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Abstract
It’s time for a new edition!  In 2019, we extensively revised Key Concepts in Geomorphology, 

the 2013 Geomorphology textbook supported by the US National Science Foundation to serve 

as a model for extensive community involvement and vetting at all stages from initial outlining 

through chapter development and revision to final review.  Our revision was based in large part 

of nearly 60 pages of comments submitted to our public revision blog by students and faculty 

around the world.  Comments from the community identified organizational improvements, 

recent advances that should be included, and images and figures that could be clarified, added, 

or omitted.  

The new, second edition differs from the initial edition in several important ways. The textbook 

now has 16 chapters organized into four sections.  Each chapter still includes 8 to 16 revised full-

color figures designed specifically for novice learners. The previous section on the history of 

geomorphology has been expanded into a stand-alone chapter, and the previous chapter on 

soils and weathering has been expanded and split into a chapter on each.  We have swapped 

out many of the 20 to 30 color photographs that illustrate each of the chapters and added more 

callouts to guide novice readers. We have added a Case Study to each chapter which applies 

geomorphology skills and techniques to a current-day problem important to society.  At the 

start of each chapter, we articulate Learning Objectives and have organized the end-of-chapter 

questions in the order in which material is presented and in line with the Learning Objectives. 

The text is updated with new, important changes to the field of Geomorphology including such 

revolutionary data collection techniques as LiDAR. At the end of each chapter, revised Digging 

Deeper sections continue to present an in-depth look at the development of scientific thought 

on a problem relevant to the chapter. Come by the poster and have a look at proofs of the new 

edition.

Key Concepts in Geomorphology is designed to serve undergraduate students in their first 

course about Earth Surface Processes, Geomorphology, Physical Geography, and Quaternary 

Geology.  It is also designed to be useful for students in related fields such as forestry, 

agriculture, and civil engineering.

Community involvement 
and extensive peer 
review determined 

content and ensured 

accuracy. 60 pages of 

public blog comments 

guided our revision

We thank Editorial experts Ari Matmon, Arjun

Heimsath, Beverley Wemple, Cam Wobus, Chuck 

Nittrouer, David Dethier, Derek Booth, Dorothy 

Merritts, Doug Clark, Ellen Wohl, Eric Leonard, 

Eric Steig, Frank Magilligan, Frank Pazzaglia, 

Gordon Grant, Grant Meyer, Kathy Cashman, 

Leslie McFadden, Lisa Ely, Milan Pavich, Missy 

Eppes, Nick Lancaster, Paul Bishop, Ray Torres, 

Sara Mitchell, Scott Burns, and Scott Linneman.

Full color art, 10 to 14 figures per chapter, uses 

explanatory text boxes and images to make learning new 

concepts easier for students.

16 Chapters each begin with Learning Objectives.

1. Earth’s Dynamic Surface
2. Brief History of Geomorphology
3. Geomorphologist’s Tool Kit 

4. Geomorphic Hydrology
5. Weathering and Geomorphology
6. Soils and Geomorphology 
7. Slopes
8. Channels
9. Drainage Basins
10. Coastal and Submarine Geomorphology

11. Wind as a Geomorphic Agent
12. Volcanic Geomorphology
13. Glacial and Periglacial Geomorphology

14. Geomorphology and Climate
15. Tectonic Geomorphology
16. Landscape Evolution

Worked problems at the end of 

each chapter provide written 

and numeric examples to aid 

student learning - some are 

quantitative, some qualitative.

Knowledge assessments 
provide study guides for 

students and reflect the 

important content of 

each chapter organized 

by Learning Objectives.

Digging Deeper sections 

end each chapter and 

provide an in-depth, 

referenced narrative 

detailing the development 

of thinking on important 

geomorphic problems.

New high quality color  
photographs, illustrate key 

concepts, techniques, and 

landforms.  Many are taken by 

geoscientists.  Annotations aid 

recognition of landforms.

Part 3

Part 4

Part 2

Part 1

Case Studies at the end of each 

chapter provide contemporary, 

real-life Geomorphic 

applications.

