (2021), boulder 

armor is a common occurrence. Similar to other landscapes, the production of boulder armor in 

these semi-arid environments is intricately linked to climatic variables. In an arid landscape, 

McCarroll et al. (2021) propose that extensive colluvial armor aprons formed below the Book 

Cliffs, UT during different periods of the Pleistocene and persist as talus flatirons today. The 

layered landscape of the Colorado Plateau serves as an excellent example of how arid landscapes 

preserve boulders and colluvial armor. This preservation is more related to the lack of a transport 

mechanism rather than a lack of boulder weathering. Both McCarroll et al. (2021) and Sheehan 

and Ward (2018) report that the sandstones in the region are poorly cemented and weather away 

relatively quickly. The only processes capable of removing these boulders are ongoing gullying 

on the weak underlying shale causing boulders to tumble into the fluvial system (Sheehan and 

Ward, 2018; McCarroll et al., 2021) or sheet wash lubrication and expansion/contraction of 

weathered shales (Schumm, 1967). In either case, in arid locations, boulder transport seems to be 

limited to the ability of diffusive hillslope properties to remove them, which, again, appears to be 

ultimately a function of moisture. Therefore, temperate climates with sufficient moisture may be 

locations where discrete boulder armor, resulting from hillslope processes, can effectively move 

and spread-out boulders deposited on hillslopes, whereas drier locations, while capable of 

boulder production, may be more likely to experience boulder accumulation due to poor 

transport efficiency.  

5.4.61 Boulder weathering in the Flint Hills 

In cases where boulders are too large to be transported, or conditions are unsuitable for 

transport, in-situ weathering becomes the sole pathway for the removal of boulder armor from 
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the hillslope. For instance, the quartzite boulders armoring hilltops in northeastern Kansas (Aber, 

1991) are relict features from the Pre-Illinoisan glaciation, persisting for at least half a million 

years, underscoring the potential for boulders to be extremely long-lived features. Studies such 

as Fame et al. (2023) and Dunn et al. (2017) corroborate this possibility. 

Examining the limestone blocks in the Flint Hills, utilizing data and observations from 

Chapters 2 and 3, we can estimate the lifespan of a boulder on the Flint Hills slopes. In Chapter 

2, boulder armor on the hillslope beneath the Cottonwood limestone generally disappears at 

approximately 30 meters downslope from the cliff. As such we can assume that this is the 

average distance a boulder can be transported while it is undergoing weathering in this 

landscape. Beyond this distance most of the boulder have weathered down to a size that can be 

considered to be part of the underlying regolith. In Chapter 2, I establish that boulders on the 

hillslope below the Threemile limestone age at approximately 821 years per meter downslope. If 

we assume constant weathering, we expect, based on this age trend, that a 1m3 boulder would 

weather away to nothing in approximately 24.6 thousand years. However, weathering is not 

constant, and it may take longer for them to completely weather away. Boulders older than 25 

thousand years would be expected, if not rarer, especially considering the occurrence of blocks 

larger than 1m³ at a relatively frequent rate (Chapter 2 and Chapter 3). 

Nevertheless, this time frame allows for a certain number of limestone boulders to persist 

through interglacial periods, which generally last between 10-15 thousand years (Winograd et 

al., 2006). This leads to another intriguing question: "How old is the Flint in the Flint Hills?" 

Now, it becomes apparent that the flint, being more resistant to weathering than the limestone, 

may be considerably older. If the flint fragments and nodules exhibit weathering resistance 

comparable to the quartzite boulders related to the Pre-Illonian glaciations, then there is reason to 
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suspect that the ubiquitous flint in the landscape might be significantly older, encompassing 

several glacial periods worth of time, compared to the limestone armor. The veneer of flint 

across the landscape could indeed be the most relict features of this landscape. Further research 

could attempt to constrain the weathering rate of the flint to verify this hypothesis, or future 

advances in geochronology may provide insights into the age of the flint in the Flint Hills. 

5.4.62 Stratigraphic architecture, geometry, and boulder armor interactions 

Chapter 4 of this dissertation revealed a fascinating feedback relationship between 

boulder armor and stratigraphy in layered landscapes. The optimal spacing of resistant layers 

relative to the thickness of the erodible package separating them, referred to as the Hardness 

Ratio (HR), played a crucial role in influencing hillslope adjustment. This optimal spacing 

seemed to be governed by the geometric relationship between the spacing of resistant layers, the 

length of the hillslope formed between them, and the amount of boulder armor on the hillslope. 

When resistant layers were too close together, the resulting erodible hillslope was short and 

steep, causing boulders to quickly move down the hillslope without effectively shielding the 

lower portion. On the other hand, when the resistant layers were too far apart, the hillslope 

became too long, and boulders would weather away before reaching the bottom, leading to faster 

weathering and material transport in those areas compared to the portions with boulder armor. 

The optimal range, where hillslopes between hard layers were completely armored, provided the 

most efficient protection against hillslope weathering and transport. The optimum spacing and 

thus optimum armoring results in a slowdown effect the preserves the hillslope longer than if it 

was not armored at all or armored inefficiently. Beyond the armor over time the resistant layers 

themselves are removed periodically leading to cyclic changes to rates of erosion. The removal 

of the topmost layer of armor resulted in periods of increased hillslope activity, as the softer 
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portion of the hillslope below it was rapidly removed. This "landscape heartbeat" or dynamic 

equilibrium is further complicated by the noise introduced to the movement of blocks on the 

hillslope. 

In the model, block movement was simulated as blocks "falling" or "tumbling" down the 

hillslope to the next position, a simplification inherited from the original version created by 

Glade et al. (2017). However, in the presence of blocks, the "heartbeat" signal in the model 

exhibits more noise, as discussed in Chapter 4. This "heartbeat" serves as a primary observable 

signal even amid the noise associated with the activity of the boulder armor. Nevertheless, for 

soil-mantled landscapes where creep-driven movement of blocks is the primary mode of 

transport (Chapter 2), our models should accurately reflect this reality. A creeping block, 

hypothetically, would introduce a more subdued effect and contribute less noise to the 

"heartbeat". While a tumbling block enables the sudden downslope movement of all the regolith 

it trapped behind it, causing an abrupt increase in sediment fluxes, a slowly creeping block might 

function more like a very slowly moving dam. The creeping nature would impede the sudden 

release of trapped sediment, mitigating sudden landscape changes and dampening the overall 

effect on that "heartbeat". Considering the climate dependence of armor production, the 

"landscape heartbeat" may be further complicated by the overlaying of climatic forcing. If 

periods of armor production are relatively spaced apart, there could be times of relatively high 

landscape change, as the protective armor erodes away, allowing uninterrupted regolith 

movement. The beat of this cyclic process may be a function of climatic variables changing over 

geologic time, resulting in a longer-term pattern of speeding up and slowing down. 

In actual landscapes characterized by varying thicknesses and spacing of resistant layers, 

certain sections of the heterolithic hillslope efficiently acquire armor. However, the intricate 
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processes by which resistant layers shed materials can add complexity to this relationship. In 

some landscapes, resistant layers may shed boulders through block-by-block failure, with 

discrete cubic boulders slumping off limestone benches and settling on the hillslope below. In 

other instances, material shed from resistant layers may manifest as rock falls or collapses, 

depositing multiple boulders as a jumble of colluvium that is not easily transported by creep-

related processes. Therefore, it proves useful to conceptualize boulder armor on a sliding scale 

(see Figure 5.2), where colluvial blankets with a dense boulder cover represent one end and 

discrete boulders scattered across the hillslope fall somewhere in the middle. In either end-

member case, the armor effectively protects sections of the hillslope. However, a colluvial 

blanket may induce the most extreme form of slope protection, leading to topographic inversion 

(e.g., Mills 1981, McCarroll et al., 2021). On the other hand, scattered boulder armor, as 

observed in the Flint Hills, may result in less visually drastic landscape outcomes but can subtly 

modulate erosion and hillslope evolution (e.g., Glade et al., 2019, Chapter 4). 
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5.4.63 Climate and boulder armor effects 

