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Unit 1 — Earth Surface Processes: An
Introduction

1.1 Fundamental concepts of geomorphology

Geomorphology: Earth's Surface

Geomorphology is the scientific study of how Earth's surface forms and changes over time. It pulls together
geology, hydrology, and climate science to explain why landforms look the way they do and how they'll
continue to evolve. Understanding these processes has direct practical value: predicting natural hazards,
managing landscapes, restoring degraded environments, and even reconstructing ancient terrain for
archaeological research.

Scientific Study of Landforms

Geomorphology examines landforms across a huge range of scales, from small gullies to entire mountain
ranges, and across timescales from single storm events to hundreds of millions of years. It covers
terrestrial, coastal, and submarine landscapes.

The field relies on both qualitative observation (describing what you see in the field) and quantitative
measurement (calculating erosion rates, mapping elevation changes). Modern geomorphologists also use
tools like remote sensing, GIS, and numerical modeling to analyze landscapes they can't easily visit or to
simulate how a landscape might change in the future.

Research Methods and Applications

Geomorphologists use a mix of approaches:
* Field observations combined with laboratory analysis of soil and rock samples
* Geophysical techniques (like ground-penetrating radar) to investigate structures below the surface

+ Dating methods (radiocarbon, cosmogenic nuclide dating) to determine how old landforms are and
how fast they're changing

» Conceptual and mathematical models to simulate landscape processes and test hypotheses

These methods feed into real-world applications. Urban planners use geomorphic hazard assessments to
identify areas prone to landslides or flooding. Ecologists rely on landform-habitat relationships to manage
ecosystems. Archaeologists reconstruct past landscapes to understand how ancient peoples interacted
with their environment.

Landscape Evolution Factors

Four major factors control how landscapes evolve: tectonics, climate, lithology, and vegetation. They don't
act in isolation. The interplay between them, especially the balance between uplift rates and erosion rates,
determines the overall shape of the terrain. Feedback mechanisms between these factors create complex,
self-organizing landscape patterns.
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Tectonic and Climatic Influences

Tectonics creates the large-scale framework of the landscape. Plate movements generate mountain
ranges (the Himalayas, for example, formed from the collision of the Indian and Eurasian plates). Uplift and
subsidence alter drainage patterns and shift coastlines.

Climate controls the pace and style of surface processes:
* Precipitation patterns govern river discharge and how quickly landforms develop

» Temperature regimes drive freeze-thaw cycles (which shatter rock in cold climates) and influence
chemical weathering rates (which tend to be faster in warm, humid conditions)

» Wind systems sculpt arid landscapes, building sand dunes and abrading exposed rock

The key idea here is that topography reflects the competition between tectonic uplift (building terrain up)
and climate-driven erosion (wearing it down).

Lithology and Vegetation Effects

Lithology refers to the type and properties of the rock at the surface. It determines how resistant materials
are to weathering and erosion.

* Hard rocks like granite resist erosion and form prominent features such as inselbergs (isolated
steep-sided hills)

* Soft rocks like shale erode quickly, producing lowlands and gentle slopes

* Rock structure matters too: folded strata produce alternating ridges and valleys, while heavily jointed
rocks break into angular landforms

Vegetation modifies surface processes in important ways. Root systems bind soil and stabilize slopes,
reducing erosion. Leaf litter promotes soil development and increases water infiltration, slowing runoff.

Human land use can dramatically accelerate or slow landscape change. Deforestation strips away the
protective vegetation cover and can increase erosion rates by orders of magnitude. Urbanization replaces
permeable soil with impervious surfaces, fundamentally altering how water moves through a landscape.

Geomorphic Equilibrium

Geomorphic equilibrium describes a state where the inputs and outputs of energy and matter in a landform
system are balanced over time. This concept is central to predicting how landscapes respond to change.

Concepts and Types of Equilibrium

There are several types of equilibrium to distinguish:

* Dynamic equilibrium: The landform fluctuates around a mean state but maintains overall stability. A
river meander, for instance, migrates back and forth but keeps its general channel pattern. Beaches
change shape seasonally but retain their overall profile year to year.

« Steady-state equilibrium: Landform characteristics stay roughly constant even though erosion and
deposition are ongoing. Peneplains (low-relief erosion surfaces in tectonically quiet regions) and coral
atolls (where reef growth balances wave erosion) are classic examples.

* Disequilibrium: External forces or internal thresholds disrupt the balance. Sudden tectonic uplift can
trigger rapid river incision. Climate change can alter vegetation cover, shifting erosion rates and
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pushing the system away from its previous equilibrium.

Applications and Importance

Equilibrium concepts help predict how landscapes will respond to both environmental changes and human
interventions. For example, building a dam traps sediment upstream, starving the downstream channel and
coast of material, which can cause significant erosion. Coastal managers use equilibrium thinking to
forecast shoreline changes under sea-level rise scenarios.

The time required to reach equilibrium depends on the scale of the landform and the intensity of the
processes involved:

* A small gully might reach equilibrium in decades
* A large drainage basin might take millions of years

This has practical consequences. When engineers design artificial landforms (like mine tailings or restored
river channels), they need to account for how long the system will take to stabilize. Equilibrium principles
also guide conservation efforts, such as maintaining natural sediment budgets in coastal systems or
preserving active geomorphic processes in protected areas.

Endogenic vs Exogenic Processes

Earth's surface is shaped by two broad categories of processes. Endogenic processes build terrain up from
within. Exogenic processes wear it down from the outside. The ongoing competition between these two
sets of forces is what produces the landscapes we see.