    Sampling glaciated rock surface in Greenland to determine 
the timing of deglaciation using cosmogenic nuclide dating 
with Be-10.  High precision, post-processing GPS records loca-
tion data to the decimeter using the white antenna.  Low pre-
cision, uncorrected GPS sitting on the rock as a back up. 
 P. Bierman  

 Geomorphologist’s 
Tool Kit   

   L E A R N I N G  O B J E C T I V E S  
•     Characterizing Earth’s Surface:  Understand 

how a variety of different techniques are used to 
 characterize the form and behavior of Earth’s surface 
over time and space  

•    Relative Dating Methods:  Identify methods that 
can be used to understand the relative age of Earth’s 
 surface and how these methods work  

•    Numerical Dating Methods:  Understand a variety of 
techniques used to make numerical age estimates for 
geomorphic features  

•    Measuring Rates of Geomorphic Processes:  
 Comprehend and apply methods capable of 
 estimating the rates of processes active on and near 
Earth’s surface  

• Experiments:  Appreciate the power of laboratory 
and field experiments in understanding surface 
 processes  

• Proxy Records:  Explain how records of Earth’s past 
geomorphic behavior can be used to understand 
geomorphic change over geologic time  

• Digging Deeper: How Does a Dating Method 
Develop?  Understand how the most widely applied 
dating method in geomorphology, carbon-14, was 
developed and tested  

• Case Study: Surface Indications of a Vanished 
 Civilization  How did geomorphic mapping of 
Earth’s surface revolutionize our understanding of a 
 vanished society?    

      3  
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 Physical Weathering 125

saturated voids without generating high pressures on the 
surrounding rock. 

Hydrofracturing   , a process by which freezing of water 
proceeds from the outside of the rock inward, forces water 
into the tiny ends of fractures, producing an effect like a 
hydraulic jack. In addition, as ice lenses form, water and 

FIGURE   5.3     Witnessing Exfoliation in Action.  At Twain Harte Dome, a granite outcrop in northern California, exfoliation occurred 
eight times during the summers of 2014–2016, much to the delight of geomorphologists watching with their eyes, ears, and instruments. 
[Adapted from Collins, B. D., G. M. Stock, M. C. Eppes, et al. Thermal influences on spontaneous rock dome exfoliation. Nature Communications 9 (2018):  762 .]  

vapor flow toward them and freeze, imparting enough 
force to cause growing ice crystals to crack rocks. This pro-
cess, known as    segregation ice growth   , fills pores with ice 
and thus increases internal stresses in earth materials. 

 Rapid freezing, cold temperatures, and frequent 
freeze–thaw cycles all appear conducive to shattering 

Exfoliation in action. The right image shows 
a sheet detaching in a dramatic, loud, and 
dusty fracture captured on video!  The left 
image is the result of such exfoliation, a 
pop-up where the 30+ cm thick granite 
sheet now stands above the dome surface.

Twin Harte is a dome of granite in the Sierra 
Nevada mountains of California. Shown 
here are the monitoring stations installed by 
geomorphologists after the first exfoliation 
event (the exfoliating areas in the adjacent 
two photographs are shown by red dots in 
this aerial photograph).

Rocks make noise when they 
crack, even if those cracks are 
small and not easily detected 
at the surface. This acoustic 
emission record shows that 
when it gets warm in the 
middle of the day (orange 
line) the rock gets cracking 
and makes a lot of noise.

Extremely hot days are critical for exfoliation. Here, the rock surface 
maximum daily temperature is plotted over 3 years as is the width of a 
crack in the rock. Every time the temperature spikes, the crack widens.
Do this over and over and one day, pow, you get exfoliation.
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526 Chapter 16 Landscape Evolution

• Landscape Types: Understand differences between 
steady-state, transient, relict, and ancient landscapes

 23. Explain why old mountain ranges are so long-lived.
 24. Contrast the two settings in which knickpoints form.
 25. Provide an example of stream capture driving land-

scape evolution.
 26. Define and explain barbed drainage and what it may 

indicate in a landscape’s drainage history.
 27. What is the most common relict landscape?

• Rates of Landscape Processes: Appreciate factors 
influencing the rates of landscape-changing processes 
and the relationship between short-term and long-term 
erosion rates

 28. What is the range of erosion rates measured on Earth?
 29. Explain how marine and river terraces can be used to 

estimate rock and surface uplift rates.
 30. What is the difference between rock uplift and surface 

uplift? Explain using a diagram.
 31. How and why did erosion rates in the northeastern 

United States change from before and after European 
colonization?

 32. Define the sediment delivery ratio.
 33. Explain how and why the sediment delivery ratio changes 

as a function of basin scale and integration time.
 34. List three ways by which erosion rates can be esti-

mated and compare their integration times and the 
assumptions underlying each method.