Climate fluctuations were not considered in my initial modeling. Under a constant 

climate regime, only the spacing of the stratigraphic architecture influenced the optimal hillside 

roughness (HR) for armoring efficiency. However, geochronology data from Chapter 3 revealed 

that boulder armor production and efficient transport in soil-mantled settings are indeed 

influenced by climatic conditions. In the Flint Hills, boulder transport is directly linked to cooler 

climates, driving boulder production from limestone benches. This observation implies a 

bimodal behavior in the Flint Hills, characterized by periods of increased and decreased boulder 

armor production and transport. In scenarios where climatic conditions shift to enhance boulder 

transport, the optimal HR for protection (Chapter 4) may be pushed downward as boulders 

spread further down the slopes. If boulder transport becomes more efficient, a substantial portion 

Figure 5. 2 End-member types of hillslope armor 

End-member types of hillslope armor play a crucial role in protecting hillslopes from weathering and erosion, but their 

ultimate impact on hillslope evolution can vary significantly. The transition from one end-member type to another is 

gradual, with no distinct boundary between colluvial blankets and discrete clasts. Colluvial blankets are expansive layers 

of coarse to fine material that effectively seal the underlying hillslope from weathering and erosion (Bryan, 1940; Mills, 

1981; Chilton and Spotila, 2020). In contrast, discrete clasts, represented by boulder armor, provide protection to specific 

locations where individual boulders or clasts cover the surface (Glade et al., 2017; Chapter 2, Chapter 3). 
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of the boulder armor could ultimately be removed, resulting in accelerated landscape change due 

to the lack of protection. In the case of the Flint Hills, I propose that interglacial periods are a 

time of inefficient transport with little new boulder production due to inefficient climatic-

geomorphic feedbacks.  

To test this hypothesis, I can utilize the geochronology data and estimate rates of block 

transport obtained from Chapter 2 in the context of the geologic setting of the Flint Hills to 

estimate residence times. The rate of boulder transport via creep on a hillslope with a limestone 

bench at the top and approximately 30 meters of soil-mantled hillslope below before intersecting 

another limestone bench is considered. Assuming an apparent transport rate of 1.0 mm/yr, it 

would take a boulder approximately 30,000 years to travel from the top to the bottom of the 

hillslope section, provided transport remains constant and the boulder does not decrease in size. 

Extending our consideration to transport down the entire hillslope to the stream channel, 

approximately 100 meters downslope of the limestone bench, the transport duration would be 

100,000 years. Both timeframes fall within the duration of a glacial period. However, as 

discussed in the previous section (5.4.59 Boulder weathering in the Flint Hills), we might 

expect that many of the limestone boulders will have weathered down to a size that would be 

considered part of the regolith much before they reach the age of 100,000 years. 

Boulder weathering is not perfectly efficient, so it may be the case that some older 

boulders are represented somewhere on the entire hillslope. To find these older boulders, we may 

need to focus our attention on a different portion of the landscape. Steeper, long continuous 

multi-layered hillslopes not interrupted by a stream channel might be one such location. Older 

boulders may accumulate near the bottom but be smaller than the boulder-sized fragments 

sampled in Chapter 3. Determining which boulder or fragment came from which limestone layer 
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might be challenging, requiring some form of geochemistry or specialized sampling 

methodology. Another location worth investigating for older boulders is below the Cottonwood 

Limestone. This approximately 2-meter thick limestone, which was the focus of study in Chapter 

2 and Chapter 3, produces large boulders that may persist on the landscape for much longer 

periods compared to the approximately 1m³ boulders produced from the Threemile limestone. 

Furthermore, it is relatively isolated from the layers above and below it, and any boulder 

sampled on these hillslopes would exist solely on that hillslope for its lifetime. This analysis 

underscores the potential for boulders to preserve a much longer history of activity. Boulder 

armor can also weather while emplaced on the hillslope, as shown in Chapter 2, and must be 

considered as a pathway for removing armor. 

Expanding beyond the Flint Hills, in regions featuring glacial climate-related boulder 

armor, a similar pattern of production may reasonably be assumed. Cool glacial periods 

significantly surpass interglacial periods in duration. Additionally, given a boulder’s lithology 

(limestone versus quartz-rich sandstone), it can easily persist in the landscape through an 

interglacial period. This suggests that some boulder armor in certain landscapes could be 

produced and transported cyclically over extended timeframes, spanning multiple glacial and 

interglacial periods, influencing landscape evolution across geomorphic time under different 

climatic conditions. 

During cooler glacial periods, an increased removal of resistant cap rock might be 

anticipated. This observation aligns with findings discussed in Chapter 3 and in other temperate 

regions (Del Vecchio et al., 2022; Fame et al., 2023), where caprock removal appears to be more 

prominent during glacial times and less active during non-glacial periods. Then, during the 

interglacial periods, creep-related processes move the blocks around on the hillslopes. The 
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efficiency of transport is directly connected to underlying lithologic and climatic variables, 

which are discussed in detail in Chapter 2.  Hypothetically, boulder armor is a long-lived 

geomorphic variable that should be considered for hillslope evolution on at least Holocene and 

Pleistocene timescales. The cyclic nature of its production and transport, influenced by climatic 

variations, plays a vital role in shaping landscapes over extended geological timeframes. 

5.5 Synthesis – New Flint Hills insights 

The research in this dissertation draws its inspiration from the stairstep landscape of the 

Flint Hills and its distinctive stairstep hillslope morphology. While it's easy to overlook such 

landscapes, given their central location within North America far from centers of recent uplift, 

they have been overlooked as a focus of geomorphic investigation. The apparent dynamic nature 

of the Flint Hills and similar layered landscape (i.e. Denn et al., 2017; Del Vecchio et al., 2022; 

Fame et al., 2023) provides opportunities to advance our understanding of geomorphology and 

uncover new insights concerning hillslope processes in relation to boulder armor. 

5.5.64 Long timescale behavior of the Flint Hills 

A question that arises from this region, as noted by Macpherson and Sullivan (2019), 

pertains to the apparent slower rate of erosion in the Flint Hills compared to erosion rates 

calculated using geochemistry-based methods. Considering the age of the exposed Permian 

rocks, the known thickness of rock layers, and an assumed denudation rate of 0.02 mm/year, it's 

puzzling that the Permian rock hasn't eroded completely. Macpherson and Sullivan suggest that 

the presence of calcite-rich dust could explain the too-high denudation rate. They propose that 

chemical weathering at the surface may preferentially target the dust, slowing the overall 

weathering process. However, this hypothesis remains untested in the field or in model space. 



162 

The simulations of layered landscapes conducted in Chapter 4 can help unravel the 

mismatch between expected landscape relief and what remains in the landscape. The data 

presented in Chapter 4 suggest that landscapes like the Flint Hills can achieve higher-than-

expected relief due to a combination of resistant layers and boulder armor. In particular, the 

presence of boulder armor, a signature characteristic of the Flint Hills, has a significant effect on 

the relief of a landscape, especially at lower uplift rates. When boulders are present, the virtual 

landscapes can be 10-15% taller than when boulders are not present. The influence of the 

presence of layers is slightly more complicated. When resistant layers are spread far apart, the 

landscape behaves more similarly to one without any resistant layers at all. However, when there 

are more layers closer together, with a higher Hardness Ratio (HR, Chapter 4), the topography 

can be between 5-7% taller. Therefore, assuming that over long geologic times, boulder armor is 

present, its effect on modulating erosion could be one factor in slowing down the rate of 

landscape erosion. In these models, we observe that a denudating hillslope takes considerably 

longer to adjust and reach equilibrium compared to hillslopes experiencing a rise in the rate of 

uplift or incision. These adjustment times span million-year timescales when all factors remain 

stable after the uplift change. However, climate fluctuations over this time scale could 

theoretically slow down activity at certain periods like in the Flint Hills (Chapter 3). 

 This echoes the findings of Ward (2019) in his modeling experiments with tilted layered 

landscapes. Ward (2019) suggests that hillslopes and cliffs within layered landscapes can hold 

valuable information about past conditions due to their relatively slow rate of change, especially 

when compared to the rapid shifts in boundary conditions like uplift, river incision, or climate. 