Endogenic Processes and Landforms

Endogenic processes originate from Earth's interior, powered by heat from the core and mantle. They
create what geomorphologists call primary landforms, the raw topographic framework that exogenic
processes then modify.

The main endogenic processes include:
* Volcanism: forms volcanic mountains, plateaus, and oceanic islands

« Tectonic uplift: generates mountain ranges and continental plateaus through crustal compression and
faulting

« Earthquakes: produce fault scarps and abruptly modify existing landforms

* Magmatic intrusions: create subsurface features like batholiths and laccoliths that may later be
exposed by erosion

Endogenic processes dominate in tectonically active regions like the Pacific Ring of Fire. In stable cratonic
regions (the ancient cores of continents), they play a much smaller role.

Exogenic Processes and Landscape Modification

Exogenic processes operate at or near Earth's surface, driven primarily by solar energy (which powers the
water cycle and wind) and gravity. They create secondary landforms by modifying the terrain that
endogenic processes built.

The major exogenic processes form a sequence:
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1. Weathering breaks down rock in place through chemical reactions, physical stress (like freeze-thaw),
or biological activity (like root growth)

2. Erosion removes the loosened material from its original location via water, ice, or wind
3. Transportation moves that sediment across the landscape by rivers, glaciers, or wind currents

4. Deposition drops the sediment in a new location, building features like deltas, sand dunes, and
moraines

Over short timescales, exogenic processes dominate most landscapes. Over geological timescales,
endogenic and exogenic processes reach a rough balance. A mountain range, for instance, may be
uplifted tectonically over millions of years while simultaneously being eroded, with the net topography
reflecting the rate of each process.

1.2 Earth system interactions and surface processes

Earth's surface is shaped by interactions between its major spheres: the lithosphere, atmosphere,
hydrosphere, biosphere, and cryosphere. These systems exchange energy and materials constantly,
producing the landforms and environments we see around us through weathering, erosion, and deposition.

Understanding how these spheres interact gives you the foundation for everything else in this course.
Rivers carve canyons, glaciers sculpt valleys, wind reshapes deserts, and organisms alter soil chemistry.
Each of these processes involves at least two spheres working together, and recognizing those
connections is what separates surface-level memorization from real understanding.

Earth's Spheres Interactions

Lithosphere-Atmosphere-Hydrosphere Dynamics

Earth's surface processes almost always involve interactions between multiple spheres. The lithosphere
(solid Earth), atmosphere (air), and hydrosphere (water) are constantly influencing each other.

Lithosphere-atmosphere interactions happen primarily through weathering:

» Physical weathering breaks rock apart mechanically. Frost wedging occurs when water seeps into
cracks, freezes, expands, and pries the rock apart. Repeated heating and cooling cycles also stress
rock surfaces.

+ Chemical weathering changes the mineral composition of rock. A common example: CO> dissolves in
rainwater to form weak carbonic acid (H2CO3), which reacts with minerals like feldspar and slowly
breaks them down.

Hydrosphere-lithosphere interactions sculpt many of Earth's most recognizable landforms:

* Rivers erode channels and transport sediment downstream. The Colorado River carved the Grand
Canyon over millions of years.

+ Glaciers grind out broad, U-shaped valleys and leave behind moraines (ridges of deposited sediment).
Yosemite Valley is a classic example.

» Ocean waves and longshore currents reshape coastlines, cutting cliffs and building beaches.
California's coastal cliffs show this process clearly.

Atmospheric processes also drive surface change directly. Wind erosion in arid environments creates
distinctive features like ventifacts (wind-polished rocks) and yardangs (streamlined ridges), common in the
Sahara. Precipitation patterns control how fast weathering occurs and what vegetation can grow in a given
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area.

Biosphere and Cryosphere Influences

The biosphere plays a surprisingly active role in shaping the surface:
* Root systems bind soil particles together, stabilizing slopes and reducing erosion.
* Plants release organic acids that accelerate chemical weathering of underlying rock.

* Forests increase local humidity and reduce wind speed at the surface, which changes weathering and
erosion rates in those areas.

Tectonic processes within the lithosphere create the large-scale topography that other processes then
work on. Plate collisions build mountain ranges like the Himalayas, and volcanic activity constructs islands
(Hawaiian Islands) and plateaus.

The cryosphere (Earth's frozen water) interacts with every other sphere:

* Glacial erosion carves cirques (bowl-shaped depressions) and fjords (deep coastal inlets), like those
along Norway's coast.

* Sea ice formation influences ocean circulation patterns and global albedo (the fraction of sunlight
reflected back to space).

» Permafrost thawing destabilizes landscapes and releases stored greenhouse gases like methane,
particularly across Arctic tundra regions.

Energy Transfer and Material Fluxes

Solar and Geothermal Energy Drivers

Two primary energy sources power nearly all surface processes: solar radiation from above and
geothermal heat from below.

Solar energy drives the global energy balance. Incoming solar radiation is balanced by outgoing terrestrial
radiation, but because Earth's surface is heated unevenly (more energy at the equator, less at the poles),
atmospheric pressure gradients form. These gradients drive wind and ocean circulation.

Latent heat transfer is the engine behind the hydrologic cycle:
1. Evaporation absorbs energy from surface water, cooling the surface.
2. Water vapor rises into the atmosphere.

3. Condensation releases that stored energy, warming the surrounding air and forming clouds and
precipitation.

Earth's internal heat drives processes on a different timescale. Mantle convection currents move
lithospheric plates, and magma generation transfers heat to the surface through volcanic eruptions.