 35. Worldwide, how do chemical and physical denudation 
rates compare?

 36. Provide examples to explain why erosion rates vary 
over time in some landscapes and not in others.

• Digging Deeper: Is This Landscape in Steady 
State? Consider what it means for a landscape to be in 
steady state and the implications for interpreting its  
geomorphology

 37. Why can’t long-term erosion rates be reliably calcu-
lated from short-term sediment yield and dissolved-load  
measurements?

 38. What is dynamic topography and why is it relevant to 
the geomorphologic history of the southern Appala-
chian Mountains?

 39. What are the methodological tools that geomorpholo-
gists can use to quantify rates of landscape change?

• Case Study: The Anthropocene Understand that  
people are now the major geomorphic agent shaping 
Earth’s dynamic surface

 40. Why are geoscientists proposing a new geological epoch?
 41. Summarize the proposed start times for the Anthropo-

cene and explain why those dates were chosen.
 42. Explain the modern importance of humans as geomor-

phic agents of change.

K N O W L E D G E  A S S E S S M E N T  Chapter 16

• Factors of Landscape Evolution: Understand the fac-
tors controlling landscape evolution over time and space

 1. List the five factors governing landscape evolution.
 2. Explain the importance of time frames in considering 

the factors important for landscape evolution.
 3. Give an example of how forcing factors may be an 

independent variable over short timescales, but depen-
dent variables over long timescales.

 4. Define “base level” and explain how it is a fundamen-
tal control on landscape evolution.

 5. Explain how climate affects the processes and tempo 
of landscape evolution.

 6. How does climate affect the elevation and erosion of 
the Tibetan Plateau and the Altiplano?

 7. List three ways in which glaciers affect the evolution of 
landscapes.

 8. Define relief and explain why it is important for the 
future evolution of topography.

 9. List three factors influencing bedrock erodibility.
 10. Explain why topography can be used to map the 

underlying bedrock structure and lithology in some 
areas but not in others.

 11. Predict how steep forested hillslopes will respond if 
trees are removed.

• Models of Landscape Evolution: Appreciate the  
differences between model types and the role of models 
in understanding landscape evolution over time

 12. Define a conceptual model and provide an example of 
a conceptual model important to geomorphology.

 13. Define and contrast steady-state and transient  
landscapes.

 14. Provide examples of steady-state and transient  
landscapes.

 15. Explain how landscapes in dynamic equilibrium 
behave.

 16. Who was William Morris Davis and what did he pro-
pose about landscape evolution?

 17. Compare and contrast the three general models of 
slope-profile evolution.

 18. Explain the difference between landscape sensitivity 
and landscape stability.

 19. Give an example of how physical models are used  
to study landscape evolution, and point out their  
limitations.

 20. Explain how and why mathematical models are used 
in geomorphology.

 21. Compare and contract diffusive and advective sedi-
ment transport.

 22. What are some of the strengths and weaknesses  
of mathematical models of landscape process in  
evolution?

See Appendix A for Selected References and Further Readings for this chapter.
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136 Chapter 5 Weathering and Geomorphology

Without chemical weathering, Earth would be a very 
different place — life might not exist and the rock cycle 
would operate far more slowly. The alteration and disso-
lution of minerals releases elements to the environment, 
where they are taken up and used by a variety of different 
organisms including bacteria, plants, and animals. Riv-
ers and groundwater move elements dissolved in water, 
transferring mass from the continents to the oceans. 
Chemical weathering isn’t something geomorphologists 
measure with a meterstick; rather, they employ a series 
of different microscopic, physical, geochemical, and iso-
topic techniques to understand when, where, and how 
fast earth materials weather. Such approaches employ 
laboratory benchtop experiments, field experiments at 
scales from hillslopes to drainage basins, and analyses of 
river water to understand how the planet as a whole has 
weathered.

At the smallest scale, high-tech microscopes are used 
to examine mineral grains for telltale signs of weath-
ering (Hochella and Banfield, 1995). Such microscopes 
include those that use electrons rather than light to 
image surfaces — these microscopes can pass electrons 
through very thin slices of minerals (transmission elec-
tron microscopes) or image mineral surfaces using elec-
trons that either backscatter off a surface or cause the 
emission of other electrons (scanning electron micro-
scopes). Such imaging clearly shows chemical weath-
ering at the microscale. In feldspars with differing 
compositions, the sodium-rich feldspar albite weathers 
out first, consistent with its greater solubility in soilwa-
ter solutions [PHOTOGRAPH DD5.1A]. Curiously, the small 
pits produced by this weathering are about the same 
size as soil bacteria (Photograph DD5.1b); this obser-
vation led Parsons, Lee, and Smith (1998) to suggest 
that perhaps such weathering pits provided shelter and 
nutrients critical to the evolution of bacteria billions of 
years ago!