The extent of information preserved in the form and geomorphic properties of a cliff or hillslope 

may be debatable. For a landscape like the Flint Hills, where the underlying rocks are flat lying, 
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they may be more informative in preserving uplift and river incision compared to features 

preserved in tilted rocks. Chapter 4 suggests that given enough time and in steady state, a layered 

landscape hillslope will attempt to become an overall convex shape punctuated by convexities 

related to where the resistant layer outcrops. When an increase in uplift was introduced, a 

“knickpoint” could sometimes be observed propagating up the hillslope as the heterolithic 

hillslope adjusts. This observation may suggest that relatively flat-lying rock may be better at 

preserving uplift and incision rate changes compared to tilted rock. 

The exposure ages of hillslope boulder armor (Chapter 3) reveal that armor transport, 

boulder generation, and bench retreat primarily occur during glacial periods when climatic 

variables are favorable. Layzell and Mandel (2020) show that the mobile regolith and fine-

grained portions of the hillslopes are actively transported due to vegetation changes controlled by 

climatic variation over the Holocene. In the context of MacPherson and Sullivan's (2019) 

findings, the mismatch between streamflow-based denudation calculations and the presumed 

excessive relief of the landscape could result from the partitioning of hillslope activity. Different 

portions of the hillslope may become active in weathering and transport under specific 

conditions. Glacial conditions are essential for removing resistant portions of the hillslopes, 

while climate fluctuations are needed to mobilize finer-grained soil and regolith for transport. 

Inactive benches and caprock hold up the landscape, even if weathering and transport of the 

softer lithology are actively ongoing. The presence of boulder armor, while protecting the softer 

lithology from weathering, may also trap otherwise mobile regolith. 

The observed stop-and-go denudation pattern and the prolonged adjustment times in the 

models (Chapter 4) may perhaps be applicable to the geological reality of the Flint Hills over 

geologic time. However, it's important to emphasize that these changes should be viewed as 
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temporary perturbations within the broader trajectory toward equilibrium, aligning with the rate 

of uplift or river incision.  Modeled hillslopes (Hardness Ratio = 0.4 with boulder armor present) 

that showed this behavior took an extra 1 to 2 million years longer to adjust which is 2 to 4 times 

as long compared to when boulders are absent. At higher Hardness Ratios it could be argued that 

the landscapes never truly reached equilibrium before the end of the model run. Once again, the 

presence of both boulder armor and heterolitic stratigraphy on the hillslope scale is the source of 

this protracted path to equilibrium.  Without boulder armor heterolithihc hillslopes act closer to 

the as if they had no resistant layers at all (i.e. Johnstone and Hilley, 2014), simple soil mantled 

hillslope.  According to the modeling results, the protracted adjustment of this landscape can be 

attributed to its nature as a denudating layered landscape. Lowering the landscape effectively 

involves the removal of the uppermost caprock supporting it. This process becomes particularly 

challenging when the caprock is undermined through diffusion, providing additional protection 

to the hillslopes beneath it and thereby slowing down the overall landscape adjustment process. 

Only upon the removal of this uppermost layer can the landscape initiate more rapid denudation, 

as illustrated in the simulated models (Chapter 4). 

Nevertheless, over geological timescales, these factors could contribute to the variation in 

material removal from the landscape and result in a slower-than-expected rate of denudation, as 

highlighted by MacPherson and Sullivan (2019). When these factors interact, the landscape 

denudates at a slower rate over extended periods than expected when calculating the denudation 

rate based on the current landscape. The interplay of climate, armor, and stratigraphy requires a 

nuanced understanding of the varied conditions, and their temporal dynamics are crucial for 

accurately interpreting the geological history of the Flint Hills and other similar layered 

landscapes. However, as demonstrated in this dissertation, their interactions can be complex, and 
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thus further attention will be needed to understand and quantify how they affect the evolution of 

layered landscapes. Modeling exploring the effects of climate, most easily varying diffusivity 

over time, will need to be explored within the model space developed in Chapter 4. In my 

modeling, climate was explicitly ignored due to its complicated factor in landscape activity but 

may be useful to explore in a model set up where the uplift of the hillslope is kept constant 

through time. Boulder movement rules would also need to be updated to more accurately reflect 

how boulders move in soil-mantled hillslopes via creep. To fully reflect the reality of boulder 

movement, diffusion would have to be connected to the rate of movement. In the context of the 

Flint Hills, exploring the interaction between climate, boulder armor, and stratigraphy would 

provide greater insights into how climate can quicken or slow down landscape denudation. 

5.5.65 Boulder and armor dynamics 

In the Flint Hills, the presence of hillslope armor, primarily sourced from limestone 

layers, is a ubiquitous and prominent feature. This armor has a significant impact on landscape 

evolution, as discussed in Chapter 3 and in previous studies by Glade et al. (2017) and Glade et 

al. (2019). However, in the Flint Hills, there has been a lack of a clear hypothesis regarding when 

and by what mechanisms this armor is formed. While it may be a common assumption that 

boulder armor production is a relatively continuous and uniform process (Yeend, 1973; Koons, 

1981), this notion is challenged by previous research conducted in other regions that links armor 

production to specific climatic conditions (Denn et al., 2017; McCarroll et al., 2021; Fame et al., 

2023; Chapter 3). Boulder armor production in the Flint Hills is tied to cooler climatic 

conditions, particularly during the Pleistocene that can drive increase creep efficiency (Chapter 2 

and Chapter 3). The production and placement of armor on hillslopes predominantly occurred 

during Ice Age conditions (Chapter 3). These boulders and rock fragments are primarily 
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transported through creep, as the relatively low gradient of these hillslopes makes tumbling an 

uncommon form of downhill transport. Even in the present-day, with changing climate 

conditions that have apparently led to a cessation of boulder production, some degree of creep 

transport likely continues, albeit at a reduced rate compared to the peak glacial periods. 

Different portions of the hillslopes in the Flint Hills exhibit activity at distinct times, and 

the composition of materials transported across the hillslope varies with the prevailing climatic 

conditions (Layzell and Mandell, 2020; Chapter 3). This leads to the proposal of a new 

conceptual model for Flint Hills hillslopes, primarily driven by variations in the efficiency of 

creep and physical weathering during glacial and interglacial periods. During glacial periods, 

resistant limestone layers actively generate new boulders, and these boulders are effectively 

transported downslope. However, during interglacial periods, boulder production decreases, and 

the rate of boulder transport slows down. Any hillslope activity during interglacial periods is 

primarily associated with the movement of fine hillslope materials downslope (Mandell and 

Lyzell in 2020). 

Interestingly, there is anecdotal evidence of ongoing boulder movement via creep or 

sliding, and this movement results in the armor shifting slightly downslope. This activity creates 

a small gap on the upslope side between the boulder or rock fragment and the soil that has 

accumulated on the upslope side of the boulder. Furthermore, some of these boulders look like 

they have overridden grasses than now appear to grow out and around the overriding boulder or 

fragment. These grasses may also act to reduce friction and cause downslope movement. The 

coefficient of friction between the limestone boulder and the grass many be lower compared to 

the boulder and the underlying soil. Alternatively, wetted grass may be a relatively low friction 

surface and thus allow movement during intense rain events or high snow melt events. An 
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investigation of this process is outlined in the following section below (5.7.69 Creeping 

boulders and grass sliding). This process could be an interesting part of the overall dynamics of 

Flint Hills hillslopes. 

5.5.66 Hillslope erosional signals 

The geochronology data from Chapter 3, focusing on two spatially and stratigraphically 

separate sets of bedrock benches and boulder armor, indicates a synchrony in the timing of 

activity between these sets. This observation leads to the conclusion that the activity of limestone 

benches is synchronous across the entire hillslope. I have therefore proposed that in the Flint 

Hills, geomorphic activity over the Holocene and Pleistocene has been primarily driven by 

climatic factors. 