Gravitational and Chemical Energy in Surface Processes

Gravitational potential energy is what makes things move downhill. It drives:

* Mass wasting events like landslides and debris flows that reshape hillslopes. The 2014 Oso landslide
in Washington state moved millions of cubic meters of material in minutes.

Fiveable archived study guides Page 6



* Fluvial (river) systems, where water flows downslope, transporting sediment and carving landscapes.

Chemical potential energy stored in minerals drives weathering reactions. Oxidation of iron-bearing
minerals produces rust (iron oxide). Hydration of anhydrous minerals like anhydrite produces gypsum.

Material fluxes redistribute matter across Earth's surface through several pathways:
» Sediment transport in rivers and coastal currents
* Nutrient cycling between soil, plants, and atmosphere
» Gas exchange between air, water, and land surfaces

The carbon cycle deserves special attention because it connects surface processes to climate regulation.
Weathering of silicate rocks consumes atmospheric CO>, acting as a long-term carbon sink. Volcanic
eruptions release CO> back into the atmosphere. These exchanges between the atmosphere, biosphere,
hydrosphere, and lithosphere help regulate Earth's temperature over geological timescales.

Feedbacks and Thresholds in Earth Systems

Positive and Negative Feedback Mechanisms

A feedback occurs when the output of a process loops back to influence the process itself. Feedbacks
come in two types:

* Positive feedbacks amplify the initial change, pushing the system further in the same direction.
* Negative feedbacks counteract the initial change, stabilizing the system.
Positive feedback example: ice-albedo feedback
1. Warming temperatures melt some ice cover.
2. Exposed ocean or land surface is darker, so it absorbs more solar radiation (lower albedo).
3. Increased absorption causes more warming.
4. More warming melts more ice, and the cycle continues.
This feedback is a major factor in accelerating Arctic sea ice loss.
Negative feedback example: silicate weathering feedback
1. Atmospheric CO3 increases, raising temperatures.
2. Higher temperatures and more rainfall accelerate chemical weathering of silicate rocks.
3. Weathering reactions consume CO>, pulling it out of the atmosphere.
4. Reduced CO2 lowers the greenhouse effect, cooling temperatures back down.

This feedback operates over millions of years and has helped stabilize Earth's climate through geological
time.

Ecosystem feedbacks also matter at smaller scales. Forest fires release nutrients and create openings for
new growth. Coral bleaching reduces reef structural complexity, which in turn reduces biodiversity and the
reef's ability to recover.
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Thresholds and Tipping Points

A threshold is a critical point where a small additional change triggers a rapid, often irreversible shift in the
system's behavior.

Climate system tipping points are some of the most studied examples:

* A potential slowdown or collapse of the Atlantic Meridional Overturning Circulation (AMOC), which
redistributes heat across the globe

* Large-scale methane release from thawing permafrost, which could trigger further warming
Ecosystems also exhibit threshold behavior:

+ Coral reefs can shift from coral-dominated to algae-dominated states once coral cover drops below a
critical level. Recovery from this shift is extremely difficult.

* Grasslands can undergo desertification when overgrazing and drought push them past a tipping point,
after which the original vegetation cannot reestablish.

Understanding feedbacks and thresholds is essential for predicting how Earth systems respond to both
natural perturbations (volcanic eruptions, orbital variations) and human-caused perturbations (greenhouse
gas emissions, land-use changes).

Human Influence on Earth Surface Processes

Anthropogenic Landscape Modifications

Humans have become a dominant force in reshaping Earth's surface, a recognition captured by the
concept of the Anthropocene (the proposed geological epoch defined by significant human impact).

Land-use changes alter surface processes at massive scales:

+ Deforestation removes the root networks and canopy cover that protect soil, dramatically increasing
erosion rates and sediment delivery to rivers. The Amazon rainforest is a major ongoing example.

+ Urbanization replaces permeable ground with impervious surfaces (roads, buildings), which increases
runoff, reduces groundwater recharge, and modifies local hydrology.

« Agricultural practices change soil structure, compact surfaces, and alter nutrient cycling.
River modification is one of the most direct ways humans reshape fluvial systems:

» Dams trap sediment and alter natural flow regimes. The Colorado River now delivers a fraction of the
sediment it once carried to its delta.

» Channelization straightens rivers, increasing flow velocity but reducing habitat complexity.
» Water extraction lowers groundwater levels and reduces surface water availability.

Mining and resource extraction create some of the most visible landscape changes:
» Open-pit mines like Bingham Canyon Mine in Utah create excavations visible from space.
* Mountaintop removal mining flattens ridgelines and fills adjacent valleys with debris.

» Excessive groundwater extraction causes land subsidence, where the ground surface sinks.
California's San Joaquin Valley has subsided by several meters in some areas.
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Climate Change and Geoengineering Impacts

Anthropogenic climate change is altering surface processes globally:
* Rising temperatures accelerate both physical and chemical weathering rates.
* Glacier retreat exposes fresh rock surfaces to erosion, as seen across the Alps.
» Sea-level rise intensifies coastal erosion and changes sedimentation patterns along shorelines.

The urban heat island effect is a localized example of human-caused climate modification. Cities are
typically several degrees warmer than surrounding rural areas due to heat-absorbing surfaces and waste
heat. This enhances chemical weathering of building materials and can alter local precipitation patterns.

Geoengineering proposals represent intentional, large-scale interventions in Earth systems:

+ Carbon capture and storage aims to remove CO> directly from the atmosphere or from emission
sources.

« Solar radiation management would inject aerosols into the stratosphere to reflect sunlight and cool the
planet.

+ Ocean iron fertilization would stimulate phytoplankton growth to increase biological carbon uptake.