Rates of chemical weathering can be determined at 
various scales and using various means. A paired exper-
iment by Yokoyama and Matsukura (2006) illustrates 
two contrasting approaches [FIGURE DD5.1A]. First, they 

D I G G I N G  D E E P E R

How Do Geomorphologists Determine 
Chemical Weathering Rates?

is a common element in terms of its distribution in Earth’s 
crust, but it is dispersed in most rocks such that it is not 
economically extractable. It takes millions of years to dis-
solve away everything else and make laterite soils that are 
enriched enough in aluminum that they constitute alumi-
num ores. Few people realize that we store soda and beer 
in metal mined from ancient soils.

the types and rates of geomorphological processes that 
shape topography.

Weathering also provides minerals critical for modern 
life. Deep weathering on ancient land surfaces produced 
iron and aluminum ores through pervasive leaching and 
removal of other common elements, thereby concentrating 
relatively immobile elements in residual soils. Aluminum  

PHOTOGRAPH DD5.1 Scanning electron micrographs of 
weathered feldspar show grain collected from weathered English 
granite. The white/black scale bars are 5 micrometers. (a) Etchpits 
getting their start in sodium-rich feldspar. Some of the pits have 
merged. (b) A much more deeply etched feldspar recovered from 
an acidic, peat-rich soil shows extensive etching. Several rounded, 
and elongated bacteria, about the same size as the pits, are 
identified with red arrows. [From Biochemical evolution II: Origin of life 
in tubular microstructures on weathered feldspar surfaces, Ian Parsons, 
Martin R. Lee, Joseph V. Smith. Proceedings of the National Academy of 
Sciences Dec. 1998, 95 (26) 15173–15176.]
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 Worked Problem 197

mass movement. After deglaciation, the river incised 
into the material steepening the side slopes and wid-
ening the valley bottom. This set the stage for periodic 
large landslides as the river eroded into the toe of the  
valley wall or prior landslide deposits, destabilizing  
them.

The ages of past landslides were determined by search-
ing for and radiocarbon dating wood buried in their depos-
its. Samples from several landslides of different ages were 
then used to develop a relationship between the surface 
roughness of the landslides and their ages [FIGURE CS7.2],  
allowing geologists to estimate the ages of undated slides. 
Older landslides exhibit smoother, subdued morphol-
ogies than the fresher, younger landslides that exhibit 
rougher surfaces (see Figure 7.9). Lawsuits surround-
ing the event were eventually settled for $60 million.

Keaton, J. R., J. Wartman, S. A. Anderson, et al. The 22 March 
2014 Oso landslide, Washington. Geotechnical Extreme 
Events Reconnaissance Association Report GEER-036, 2014.

Lahusen, S., A. Duvall, A. M. Booth, and D. R. Montgomery. 
Surface roughness dating of long-runout landslides near Oso, 
Washington (USA), reveals persistent postglacial hillslope 
instability. Geology 44 (2016): 111–114.

Wartman, J., D. R. Montgomery, J. Keaton, et al. The March 
22, 2014, Oso landslide, Washington, USA. Geomorphology 
253 (2016): 275–288.

FIGURE CS7.2 Relationship between landslide age and surface 
roughness. Radiocarbon dates from wood samples recovered  
from landslide deposits in the vicinity of the Oso landslide show 
that landslide surfaces get smoother as they age. This provides  
a way to estimate the age of otherwise undated landslide 
deposits. [Adapted from Lahusen, S., A. Duvall, A. M. Booth, and  
D. R. Montgomery. Surface roughness dating of long-runout landslides 
near Oso, Washington (USA), reveals persistent postglacial hillslope 
instability. Geology 44 (2016): 111–114.]
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W O R K E D  P R O B L E M

QUESTION: Using the infinite-slope model, what is the 
maximum stable angle for both dry and saturated sand 
with no cohesion and a friction angle of 37 degrees? 
How does this stable angle compare to that of more 
cohesive material such as till or clay?