However, the presence of resistant layers, interrupting the mostly diffusive softer units, 

leads to the propagation of "knickpoints" up the hillslope (Chapter 4). In the model, these 

knickpoints can be attributed to various factors, such as interactions between boulders, diffusion, 

uplifting landscapes, or changes in uplift rates. The model demonstrates a wave of activity 

moving up the hillslope, with accentuated changes occurring as we move upward through the 

landscape. This implies that in a bottom-up driven landscape, the lowermost layers are the first to 

feel the full effect of changes. The question arises as to whether actual layered landscapes exhibit 

a similar trend of the lower most bench being active before the uppermost benches on a hillslope. 

A new chronology of boulders or bench surfaces in this location would show decreasing age of 

surfaces with increasing elevation of bedrock bench and associated boulders on the hillslope. In 

the case of the Flint Hills, without significant uplift or incision, there is a conceptual landscape in 

which signals propagating from the bottom-up may fail to reach the top due to the overriding 

influence of climatic forcing, resulting in synchronized changes across the hillslopes. This 
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concept is worthy of further exploration, as it implies that different portions of the landscape may 

essentially be unaware of the conditions in areas below them, only being affected by the 

sediment transported from higher elevations. However, further research and geochronological 

studies across the various limestone benches of the region are needed to validate this hypothesis. 

I discuss such investigation in the following section (5.7.70. Expanded cliff retreat 

chronology). 

One notable result from my modeling in Chapter 4 is the finding that denudating 

hillslopes take longer to adjust compared to hillslopes with a constant uplift rate (HR hillslopes). 

The Flint Hills, and the Great Plains in general, can be considered landscapes that have been 

undergoing denudation for a significant duration. While quantifying this timescale is challenging 

without comprehensive geochronological data, we can infer, based on my modeling results, that 

this magnitude of time aligns with the landscape's history. Drawing from the research by Ward et 

al. (2021), which indicates that the adjustment of strike valleys with tilted rock takes 

significantly longer compared to fluvial portions of the landscape, it is suggested that hillslopes, 

hogbacks, cuestas, and cliffs have likely experienced multiple pulses of erosional signals that 

have yet to fundamentally alter their forms. As per Ward et al. (2021), these hillslopes are 

preserving information about past landscape conditions within their morphology. While fully 

deciphering the signature of these past conditions is beyond the scope of this work, it provides a 

useful perspective when considering the hillslopes and the overall landscape of the Flint Hills 

within the context of the modeling of complex hillslopes of layered landscape (Chapter 4). For 

the portion of the modeling where I simulated denudating landscapes after a significant decrease 

in the rate of landscape, I believe that it may provide some valuable insights to the dynamics of 

the Flint Hills. 
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Denudating heterolithic hillslopes, especially when the spacing between hard layers 

allows for efficient armoring of the hillslopes, can persist on the landscape for a significant 

period even after the initial reduction in uplift. Although a specific diffusivity was selected for 

modeling in the study, it's essential to recognize that diffusivity can significantly vary across 

landscapes, influenced by factors like climate, vegetation, and underlying rock properties. In the 

case of the Flint Hills, we have evidence (as discussed in Chapter 2 and 3) that hillslope activity 

and diffusivity vary with climatic changes. If the region has not experienced recent and 

significant base-level fall, then the hillslopes in the Flint Hills have been primarily denudating 

through diffusion-based processes. Given that heterolithic hillslopes are expected to have longer 

adjustment times, we may anticipate that fluctuations in hillslope transport efficiency, spanning 

much of the Pleistocene to the present and future, contribute to slowing down the overall 

landscape adjustment. Periodic slowdowns during interglacial periods may further extend the 

lifespan of these hillslopes and maintain the relief of the terrain in the Flint Hills. As discussed 

earlier, researchers have noted that the denudation of the landscape appears to be occurring more 

slowly than expected. While this phenomenon may not have a single, straightforward 

explanation, it can be attributed, at least in part, to the intrinsic nature of a denudating 

heterolithic landscape. This nature results in an overall slower topographic decline, as the 

process of lowering the landscape is periodically challenged by the removal of resistant 

lithologies across all hillslopes within the region (5.5.62 Long timescale behavior of the Flint 

Hills). 
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5.6 The future of layered landscape research 

5.6.67 Signal shredding in heterolithic hillslope 

In locations where hillslopes are primarily composed of a single lithology, we typically 

consider these features to undergo diffusive processes. The growth and denudation of such 

hillslopes progress relatively smoothly, with erosional signals propagating from the fluvial 

system upward without significant interruption. However, in the case of heterolithic landscapes, 

a complication arises in the form of a resistant layer that does not erode or change at a rate 

comparable to the surrounding, more erodible rock. Essentially, this introduces a lithologic 

knickpoint in the hillslope, akin to what is found in fluvial systems. In my modeling, it becomes 

evident that any baselevel signal must cause the failure of this hard layer before it can propagate 

over and beyond the resistant layer. This implies that, depending on the criteria required for a 

resistant layer to fail, base level signals may become trapped below this resistant layer. While the 

process by which a resistant layer fails and triggers a step back may vary, the presence of a 

barrier to erosional signals is still apparent. 

The scenarios involving multiple sets of hard layers, we might encounter a significant 

obstruction to baselevel signals propagating from the fluvial system. Research by Jerolmack and 

Paola (2010) illustrates that external signals applied to a system can be obliterated depending on 

the frequency and magnitude of the signal. The signal effectively becomes “smeared” across a 

range of scales due to the various processes operating within the system at different timescales. 

In my simulated heterolithic hillslopes, we observe that different processes exert influence at 

different timescales. These processes introduce “noise” into the system. In the modeling 

performed in Chapter 3, the shorter time scale processes of boulder movement and resistant layer 

failure obscure or alter the more periodic long term signals of resistant layer removal. Visual 
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inspection of the change in elevation through time or mean elevation suggests that there may be 

autogenic feebacks between boulders and the landscape that result in non-periodic increases of 

decreases in the simulated hillslope surface. The method of spectral analysis presented by 

Jerolmack and Paola (2010)  

Future modeling experiments should investigate the fluctuations in the hillslope surface 

using power spectral analysis to dissect the different cyclic processes that may result in 

modifying and fragmenting uplift signals. One such cyclic signal that would be of interest is the 

duration it takes for a resistant layer to be eroded away and the underlying softer lithology to be 

reduced to the next resistant layer, as demonstrated in Chapter 3. This process exhibits a highly 

periodic nature and can be detected through power spectral analysis. Much like the work of 

Jerolmack and Paola (2010), any modeling experiment will need to vary and modulate the uplift 

to assess how a periodic uplift signal can propagate up a hillslope. An examination of the 

relationship between HR (hillslope relief) and boulder armor, along with the magnitude of signal 

fragmentation, may provide valuable insights into whether layered landscapes even register the 

influence of baselevel signals, even within a simulated context. 

5.6.68 Cliff preservation and fracture soil routing 

A common feature in the Flint Hills landscape and other layered terrains is the presence 

of resistant layers that give rise to cliffs or benches with regular fractures and joints. In the 

context of boulder armor production and the lateral erosion of these resistant rock formations, 

these fractures facilitate block-by-block retreat. The resistant lithology is already divided into 

discrete units that, through various processes, can lead to the detachment of individual boulders 

onto the hillslope below. However, these fractures themselves may play a fascinating role in 

landscape evolution. 
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Figure 5. 3 Conceptial model of fracture piping and field examples  

a) Model illustrates how fractured and resistant rock, functioning as a caprock or bench former, can channel finer 

hillslope material through fractures to the hillslope below, ultimately resulting in a bare rock surface. The rerouted 

soil accumulates below the bench, forming small alluvial fan-like features as it follows the path of fractures. The 

bypass of soil through fractures serves as one mechanism that generates a bare-rock bench, distinct from surfaces 

covered or draped under a layer of mobile regolith. b) Example of fracture piping of sediments through fractures of 

the Cottonwood Limestone in the Konza Prairie portion of the Flint Hills. Arrows have been added to indicate 
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direction of fracture piping. Dashed lines are used to outline alluvial fan-like features. c) Example of fracture piping 

of sediments documented by Migon et al. (2023) in Poland. Arrows have been added to indicate direction of fracture 

piping. Dashed lines are used to outline alluvial fan-like features. 

In the Flint Hills, it appears that the regular fractures and joints in the limestone are 

widened through subsurface dissolution processes associated with karst phenomena. 