These approaches carry significant uncertainties. They could disrupt global precipitation patterns, produce
unintended effects on ecosystems and biogeochemical cycles, and raise serious ethical and governance
questions about who controls planetary-scale interventions.

1.3 Timescales and rates of geomorphic change

Earth's surface is constantly changing, shaped by both rapid events and slow processes. Short-term
changes like floods can happen in seconds, while long-term shifts like mountain building take millions of
years. Understanding these timescales is key to grasping how landscapes evolve.

Geomorphic rates vary widely, from tiny soil movements to dramatic coastal erosion. These rates aren't
constant; they can speed up or slow down based on climate, tectonics, and human activity. Studying these
changes helps us predict future landscape shifts and manage environmental risks.

Short-term vs Long-term Geomorphic Processes

Timescales and Observable Effects

Short-term geomorphic processes occur over seconds to decades. Floods, landslides, and storm-induced
coastal erosion all fall into this category. They cause rapid, localized changes to the landscape, and
because they happen on human timescales, we can often observe them directly.

Long-term processes span centuries to millions of years. Tectonic uplift, isostatic rebound (the slow rise of
land after an ice sheet melts off it), and regional erosion patterns all operate at this pace. These processes
produce large-scale landscape transformations that are only visible in the geological record.

The distinction between short-term and long-term isn't always clear-cut. Some processes operate across
multiple timescales. A river, for instance, floods on a timescale of days but carves its valley over millions of
years.

Fiveable archived study guides Page 9



Interplay Between Short-term and Long-term Processes

Short-term processes have cumulative effects that contribute to long-term landscape evolution. Repeated
flooding events, each lasting days, collectively shape river valleys over millennia. In the other direction,
long-term processes influence the frequency and magnitude of short-term events. Tectonic uplift steepens
slopes, which increases the potential for landslides and accelerates erosion.

Study methods differ depending on the timescale:

« Short-term processes rely on direct observation and monitoring: satellite imagery, stream gauges,
field measurements

 Long-term processes are inferred from geological evidence and modeling: radiometric dating,
stratigraphic analysis, numerical simulations

Geomorphic Rates and Variability

Spatial and Temporal Variability

Geomorphic rates measure the speed of landscape-altering processes, typically expressed in units of
distance or volume per unit time (e.g., mm/yr, m3/yr). These rates vary enormously across spatial scales:

* Soil creep: millimeters per year

+ Continental drift: centimeters per year

» Rapidly eroding coastlines: up to meters per day during storms
Temporal variability is driven by multiple factors:

« Climate fluctuations such as glacial-interglacial cycles, which shift erosion and deposition regimes
globally

* Tectonic activity including earthquakes and volcanic eruptions, which can abruptly change local rates

* Human interventions like deforestation and urbanization, which often accelerate erosion by orders of
magnitude

Scale Dependency and Non-linear Behavior

Scale dependency means a process may appear continuous or discrete depending on the timescale you're
observing. River meandering looks gradual on human timescales, but in the geological record it can appear
as abrupt channel shifts.

Geomorphic rates often exhibit non-linear behavior: long periods of relative stability punctuated by
episodes of rapid change. A hillslope might remain stable for decades, then suddenly fail as a landslide
after prolonged rainfall pushes pore water pressure past a threshold.

This has practical consequences for measurement. Short-term measurements may not capture long-term
trends, and large-scale averages can obscure important local variations. You always need to consider both
the spatial extent and temporal duration of your observations.

Advanced Measurement Techniques

Several techniques allow geomorphologists to quantify rates across different timescales:
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« Cosmogenic nuclide dating measures the accumulation of rare isotopes (like 1°Be and 2¢Al)
produced when cosmic rays strike surface rocks. The longer a rock surface has been exposed, the
more nuclides accumulate, giving long-term erosion rates averaged over thousands to millions of years.

* LIDAR (Light Detection and Ranging) captures detailed 3D terrain models. Repeat surveys of the
same area can track subtle changes in topography over months to years.

* InSAR (Interferometric Synthetic Aperture Radar) uses satellite radar to measure ground deformation
with millimeter-scale precision, useful for tracking slow land subsidence or uplift.

« Satellite imagery detects land cover changes and mass movements at regional to global scales.

Catastrophic Events and Earth's Surface

Types and Immediate Impacts

Catastrophic events cause significant landscape changes in hours or days:
» Major earthquakes trigger landslides, surface ruptures, and liquefaction
* Volcanic eruptions create entirely new landforms through lava flows and ash deposits
» Tsunamis reshape coastlines through intense erosion and redeposition of sediment
 Extreme flooding events alter river channels and rework floodplains

What makes these events geomorphically important is that their effectiveness is disproportionate to their
duration. A single catastrophic flood can move more sediment than decades of normal river flow. Debris
flows mobilize enormous volumes of material in minutes, and rockfalls can reshape cliff faces in seconds.

Long-term Effects and Landscape Reset

Catastrophic events leave impacts that persist long after the event itself. The 1980 eruption of Mount St.
Helens, for example, removed 400 meters from the summit and deposited debris across 600 km?2. Over
four decades later, the landscape is still adjusting.

These events can reset local base levels, which is the elevation to which a river erodes. A landslide that
dams a river creates a new lake, altering the river's profile and sediment transport for years or centuries
afterward. Altered drainage patterns affect all subsequent erosion and deposition downstream.

Catastrophic events also challenge a strict reading of uniformitarianism, the idea that present-day
processes explain past geological changes. Some landscape features are best explained by rare, extreme
events rather than by the slow accumulation of everyday processes.