ANSWER: For dry cohesionless materials, the maximum 
stable angle is the friction angle, φ, in this case, 37 degrees. 
For the failure of a fully saturated, cohesionless soil like 
coarse sand (FS 1.0, C 0, and m 1.0)= = = , eq. 7.8 reduces 
to tan θ = ρ − ρ ρ φ[[( )/ ]tan ]]s w s , which may be approxi-
mated by tan  θ = φ1/2 tan  (since for most soils, ρ ≈ ρ2s w).  
This indicates that sandy slopes steeper than about half 
the friction angle tend to fail if saturated. Thus, when 
saturated, cohesionless sand with a friction angle of 37 
degrees will fail when the slope is about 23.5 degrees. 
At higher slopes where θ ≥ φ, cohesionless soils tend to 
slide even when dry; the soil mantle rarely stays on such 
steep slopes unless there is significant root reinforcement. 
Soils with even modest amounts of cohesion can stand at 
much steeper angles over length scales shorter than typi-
cal hillslope lengths. For example, excavations in clay (and 
other cohesive materials like glacial till) can hold vertical 
faces of up to several meters in height, as can riverbanks, 
especially if reinforced by roots that provide apparent 
cohesion.

The infinite-slope model is useful for evaluating slope stability and  
determining the effect of both cohesion and friction angle on slope  
stability. Here, we plot factors of safety for saturated earth materials — 
till with high cohesion and virtually cohesionless sand — as a function 
of saturation, root cohesion, and slope. The dashed lines are model 
results for a 25-degree slope. The solid lines are model results for a 
35-degree slope. The red circles indicate the amount of root cohesion 
needed to prevent slope failure =(factor of safety 1). Note that small 
amounts of root cohesion can stabilize saturated sandy hillslopes, but 
that for glacial till, the effect of roots is unimportant as the material 
already has large amounts of cohesive strength. [Adapted from Bierman 
et al., Old Images record landscape change through time. GSA Today 15 (2005): 
no. 4–5, 4–10.]
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304 Chapter 10 Coastal and Submarine Geomorphology

C A S E  S T U DY

The disastrous impacts of Superstorm Sandy on New York 
and the New Jersey coast in 2012 were due both to unusual 
circumstances that amplified the storm’s impact and to 
long-term development in vulnerable areas along the coast.

Sandy formed in the southwestern Caribbean Sea on 
October 22, 2012. Originally a tropical storm fueled by 
warm ocean water, it soon coalesced into a compact but 
powerful hurricane with winds exceeding 74 mph. As 
moist air rises in the core of these low-pressure weather 
systems it cools, causing water vapor to condense and 
produce copious amounts of rain. Over the next several 
days, the storm marched north ravaging Jamaica, Cuba, 
and Puerto Rico with winds over 100 mph. On October 
26, the storm began to weaken and slowed its north-
ward advance, with winds slowing to about 80 mph.  
The following day, the storm dropped below hurricane 
strength and reverted to tropical storm status. But a large 
zone of high-pressure air over Greenland blocked Sandy’s 
advance and turned the storm westward and onto shore, 
just in time for high spring tides associated with a full 
moon. The storm began to lose its tropical characteristics, 
such as a well-defined eye, and transitioned into an even 
more powerful extratropical storm.

Superstorm Sandy
On October 28, a day before the storm moved ashore, 

storm surge warnings of 6 to 11 feet were issued for New 
York harbor. When the storm hit, parts of New Jersey  
received almost a foot of rain. The combination of 
heavy precipitation and high storm surge proved disas-
trous. More than 7 million homes and businesses were 
left without power during the storm’s peak. The storm 
then moved west and weakened as it moved inland. By 
October 31, the storm was over — and the cleanup began.

Superstorm Sandy was the second most expensive 
 natural disaster in U.S. history (after Hurricane Katrina), 
with an estimated price tag of over 50 billion dollars. The 
deaths of nearly 100 people have been blamed on the storm, 
almost two dozen of them in New York City. The storm 
affected 1.8 million square miles, but the heaviest dam-
age was due to coastal flooding. Most of the flooding was 
due to storm surge, with damage concentrated along the 
coast of northern New Jersey and around New York City. 
High waves, driven by strong winds, pushed huge amounts 
of sand inland, overwhelmed barrier islands, and cut new 
inlets through residential neighborhoods [FIGURE CS10.1].  
Whole neighborhoods were buried under feet of fresh sand. 

BEFORE

AFTER

BEFORE

AFTER

FIGURE CS10.1 High wind-driven waves 
overwhelmed barrier islands and carved 
new inlets through neighborhoods flooding 
homes such as here in. Belmar, New Jersey. 
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