Observations by Migon et al. (2017) and (2023) in a sandstone tabletop landscape in Germany 

and Poland along with my own observations in the Flint Hills suggest that bedrock fractures may 

play a crucial role in soil transport around a resistant bedrock unit. As soil moves downslope and 

encounters the resistant unit, it can be captured in the large cracks and fractures in the rock. 

These fractures may act as channels, facilitating the preferential movement of sediment past the 

cliff face (see Figure 5.3) In European tablelands, the scale of these fractures is on the order of 

meters. Migon et al. (2023) demonstrate that fractures in sandstones can have connectivity 

resembling those developed in karst systems found in carbonate rocks. These sandstone fracture 

conduits can transport significant volumes of water, along with weathered and loosened sand 

grains, through and out of the sandstone caprocks. Migon et al., (2023) report small scale alluvial 

fans that build up from vertical fractures in the cliff face (Figure 5.3c). In the field area of the 

Flint Hills, the limestones that are the bench forming rock units are also regular fractured (Frye, 

1955).  In contrast to the European table lands, the fractures in the Flint Hills limestones are 

typically much smaller, measuring tens of centimeters in width and around a meter in height at 

most. 

Nevertheless, in both locations, there is evidence (Figure 3A and B) that small fans of 

material, resembling landscape features like alluvial fans, extend out from the openings of these 

fractures. The presence of similar features at different fracture scales suggests the movement of 

weathered material through the rock via the fractures. The process could be termed “fracture 

piping” as it may share similarities to piping processes that can occur on soil mantled hillslopes 
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in other settings (Jones, 1994; Jones, 2010). Fracture piping is the preferential of transport of 

weathered regolith or soil though a resistant rock unit via cracks, joints, or fractures rather than 

over the top and across the resistant rock unit. That fracture piping of regolith through caprock 

may be a process that can occur across different scales. Integrating fracture piping phenomenon 

into the model developed in Chapter 3 may also pave the way for future modeling work to 

establish the influence of fractures before field investigations are conducted. Further discussion 

of this potential research is provided in the “Future Work” section below. More importantly, the 

presence of these features in the Flint Hills indicates that material is being transported through 

these fractures. The role of these fractures may be essential in preserving the exposed rock 

surfaces of benches and small to moderately sized cliffs in the landscape that are not draped and 

covered in soil. 

In the Flint Hills, the soil mantle covering the hillslopes often stops a few meters before 

reaching the actual edge of the bedrock bench. If soil transport were continuous, one might 

expect the soil cover to extend all the way to the edge of the bedrock bench or even drape over it, 

entirely concealing it. However, what is frequently observed is that the soil is preferentially 

routed downward into the fractures, where it then gets transported "through" the resistant rock 

unit. This process preserves a bare bedrock surface. The Flint Hills offer an excellent opportunity 

to investigate whether fractures indeed play a role in preserving the morphology of bedrock 

features in a layered landscape, particularly at the sub-hillslope scale.  Here, I propose a basic 

conceptual model of bench morphology that can be expanded to heterolithic hillslopes. This 

model draws insights from the findings of Chapters 2, 3, and 4, Ward et al.’s (2011) model of 

cliff evolution, and field observations. Bench morphology, in this model, refers to both the 

exposure of the bedrock bench and its vertical extent. At its core, bench morphology is a function 
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of the mass balance between material input from above and material removal from below the 

resistant layer (see Figure 5.4A). 

If more material is removed than is transported in from above, the bench becomes 

exposed and grows in relief. Conversely, if the material coming in from above exceeds what is 

being removed, the bench becomes buried and draped in a blanket of regolith. In extreme 

settings, the resistant bedrock layer is not expressed as a convexity but instead samples a 

continuous hillslope (see Figure 5.4B). Observations suggest that the presence of fractures allows 

soil to "bypass" the cliff face, resulting in a bench being exposed when, without fractures, it 

would be covered in soil. This process is evidenced by small-scale alluvial fan-like features 

composed of soils extending from fractures within the bench face (see Figure 3). Regardless of 

the scenario, the balance between accumulation and removal is the primary control on how a 

bench is expressed in the landscape. This balance may be influenced by factors such as the 

distance from a drainage or vegetation cover, directly affecting the equilibrium. Ultimately, if 

true, bench morphology can give a quick glance at the mass balance history of material moving 

down the hillslope. Zooming out, if this simple model is applied across an entire hillslope it may 

reveal places of increased sediment fluxes and recent transport conditions. Further investigations 

are required to rigorously test this model of bench morphology.   
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5.6.69 Improved modeling of hillslope armor 

In Chapter 4, my modeling approach for hillslope boulder armor was based on the rules 

formulated by Glade et al. (2017). These rules essentially state that when sufficient relief is 

created below a boulder, it will “fall” down to the next cell. While this modeling approach 

replicates one of the processes responsible for material transport down hillslopes, it doesn't 

capture the actual physical processes that govern armor transport downslope. The transport of 

boulders is influenced by a complex interplay of forces. For instance, when dealing with a large 

single boulder located on a hillslope undergoing active erosion, one would need to consider 

several forces acting on the boulder. These forces include the gravitational pull, the resistance to 

movement caused by friction, and the force exerted by the regolith trapped behind the boulder, 

pushing it downslope. Accurate modeling would require determining the boulder's center of 

gravity to calculate when movement initiates and to predict whether and how far it will tumble 

downslope. On the other hand, when modeling the movement of smaller rock fragment armor, as 

observed in Chapter 2, the approach should account for more continuous, slower processes 

resembling creep. This could involve linking the rate of movement to the rate of soil creep 

occurring at the surface of the hillslope. Additionally, it might be necessary to simulate the 

Figure 5. 4 Mass balance model of bench morphology 

a) The simplified mass balance model of bench morphology is dependent on the downslope transport of fine 

hillslope material. In scenarios where more material is traveling over the resistant bench-forming layer than is 

being removed, the soil cover extends over, drapes, and conceals the layer from view. Conversely, in cases where 

more material is being removed below the bench than is being transported in from above, a pronounced bench 

with a vertical drop develops. b) The sliding scale of bench morphologies that may arise from the mass balance 

model is based on field observations. This scale reflects the continuum of possible bench expressions, ranging 

from fully covered by soil to exposed with a distinct vertical relief. The observed variations align with the 

dynamic equilibrium between material input and removal, illustrating the range of bench morphologies that can 

be encountered in the landscape along a single cliff. 
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periodic raising and lowering of armor, a phenomenon driven by processes such as frost wedging 

and clay expansion. 

These proposed improvements would make the modeling of boulder armor more realistic, 

as there are multiple mechanisms involved in driving boulder transport. However, for a 

comprehensive understanding, these mechanistic improvements should be coupled with an 

enhanced understanding of how to model hillslope armor at scales smaller than the resolution of 

the model. In landscapes like the Flint Hills and other similar regions, hillslope armor varies in 

size, generally decreasing as you move downslope. Frequently, individual armor units are much 

smaller than the meter-scale resolution of the model, and there are numerous individual armor 

units of various sizes within a single model cell. 

5.7 Future research in the Flint Hills 

The Flint Hillslope still provides opportunities to answer fundamental questions 

concerning layered landscapes, hillslope boulder armor, landscape dynamics. There are also 

further opportunities to explore the geomorphology and landscape history of the region. 

5.7.70 Understanding bedrock bench and cliff morphology 

The primary and commonly cited control on cliff, escarpment, and cuesta morphology is 

the relative difference in rock properties between the overriding cap rock and the underlying 

slope or plinth rock, specifically rock strength and resistance to weathering. Essentially, the 

presence of a significant difference in the rate of the conversion of rock into regolith between 

two rock units once exposed at the surface is enough to allow the development of cliff-like 

features. Various factors such as cliff face aspect, vegetation, climate, fracture density, and 

heterogeneity within the rock itself can lead to differences in morphology across a landscape. 