Study and Risk Assessment

Managing catastrophic geomorphic hazards involves several approaches:
1. Hazard mapping identifies vulnerable areas based on geology, topography, and past events

2. Recurrence interval analysis uses historical records and geological evidence to estimate how often
extreme events occur at a given location

3. Probabilistic modeling combines recurrence data with magnitude estimates to forecast future risk

4. Real-time monitoring with ground-based sensors and satellite imagery provides early warning and
captures before-and-after data for analysis
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Gradual Processes in Landscape Evolution

Fundamental Drivers of Large-scale Change

Gradual processes operate consistently over long periods and are responsible for many of Earth's most
prominent landforms:

» Weathering breaks down rocks over centuries to millennia through physical, chemical, and biological
mechanisms

+ Soil formation (pedogenesis) builds up soil profiles over thousands of years
* Fluvial incision carves river valleys over millions of years as flowing water cuts into bedrock

* Glacial erosion shapes landscapes over multiple glacial cycles, producing features like U-shaped
valleys and cirques

The cumulative effects are enormous. River valleys, mountain ranges, and sedimentary basins all owe
their forms to gradual processes sustained over geological time.

Uniformitarianism and Process Interactions

The principle of uniformitarianism is most directly relevant to understanding gradual processes. By
studying modern river erosion rates, for example, you can interpret how ancient valleys formed under
similar conditions.

Gradual and catastrophic processes are deeply interconnected. Weathering slowly weakens rock over
time, increasing its susceptibility to sudden landslides. Long-term tectonic uplift steepens terrain, which
influences flood magnitudes and frequencies. These interactions create complex feedback systems:
erosion reduces elevation, which affects local climate, which in turn changes erosion rates.

Study Methods and Importance

Understanding gradual processes requires integrating multiple lines of evidence:
« Stratigraphic records reveal long-term depositional patterns
« Isotope geochemistry determines ages and rates of processes (e.g., using 14C or U-Pb dating)

* Numerical modeling simulates landscape evolution over geological timescales, testing hypotheses
that can't be observed directly

This understanding has direct practical applications. Predicting how climate change will alter erosion rates
and sediment transport depends on knowing how gradual processes respond to shifting conditions. Soil
conservation strategies draw on long-term erosion patterns, and coastal management planning must
account for gradual sea-level rise alongside storm events.

1.4 Introduction to landscape analysis techniques

Geomorphological Research Tools

Landscape analysis techniques give geomorphologists the ability to map, measure, and interpret landforms
and how they change over time. These methods range from satellite-based remote sensing to hands-on
field surveys, and combining them is what allows researchers to reconstruct past landscapes, model future
changes, and untangle the interactions between geology, climate, and human activity at Earth's surface.
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Remote Sensing and GIS Technologies

Remote sensing uses technologies like satellite imagery and LiDAR to collect landscape data across large
areas. These tools capture high-resolution topographic and spectral information, making it possible to
detect subtle landscape features and track changes over time that would be invisible from the ground.

Geographic Information Systems (GIS) store, analyze, and visualize spatial data for geomorphological
research. Their real power lies in integration: you can layer topographic, geological, and hydrological
datasets together and run complex spatial analyses like terrain modeling or watershed delineation.

Photogrammetry creates 3D models and digital elevation models (DEMs) from overlapping photographs.
This technique is especially useful for small-scale, high-resolution mapping of geomorphological features.
It also enables reconstruction of historical landscapes using archival aerial photographs, giving you a
window into how a site looked decades ago.

Field-based Methods and GPS Technology

Field surveys serve a critical role: they ground-truth remote sensing data and collect detailed, site-specific
information that satellites can't provide. This includes soil sampling, outcrop analysis, and direct mapping
of geomorphological features. Without field validation, remotely sensed interpretations remain uncertain.

Global Positioning System (GPS) technology collects precise location data in the field, achieving
centimeter-level accuracy for detailed topographic surveys. GPS also georeferences remotely sensed
imagery, tying it to real-world coordinates so that datasets from different sources line up correctly.

Geophysical methods reveal what's happening beneath the surface:
» Ground-penetrating radar (GPR) images subsurface stratigraphy and buried landforms
« Electrical resistivity tomography (ERT) maps subsurface moisture distribution and material properties

Both are valuable for understanding landscape evolution where surface observations alone aren't enough.

Sediment Analysis Techniques

Particle size analysis determines sediment composition and helps identify transport processes. The size
distribution of grains reveals information about depositional environments and the energy regimes that
moved them, which in turn helps reconstruct past landscape conditions and sediment sources.

Dating methods are essential for building landscape chronologies:
» Radiocarbon dating works on organic materials up to roughly 50,000 years old

+ Optically stimulated luminescence (OSL) dates mineral grains up to approximately 300,000 years old
by measuring when they were last exposed to sunlight

Sediment budget calculations assess the balance between sediment inputs, outputs, and storage within a
system. These budgets are crucial for understanding denudation rates (how fast a landscape is being worn
down) and for tracking sediment delivery to depositional basins like lakes and coastal areas.
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Principles of Geomorphological Mapping

Genetic Classification and Scale Considerations

Genetic classification categorizes landforms based on their origin and the processes that formed them.
Fluvial landforms were shaped by rivers, glacial landforms by ice, and aeolian landforms by wind. This
classification system helps you understand the relationship between a landform's shape and the process
responsible for it.

Scale matters significantly in geomorphological mapping:
+ Regional-scale maps focus on major landform assemblages like mountain ranges or river systems
+ Detailed maps represent individual features like alluvial fans or drumlins

Choosing the wrong scale means either missing important details or drowning in irrelevant ones.