However, for cliffs and bedrock benches there is not well-defined understanding as to what 
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directly controls the expression of a resistant layer as vertical cliff or bare bedrock benches. For 

example, the limestone bedrock benches here in the Flint Hills, can range in morphology and 

expression. Moving along a bedrock bench in the study area various expressions of cliff 

morphology can be observed (Figure 5.4b). In some places there is a well-developed bench with 

a vertical face and top where the soil has been stripped away in other the cliff is hidden below a 

cover of regolith a continue surface connecting the hillslope above and below the resistant layers. 

These observations prompt the question of what controls how a lithological difference is 

expressed in a hillslope setting. The Flint Hills present an excellent opportunity to investigate the 

processes and factors that control bench morphology. Field observations suggest that the primary 

control on bench morphology in the Flint Hills is the balance between the regolith provided from 

the hillslope above the edge of the bedrock bench and the rate at which the regolith is removed 

from below the bottom of the bedrock bench (Figure 5.4a). Ward et al. (2011) proposed a similar 

concept for large arid escarpments in the American Southwest. In this case, if debris production 

from the caprock is higher than the rate of debris weathering and removal, the cliff can bury 

itself. In the Flint Hills, the bedrock bench does not appear to produce enough sediment to bury 

itself; instead, sediment from the higher portions of the hillslope above a given bench is what can 

bury the bench.  

The balance between the input of regolith that may blanket the bench and processes 

removing that regolith is influenced by several factors. The presence or absence of extensive 

fractures or joints is one such factor, as these features can affect the lateral transport of regolith 

past the edge of the bench-forming unit (Migon et al., 2023). The width and density of fractures 

may vary laterally across the landscape, partially controlled by ongoing karst activity in the 

subsurface. If fractures are absent or not wide enough, regolith must travel across the bench 
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surface, potentially covering it. Another factor that may control bench expression in the Flint 

Hills is the bench's relative position on the hillslope, including its aspect, distance from a 

drainage, and position on a convex or concave portion of the hillslope (Temme et al., 2022). 

Anecdotal observations suggest that well-expressed benches are often found on convex portions 

of the hillslope, pointing outward, while less developed benches are in concave areas. 

Differences in exposure to the elements and vegetation density may play a role in these 

variations. 

Understanding the factors and processes that control the morphologic expression of 

resistant layers as bench or cliff features may enable the decoding of information preserved in 

the larger hillslope or cliff system morphology. According to Ward (2019), cliffs, hogbacks, 

cuestas, and similar features may preserve information in their morphology about long-term 

changes in landscape boundary conditions, such as river incision or climate fluctuations. Cliffs 

and similar features may adjust on timescales that are comparatively slower than the drivers of 

landscape evolution like river incision, preserving important landscape history information if 

decoded. The first step in decoding the morphology of cliff and, by extension, hillslope systems 

developed in layered landscapes would be to target and understand the morphology of individual 

small benches and cliffs. Future investigations should focus on different aspects of the bench 

system in the Flint Hills.  

5.7.71 Creeping boulders and grass sliding 

In the current conceptual model of rock fragment and boulder movement in the Flint 

Hills, as based on the findings of Chapter 2, the dominant mechanism is creep-driven transport. 

However, there have been anecdotal field observations suggesting that boulder movement, in 

some instances, has occurred more recently. This movement is evidenced by “imprints” on the 
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upslope side of rock fragments, formed into the soil that has collected on the upslope side of the 

rock. These imprints indicate that the rock fragment has moved several centimeters in the 

downslope direction. Additionally, observations include grasses that appear to have been 

partially overridden by a creeping boulder, with the grass having to grow around the now-

overriding boulder or rock fragment. 

The frequency of these features across the hillslopes of the Konza Prairie area in the Flint 

Hills appears to be relatively rare. Nevertheless, these observations suggest that some movement 

events are small-scale, sudden in timing, and have occurred relatively close to the present, within 

the lifetime of a grass that has established itself in a location and is now growing out from under 

the rock fragment or boulder that has moved over them. The mechanisms allowing for such 

short-distance, rapid movement could be related to sheet wash during high-intensity storms. 

Schmidt (1967) reported on the movement of rock fragments on bare shale slopes due to friction 

reductions resulting from sheet wash lubrication. Future research in grassland hillslopes should 

investigate the processes behind relatively sudden, short-distance movements. While sheet wash 

lubrication may be a plausible driver of downslope movement of boulders, there could be an 

alternative mechanism for friction reduction on these hillslopes. 

One possibility is that when a boulder creeps over a clump of grass, the grass beneath the 

boulder may act as a source of surface friction reduction. There is also anecdotal evidence of 

recent movement due to grass stems growing out and around the downslope side of the boulder 

that has shifted over the plant at some time in the recent past. This grass may facilitate faster 

creep compared to the forested portions of the Flint Hills landscape. Grass stems, especially 

when wet, may act as a smooth, slippery surface, like a slide, that allows blocks to glide more 

easily than over bare soil. This reduction in friction may be particularly significant when the 
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grass is wetted during rainy periods. This process of “grass sliding” could occur during storm 

events when sheet wash is at its highest, and the movement of water may get underneath the 

boulder or rock fragment, fully lubricating it and allowing it to move under its own weight. Once 

a block gets moving and overrides more wet grass, it can slide even further due to the grass 

acting as a slippery surface. 

To explore this further, a series of physical experiments could be conducted to test the 

likelihood of rock fragments sliding on hillslopes that resemble those of a grassland hillslope and 

replicate the hillslope gradient where these rock fragments and boulders are found. This would 

help clarify the role of grasses in friction reduction and movement events on these hillslopes. 

Conceptually, this “grass sliding” would allow faster or further movement on grassland 

hillslopes compared to those in forest settings where there is no grass on the forest floor. 

However, the frequency or likelihood of this process would have to be explored by future 

research. One possible observation that can be used to test if this process may be occurring is 

seeing the maximum distance that boulders or large rock fragments occur downslope relative to 

the cliff in both grassland and forest settings. Hypothetically, blocks and fragments in the 

grassland settings should reach further down the hillslope compared to those in a forested setting 

due to this proposed “grass-sliding” process. 

 Directly measuring the rate of boulder creep may be quantified using 

geochronology, in this case optically stimulate luminescence. The soils in the study location are 

in part composed of loess that can be measured using luminescence techniques because they are 

composed of quartz. As the boulder slowly creeps over the soil the quartz grains are “buried”, 

where the boulder prevents light from beaching the grains in the near surface. As the boulder 

moves in the downslope direction new portions of the hillslope will be protected. The OSL signal 
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would accumulate while the soil surface is covered, and going from the upslope to downslope 

side of the boulder the OSL signal would decrease (Figure 5.5). The rate of this decrease would 

reflect the rate of boulder movement. A sequence of samples would need to be taken from 

underneath a large enough boulder to be sure that bioturbation is left to a minimum. 
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Figure 5. 5 Optically stimulated luminesce record of block movement 

A conceptual model illustrating how the movement of a boulder over a hillslope could influence the luminescence 

signal of surficial material through time. This impact on the luminescence signal may be measured through sample 

collection from beneath the boulder. 

5.7.72 Expanded cliff retreat chronology 

The evidence presented in Chapter 2 suggests that limestone bench retreat and armor 

transport occur contemporaneously across the two sample locations, which are separated 

vertically in the stratigraphy. The proposed explanation in Chapter 3 is that climatic forcing 
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primarily drove Pleistocene cliff evolution, a relatively uncontroversial conclusion supported by 

various investigations into hillslope activity, cliff retreat, and lateral erosion in different locations 

and climate types (Denn et al., 2017; McCarroll et al., 2021; Layzell and Mandel, 2020; Fame et 

al., 2023; Chapter 3). However, it remains unclear whether the ultimate driver of landscape 

evolution, the lowering of baselevel, exerts a strong influence on the higher portions of the 

hillslope due to signal shredding (e.g. Jerolmack and Paola, 2010). This can be challenging to 

assess, especially considering that erosional signals within the landscape may become 

fragmented as they propagate up the hillslope, interacting with mobile hillslope armor and 

multiple resistant limestone layers. 

The behavior of the hillslopes in the Flint Hills can be conceptually distilled into two 

end-member models (Figure 5.6). The top-down, climate-driven model posits that all portions of 

the hillslope exhibit similar timings of bench activity (e.g., bench retreat and armor production) 

due to climatic forcing. The Holocene record demonstrates that climatic fluctuations cause pulses 

of fine material to move from the hillslopes into the stream valleys. Chapter 2 suggests that more 

optimal climatic conditions during the Last Glacial Maximum increased the rate of block-by-

block failure of the limestone layer and enhanced transport. In this model, because climatic 

variables affect the entire hillslope, the resulting geochronology across all portions of the 

hillslope would be contemporaneous, with all benches shedding material and retreating laterally. 

In contrast, the bottom-up baselevel incision-driven model proposes that a propagating 

incision signal moving up the hillslope would cause periods of activity at each limestone bench, 

with geochronological ages becoming older as you move toward the top of the hillslope. In this 

scenario, rather than distinct periods of boulder ages or surfaces, a systematic change might be 

observed as you move up the stratigraphy toward the top of the landscape. The expected pattern 
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of retreat rates may involve a slowing of retreat as you move away from the ultimate driver of 

activity, the fluvial system. However, if this pattern exists, substantial future geochronological 

work will be required across multiple limestone benches in vertical succession to test the 

proposed ideas. 

 

Figure 5. 6 Models of erosional signal propagation in layered landscape 

a) Climate-driven hillslope change and bench retreat across the entire hillslope. All benches will retreat 

simultaneously due to the climate signal affecting the cliff at the same time. The form of the hillslope stays 

relatively the same. b) Base-level-driven hillslope change and bench retreat. Results in decreasing amounts of retreat 

and activity moving up the hillslope. The overall hillslope becomes steeper and more convex. 

5.7.73 Hilltop gravels and dating the age of the current landscape 

It's clear that there is an important gap in our understanding of the geomorphic history of 

northeast Kansas, particularly concerning the Pre-Illinoian hilltop gravels (i.e. Aber, 1991; Aber 

2018; Aber 2019; Aber, 2022) described by Aber (2018 & 2019). These gravels represent a 

previous drainage system that existed before the ~700ka glaciation in northeast Kansas. This 

period, associated with the hilltop chert gravels, likely predates the formation of the modern Flint 

Hills as we recognize them today. While it's estimated that the current landscape configuration is 
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at least 3 million years old, without geochronological work, this estimation remains unverified. 

The hilltop chert gravels are thought to be contemporaneous with, or at least related to, the 

deposition of the Ogallala Formation, which spans a broad depositional surface across Kansas. 

Conducting a chronological investigation into these hilltop chert gravels would be 

groundbreaking in enhancing our understanding of the region's development and geomorphic 

history. Specifically, it could provide insights into the rate at which this landscape evolved over 

the Pleistocene. Techniques like cosmogenic burial isochron dating would be crucial in 

constraining the age of these features. Future research in this area would be a valuable 

contribution to advancing our knowledge of the Flint Hills and the broader Great Plains 

landscape. This aspect of the landscape development was outside the bounds of my dissertation, 

however the development and evolution of the regional drainages has significant influences over 

the development of hillslopes. Exploring this poorly explored aspect of the Flint Hills landscape 

may further reveal the dynamic nature of this type of landscape over geomorphic and geologic 

timescales. 

5.8 Conclusions 

The Flint Hills, characterized by its distinctive limestone layers and stair-step terrain, 

exemplifies the dynamic interplay of geological processes and climatic influences. This 

dissertation has delved into various facets of Flint Hills geomorphology, shedding light not only 

on the landscape evolution of this region but also providing useful insights into the dynamics of 

layered landscapes in general. One prominent feature of the Flint Hills landscape is the 

ubiquitous presence of hillslope armor, sourced from limestone layers. This armor, comprising 

boulders and rock fragments, plays a pivotal role in landscape evolution. Through meticulous 

fieldwork, geochronology, and modeling efforts, the research presented in the previous three 
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chapters of the dissertation has expanded our knowledge of heterolithic landscapes and boulder 

armor. 

In this chapter, I examined the findings of the three research chapters in the context of 

each other to create new understanding. Boulder armor production and transport appear to be in 

part a function of climatic variables such as temperature and moisture availability. I examined 

previous work along the Appalachian Mountains in conjunction with the findings of Chapters 2 

and 3 and propose that moisture is a key climate variable for the transport of boulders by creep 

processes. When moisture is not available, boulder armor may pile up and form talus cones or 

boulder fields, and when it is, the boulders are spread out into discrete boulder armor as in the 

Flint Hills. This trend also seems to be the case for arid locations like the Colorado Plateau. This 

research and previous work may suggest that temperate landscapes may be the best at spreading 

boulder armor across the hillslope as discrete clasts. The boulder, depending on lithology and 

weathering rate, can persist across interglacial periods. For the Flint Hills, data from Chapters 2 

and 3 suggest that limestone boulders may exist on the hillslope as "armor" for an estimated 25-

30 thousand years. 

I also attempted to apply the insights gained from the modeling in Chapter 4 to current 

questions concerning mismatches between the current relief of the landscape and what may be 

expected concerning the erosion rates calculated for the region. Modeling suggests that a 

heterolithic landscape could be 10-15% taller than those without boulder armor and resistant 

layers. The presence of both in the Flint Hills may be one of the possible contributing factors to 

the Flint Hills being taller than otherwise expected. 

Future research can build upon the work presented here, and I present some possible 

avenues that can be pursued. Optically stimulated luminescence could be utilized to determine 
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the block creep rate directly rather than estimated from the distribution of dated boulders on the 

hillslope, providing current, Holocene rates of boulder movement. The concept of "fracture 

piping" may be an interesting avenue of future research allowing for better understanding of 

bedrock bench morphology as well as establishing a new type of geomorphic process. Future 

research can also explore the timing of bench and boulder production across all the bedrock 

bench on the hillslope to test if boulder production is a bottom-up base-level process or a top-

down climate-driven process. The Flint Hills, as well as layered landscapes in general, can be 

excellent laboratories for future advances in geomorphology. 
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Appendix A Chapter 2 
 

 

 

Figure A.1 Block size data presented for land cover types of forest and grassland 

A) Block size separated by land cover type. B) Log10 of block size separated by landcover type. 

C) Block long axis length separated by landcover type. D) Block Intermediate axis length 

separated by land cover type. 
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Appendix A Table  A.1 Regression results comparison for largest grain size fractions on 

hillslopes 

 

 Linear Regression Logarithmic Regression 

Grain Size of Rock 

Block 

b* 

 

p-value Adjusted 

R2 

b$ p-value Adjusted 

R2 

Largest Block -0.160 0.02 0.407 -1.63 0.02 0.436 

5th Largest Block -0.071 <0.001 0.776 -0.742 <0.001 0.874 

10th Largest Block -0.047 <0.001 0.884 -0.458 <0.001 0.865 

15th Largest Block -0.037 < 0.001 0.842 -0.354 <0.001 0.770 

Table presents regression results for data presented in Figure 4C.  

*Slope of linear regression with units of m2/m. 

$ Is for regression of [b*log(x)] where units of b are in m2. 

 

 

To get this to work, you may have to highlight the numbering of the sections in the 

Appendix…Set Numbering Value as follows, and ensure that the first of the sequence is correct, 

whether the value is 6 or 7 or 8 or whatever (based on the number of chapters you have prior 

with the Heading 1 label).   
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Figure B.1 Schematic of the geometric relationships on hillslope. 

Schematic of the geometric relationships between the rate of lateral bench retreat and the rate of 

boulder transport downslope. Below shows how an apparent measured rate of block movement 

from geochronology may be the sum of both the rate of lateral bench retreat as well as the rate of 

boulders downslope. The derivation of the actual block movement rate is show. 
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Figure B.2 Influence of erosion rates on block surface ages 

Subset of 36Cl geochronology to show the effect of increasing erosion rates on the surface 

exposure rates calculated from CRONUS. 
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Table B.1. Bulk rock chemistry of limestone boulders in Konza Prairie, KS (1 of 2). 
   