Integrating geomorphological maps with other thematic maps strengthens landscape interpretation.
Geological maps provide bedrock context, while soil maps inform you about surface material properties
and erosion potential.

Symbology and Temporal Aspects

Geomorphological maps use standardized symbols and colors to represent different landforms, processes,
and materials. Arrows might indicate flow direction, while stippling could mark depositional features.
Standardization ensures that different researchers interpret maps consistently.

Temporal information is built into these maps to capture landscape dynamics:
* Active processes get dynamic symbols (e.g., shifting sand dunes shown with movement indicators)

* Relict features use distinct symbology (e.g., abandoned river channels marked differently from active
ones)

Maps often also include projected future changes for planning and risk assessment, such as coastal
erosion projections under sea-level rise scenarios or landslide susceptibility zones based on climate
change predictions.

Applications in Landscape Analysis

Geomorphological maps are practical tools, not just academic products. In land use planning and hazard
assessment, they identify areas susceptible to landslides, flooding, and other geomorphic hazards, and
they inform infrastructure development by highlighting landscape constraints.

For environmental management, these maps clarify ecosystem dynamics through landform-habitat
relationships and guide restoration projects by providing geomorphological context.

They also provide a basis for quantitative landscape analysis: deriving morphometric parameters for
comparative studies and generating input data for landscape evolution models and process-based
simulations.
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Interpreting Topographic Data
Topographic Maps and Digital Elevation Models

Topographic maps represent the 3D landscape on a 2D surface using contour lines. Two key rules for
reading them:

« Contour spacing indicates slope steepness: closely spaced contours mean steep terrain, widely
spaced contours mean gentle slopes

« Contour patterns reveal landform shapes: V-shaped contours pointing upstream indicate valleys, while
roughly circular closed contours indicate hills

Digital Elevation Models (DEMs) are raster-based representations of terrain elevation. Unlike contour
maps, DEMs store elevation as a grid of numeric values, which makes them ideal for quantitative analysis.
From a DEM, you can derive slope, aspect (the compass direction a slope faces), and curvature across an
entire landscape.

Hillshade and 3D visualization techniques enhance interpretation by simulating how light would fall across
the terrain. These renderings highlight subtle topographic variations that are often missed in 2D
representations and help you recognize geomorphological features across large areas.

Drainage Network and Watershed Analysis

Drainage network extraction from topographic data identifies stream patterns across a landscape. Using
the Strahler method, you can assign stream orders that indicate network complexity: two first-order
streams join to form a second-order stream, two second-order streams form a third-order stream, and so
on. This process also delineates watershed boundaries and sub-basins.

Drainage density (total stream length divided by catchment area) provides insight into how dissected a
landscape is:

* High drainage density often indicates more erodible materials or higher precipitation
* Low drainage density may suggest resistant bedrock or arid conditions

Stream longitudinal profile analysis examines how elevation changes along a watercourse from source to
mouth. A concave-up profile is typical of a graded stream in equilibrium. Knickpoints, which are abrupt
changes in the profile's slope, can indicate tectonic activity, lithological boundaries, or base-level changes.

Terrain Analysis and Landform Classification

Slope analysis quantifies the steepness and aspect of terrain. Slope steepness is crucial for understanding
erosion potential and material transport, while aspect influences solar radiation receipt and vegetation
patterns.

Curvature analysis describes whether the land surface is convex or concave at a given point:

* Profile curvature (measured in the downslope direction) relates to acceleration or deceleration of
surface flow

* Plan curvature (measured across the slope) indicates whether flow converges or diverges

Automated landform classification techniques use algorithms to identify geomorphological features from
DEMs. The Topographic Position Index (TPI) compares a cell's elevation to its neighbors to distinguish
ridges, valleys, and plains. The geomorphons approach recognizes fundamental landform elements based
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on local geometry patterns, classifying terrain into categories like peaks, ridges, shoulders, slopes,
hollows, and pits.

Analyzing Geomorphological Data

Hypsometric and Morphometric Analysis

Hypsometric analysis quantifies how land surface area is distributed across different elevations within a
catchment. The hypsometric integral (a value between 0 and 1) indicates the stage of landscape evolution:
values near 1 suggest a young, uneroded landscape, while values near 0 suggest an old, heavily eroded
one. The shape of the hypsometric curve also reveals which geomorphic processes dominate (fluvial vs.
glacial, for example).

Morphometric indices allow you to quantify and compare landform characteristics across sites:
* The stream length-gradient index detects anomalies in river profiles that may relate to tectonic activity
» The concavity index of river profiles indicates the erosional regime and sediment transport capacity

Statistical analysis of landform metrics reveals characteristic scaling laws. Slope-area relationships inform
you about dominant erosion processes, while cumulative area distributions relate to network structure and
overall landscape organization.

Erosion Rate Estimation and Sediment Dynamics

Cosmogenic nuclide analysis quantifies long-term denudation rates by measuring the concentration of
isotopes (such as 1°Be and 26Al) produced when cosmic rays bombard minerals at or near Earth's
surface. This technique provides catchment-averaged erosion rates over 103 to 10° year timescales.

Thermochronology determines rock cooling histories and exhumation rates, telling you how quickly rock
has been brought toward the surface:

* Apatite fission track analysis reveals thermal history below approximately 120°C

* (U-Th)/He dating in apatite constrains cooling through roughly 70°C, while in zircon it constrains
cooling through roughly 180°C

Sediment budget calculations (also introduced in the sediment analysis section above) assess the balance
between inputs, outputs, and storage. At this analytical stage, they feed directly into understanding
geomorphic system dynamics and landscape denudation rates at the catchment scale.

Landscape Evolution Modeling

Numerical landscape evolution models use computer simulations to test hypotheses about how landforms
develop over time. These models integrate multiple geomorphic processes (erosion, deposition, tectonic
uplift) and allow researchers to explore complex feedbacks that would be impossible to study through
observation alone.

Model parameterization relies on field observations and quantitative analyses:
1. Calibrate the model using known landscape metrics and measured erosion rates

2. Run sensitivity analyses to understand how changing individual factors (e.g., rainfall intensity, rock
erodibility) affects the modeled landscape

3. Validate outputs against real-world topographic data
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Scenario testing is one of the most practical applications. By adjusting input conditions, researchers can
predict future landscape changes under different climate change scenarios or assess how land use
changes might alter erosion and sediment dynamics.
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Unit 2 — Weathering: Physical, Chemical &
Biological

2.1 Mechanisms of physical weathering

Physical weathering breaks down rocks without changing their chemistry. It's like nature's demolition crew,
using forces like freezing water, temperature changes, and salt crystals to crack and split rocks into smaller
pieces.

This process is a key part of the broader weathering story. It works alongside chemical and biological
weathering to shape Earth's surface, creating the landscapes we see and providing the raw materials for
soil formation.

Physical Weathering Mechanisms

Mechanical Rock Breakdown

* Physical weathering breaks down rocks and minerals mechanically without altering their chemical
composition

* Results in smaller fragments and increased surface area

+ Frost wedging splits rocks apart when water freezes and expands in cracks

* Exerts pressure over time as freeze-thaw cycles repeat

» Thermal expansion and contraction fractures rocks through repeated heating and cooling
« Causes stress as rocks expand when heated and contract when cooled

« Salt weathering fragments rocks as salt crystals grow in pores

* Exerts pressure within rock structure

Biological and Environmental Factors

« Exfoliation peels off outer rock layers due to pressure or temperature changes
« Often creates dome-like formations (Half Dome in Yosemite)

* Biological weathering physically breaks down rocks through organism activity
* Plant roots grow into cracks and widen them

* Burrowing animals disturb and fragment rock material

+ Abrasion erodes rock surfaces through particle collisions

» Wind, water, or ice carry rock particles that impact other rocks

* Creates features like ventifacts in deserts
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Temperature's Role in Weathering

Thermal Expansion and Contraction Process

» Thermal weathering significantly impacts areas with large temperature fluctuations (deserts)
« Different minerals expand and contract at varying rates within rocks

+ Creates internal stresses leading to fracturing over time

+ Coefficient of thermal expansion determines expansion/contraction degree

* Varies among rock types (quartz expands more than feldspar)

* Repeated heating and cooling cycles cause cumulative rock structure damage

* Weakens rocks and increases susceptibility to other weathering processes

Thermal Shock and Limitations

» Thermal shock fractures rocks through rapid temperature changes

» Sudden expansion or contraction can cause immediate breakage

» Thermal weathering effects limited by poor rock heat conductivity

* Primarily affects surface and near-surface layers (upper few centimeters)

« Effectiveness depends on factors like rock composition and environmental conditions

* More pronounced in areas with extreme daily temperature swings (hot deserts)

Water's Impact on Physical Weathering

Freeze-Thaw and Hydration Processes

» Water acts as primary agent in multiple physical weathering processes

* Freeze-thaw weathering (frost wedging) breaks rocks when water freezes in cracks
» Water expands by ~9% upon freezing, exerting pressure on surrounding rock

« Effectiveness depends on freeze-thaw cycle frequency and water availability

* Hydration weathering expands certain minerals through water absorption

* Can fracture surrounding rock as hydrated minerals increase in volume

» Examples include conversion of anhydrite to gypsum or olivine to serpentine

Salt Crystallization and Water's Role

« Salt crystallization weathering occurs as dissolved salts grow within rock pores
« Exerts pressure as crystals expand, fragmenting rock
« Particularly effective in coastal areas and arid regions (Death Valley salt pans)

» Water facilitates other weathering processes by:
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* Transporting weathered materials, exposing fresh rock surfaces
* Increasing chemical weathering rates, working in conjunction with physical processes
» Water-related weathering effectiveness varies with climate and rock properties

* More impactful in areas with frequent wet-dry or freeze-thaw cycles

Rock Properties and Weathering Susceptibility

Mineral Composition and Structure

» Mineral composition significantly affects rock resistance to physical weathering

» Some minerals more susceptible than others (mica vs quartz)

» Rocks with minerals having different thermal expansion coefficients prone to thermal weathering
+ Differential stress created by uneven expansion/contraction

* Crystal structure influences mineral cleavage patterns and potential breakage points

» Minerals with well-defined cleavage (mica) more easily split than those without (quartz)

* Foliated metamorphic rocks often more susceptible to weathering along foliation planes

» Examples include schist and gneiss

Physical Characteristics and Environmental Factors

* Rock porosity and permeability influence susceptibility to water-related weathering

* Higher porosity increases vulnerability to freeze-thaw and salt crystallization

* Rock hardness affects resistance to abrasion and mechanical weathering

* Measured on Mohs scale (talc = 1, diamond = 10)

* Pre-existing fractures, joints, or bedding planes provide pathways for water infiltration

* Increases vulnerability to physical weathering processes

+ Grain size and cementation of sedimentary rocks influence cohesion and weathering resistance
» Well-cemented sandstone more resistant than poorly cemented varieties

* Environmental factors interact with rock properties to determine weathering rates

« Climate, topography, and biological activity influence weathering intensity

2.2 Chemical weathering processes and reactions

Chemical weathering is a crucial process that breaks down rocks and minerals through reactions with
water, oxygen, and atmospheric gases. It involves various mechanisms like hydrolysis, oxidation, and
carbonation, which transform rock compositions and contribute to soil formation.