SiO2 Al2O

3 

Fe2O

3 

MgO CaO Na2O K2O TiO2 P2O5 

Sample 

Name 

Sample 

Type 

Lithologic 

Unit 

% % % % % % % % % 

K1-20 Bulk Three Mile 

Limestone 

4.9 0.38 0.27 0.64 51.71 0.02 0.1 0.02 0.03 

K3-20 Bulk Three Mile 

Limestone 

5.17 0.45 0.29 0.65 51.42 0.06 0.12 0.02 0.03 

K5-20 Bulk Three Mile 

Limestone 

3.51 0.29 0.28 0.48 52.67 0.04 0.09 0.02 0.01 

KC1-21 Bulk Cottonwood 6.17 0.66 0.33 0.63 50.27 0.03 0.17 0.03 0.03 

KC2-21 Bulk Cottonwood 4.97 0.65 0.27 0.64 51 0.04 0.16 0.03 0.03 

Geochemical Analysis performed by Bureau Veritas, Vancouver, Canada. Bulk samples were analysis using 

lithium borate fusion, dissolution, and analyzed with ICP-ES/MS. 

 

Table B.2. Bulk rock chemistry of limestone boulders in Konza Prairie, KS (2 of 2). 
   

MnO Cr2

O3 

Ba Ni Sr Zr Y Nb Sc LOI 

Sample 

Name 

Sampl

e Type 

Lithologic 

Unit 

% % % % % % % % % % 

K1-20 Bulk Three Mile 

Limestone 

0.04 <0.0

02 

14 <20 197 <5 <3 <5 <1 41.8 

K3-20 Bulk Three Mile 

Limestone 

0.04 <0.0

02 

14 <20 214 <5 3 <5 <1 41.7 

K5-20 Bulk Three Mile 

Limestone 

0.04 <0.0

02 

10 <20 221 <5 3 <5 <1 42.5 

KC1-

21 

Bulk Cottonwood 0.03 <0.0

02 

301 <20 191 8 3 3.3 <1 41.6 

KC2-

21 

Bulk Cottonwood 0.03 <0.0

02 

28 <20 203.

9 

6.5 2.9 3.7 <1 42.1 

Geochemical Analysis performed by Bureau Veritas, Vancouver, Canada. Bulk samples were analysis using 

lithium borate fusion, dissolution, and analyzed with ICP-ES/MS. 
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Table B.3. Target rock chemistry of limestone boulders in Konza Prairie, KS (1 of 5). 
   

SiO2 Al2O

3 

Fe2O

3 

MgO CaO Na2O K2O TiO2 P2O5 

Sample 

Name 

Sample 

Type 

Lithologic 

Unit 

% % % % % % % % % 

K1-20 Target Three Mile 

Limestone 

4.9 0.45 0.28 0.64 52.01 0.05 0.11 0.02 0.02 

K3-20 Target Three Mile 

Limestone 

4.62 0.41 0.23 0.62 51.99 0.04 0.1 0.02 0.05 

K5-20 Target Three Mile 

Limestone 

3.39 0.31 0.31 0.48 52.67 0.04 0.08 0.02 0.01 

KC1-21 Target Cottonwood 6.06 0.64 0.33 0.64 50.39 0.04 0.15 0.03 0.03 

KC2-21 Target Cottonwood 5.02 0.61 0.26 0.64 51.06 0.05 0.16 0.03 0.03 

Geochemical Analysis performed by Bureau Veritas, Vancouver, Canada. Bulk samples were analysis using 

lithium borate fusion, dissolution, and analyzed with ICP-ES/MS. 

 

Table B.4. Target rock chemistry of limestone boulders in Konza Prairie, KS (2 of 5). 
   

MnO Cr2

O3 

Ba Ni Sc LOI Sum Be Co Cs 

Sample 

Name 

Sample 

Type 

Lithologic 

Unit 

% % PPM PPM PPM % % PPM PPM PPM 

K1-20 Target Three Mile 

Limestone 

0.04 <0.0

02 

21 <20 <1 41.4 99.9

5 

<1 0.7 0.2 

K3-20 Target Three Mile 

Limestone 

0.04 <0.0

02 

20 <20 <1 41.8 99.9

3 

<1 0.8 0.1 

K5-20 Target Three Mile 

Limestone 

0.04 <0.0

02 

14 <20 <1 42.6 99.9

5 

<1 0.4 <0.1 

KC1-

21 

Target Cottonwoo

d 

0.03 0.00

3 

360 <20 <1 41.6 99.9

7 

<1 1.3 0.3 

KC2-

21 

Target Cottonwoo

d 

0.03 0.00

3 

32 <20 <1 42 99.9

6 

<1 0.3 0.2 

Geochemical Analysis performed by Bureau Veritas, Vancouver, Canada. Bulk samples were analysis using 

lithium borate fusion, dissolution, and analyzed with ICP-ES/MS. 
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Table B.5. Target rock chemistry of limestone boulders in Konza Prairie, KS (3 of 5). 
   

Ga Hf Nb Rb Sn Sr Ta Th U 

Sample 

Name 

Sample 

Type 

Lithologic 

Unit 

PPM PPM PPM PPM PPM PPM PPM PPM PPM 

K1-20 Target Three Mile 

Limestone 

<0.5 0.1 0.5 3.7 <1 216.1 <0.1 0.4 1.9 

K3-20 Target Three Mile 

Limestone 

<0.5 0.2 0.4 3.3 <1 233.8 <0.1 0.5 1.7 

K5-20 Target Three Mile 

Limestone 

<0.5 0.2 0.3 2.6 <1 249.7 <0.1 0.3 1.7 

KC1-21 Target Cottonwood <0.5 0.2 1 5.5 4 191 <0.1 0.4 2.3 

KC2-21 Target Cottonwood <0.5 0.2 0.5 4.7 <1 203.9 <0.1 0.4 2.2 

Geochemical Analysis performed by Bureau Veritas, Vancouver, Canada. Bulk samples were analysis using 

lithium borate fusion, dissolution, and analyzed with ICP-ES/MS. 

 

Table B.6. Target rock chemistry of limestone boulders in Konza Prairie, KS 4 of 5). 
   

V W Zr Y La Ce Pr Nd Sm Eu 

Sample 

Name 

Sampl

e Type 

Lithologic 

Unit 

PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM 

K1-20 Target Three Mile 

Limestone 

<8 <0.5 5.1 4.1 7.7 13.3 1.51 5.5 0.89 0.22 

K3-20 Target Three Mile 

Limestone 

<8 <0.5 7.7 4.4 8.1 16.1 1.78 7.1 1.25 0.25 

K5-20 Target Three Mile 

Limestone 

<8 <0.5 5.8 3.4 6.2 11.7 1.26 4.7 0.78 0.2 

KC1-

21 

Target Cottonwood <8 <0.5 8 3 5 8.3 1 3.3 0.6 0.13 

KC2-

21 

Target Cottonwood <8 <0.5 6.5 2.9 4.5 8.6 0.96 3.7 0.67 0.15 

Geochemical Analysis performed by Bureau Veritas, Vancouver, Canada. Bulk samples were analysis using 

lithium borate fusion, dissolution, and analyzed with ICP-ES/MS. 
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Table B.7. Target rock chemistry of limestone boulders in Konza Prairie, KS (5 of 5). 

Sampl

e 

Name 

Sampl

e Type 

Lithologic Unit Gd Tb Dy Ho Er Tm Yb Lu 

K1-20 Target Three Mile 

Limestone 

PPM PPM PPM PPM PPM PPM PPM PPM 

K3-20 Target Three Mile 

Limestone 

1.01 0.14 0.69 0.11 0.32 0.05 0.21 0.04 

K5-20 Target Three Mile 

Limestone 

1.21 0.16 0.81 0.14 0.28 0.05 0.23 0.04 

KC1-

21 

Target Cottonwood 0.9 0.12 0.6 0.11 0.25 0.03 0.19 0.02 

KC2-

21 

Target Cottonwood 0.69 0.1 0.53 0.09 0.2 0.04 0.19 0.03 

Geochemical Analysis performed by Bureau Veritas, Vancouver, Canada. Bulk samples were analysis using 

lithium borate fusion, dissolution, and analyzed with ICP-ES/MS. 

 