This process plays a vital role in shaping Earth's surface, influencing landscape evolution, and participating
in global cycles. Factors like temperature, precipitation, and rock composition affect weathering rates,
making it a complex and dynamic aspect of Earth's surface processes.
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Chemical Weathering Reactions

Types of Chemical Weathering Reactions

» Chemical weathering breaks down rocks and minerals through reactions with water, oxygen, and
atmospheric gases

* Hydrolysis involves water molecules reacting with mineral compounds, forming new compounds and
breaking down original mineral structures

» Oxidation exposes minerals to oxygen, leading to oxide formation and weakening mineral structures

» Carbonation occurs when carbonic acid (from atmospheric CO2 dissolved in water) reacts with
calcium and magnesium-bearing rocks

+ Dissolution directly dissolves minerals into water, affecting highly soluble minerals (halite, gypsum)

* Hydration incorporates water molecules into mineral crystal structures, causing expansion and
weakening

* Example: Anhydrite (CaS04) absorbs water to become gypsum (CaS04-:2H20)

Mineral Interactions with Water and Atmospheric Gases

» Water acts as reactant and transport medium in chemical weathering, facilitating reactions and
removing products

» Atmospheric carbon dioxide dissolves in water to form carbonic acid (H2CO3), enhancing weathering
of many minerals, especially carbonates

* Reaction: CO2 + H20-»H2CO3

» Oxygen participates in oxidation reactions, particularly affecting iron-bearing minerals

» Example: Iron oxidation in rocks leads to rust formation

* Acid rain accelerates chemical weathering processes

» Formed by dissolution of atmospheric pollutants (sulfur dioxide, nitrogen oxides) in water

» Water pH significantly influences mineral reactivity, with more acidic conditions generally increasing
weathering rates

* Biological processes contribute to chemical weathering in soil environments

* Plant roots and microorganisms release organic acids

Chemical Weathering Processes

Water and Atmospheric Gas Interactions
» Water serves dual role as reactant and transport medium in chemical weathering
» Atmospheric CO2 dissolves in water, forming carbonic acid (H2CO3) to enhance mineral weathering
* Example: Limestone dissolution by carbonic acid

» Oxygen participates in oxidation reactions, especially with iron-bearing minerals
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« Example: Pyrite oxidation in acid mine drainage

+ Acid rain accelerates chemical weathering through increased acidity

» Water pH influences mineral reactivity and weathering rates

* Biological processes contribute to weathering through organic acid production

« Example: Lichen growth on rock surfaces

Reaction Mechanisms and Products

* Hydrolysis breaks down minerals by reaction with water molecules

« Example: Feldspar weathering to clay minerals

» Oxidation weakens mineral structures through reaction with oxygen

« Example: Iron oxidation in basaltic rocks

« Carbonation dissolves carbonate minerals through reaction with carbonic acid
» Example: Limestone cave formation

* Dissolution directly dissolves highly soluble minerals into water

* Example: Salt dome dissolution

* Hydration expands and weakens minerals by incorporating water molecules

» Example: Expansion of clay minerals in wet conditions
Factors Influencing Chemical Weathering

Environmental Factors

» Temperature affects reaction rates, with higher temperatures accelerating chemical weathering
* Example: Increased weathering rates in tropical regions

* Precipitation and water availability are crucial for chemical weathering processes

» Example: Intense weathering in rainforest environments

« Climate zones significantly influence weathering intensity

* Tropical regions experience more intense chemical weathering due to high temperatures and
abundant rainfall

» Topography affects weathering rates by influencing water flow and accumulation
* Areas of high relief often experience more rapid weathering

* Example: Increased weathering on steep mountain slopes

Rock and Mineral Properties

» Rock composition determines susceptibility to different types of chemical weathering

» Some minerals are more reactive than others
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* Example: Rapid weathering of limestone compared to granite

« Surface area of exposed rock influences weathering rates

* Greater surface area leads to more rapid weathering

* Example: Increased weathering in fractured or porous rocks

* Presence of vegetation and soil microorganisms enhances chemical weathering
* Production of organic acids and increased water retention

« Example: Enhanced weathering in forested areas compared to bare rock surfaces

Chemical Weathering and Earth's Surface

Secondary Mineral Formation and Soil Development

» Chemical weathering leads to clay mineral formation, crucial for soil formation and nutrient retention
* Example: Kaolinite formation from feldspar weathering

+ Dissolution of primary minerals can result in secondary mineral precipitation in pore spaces

* Alters rock porosity and permeability

» Example: Cementation of sandstone by iron oxides

* Alteration of feldspars to clay minerals is fundamental in many soil type formations

» Example: Development of lateritic soils in tropical regions

* Intense chemical weathering in tropical regions leads to laterite and bauxite formation
 Concentrates certain elements (aluminum, iron)

* Example: Bauxite deposits as a source of aluminum ore

Landscape Evolution and Global Processes

» Chemical weathering contributes to distinctive landform development
» Example: Karst topography formation in limestone regions

* Plays vital role in global carbon cycle by consuming atmospheric CO2 during silicate mineral
weathering

» Example: Long-term CO2 sequestration through weathering of basaltic rocks

* Contributes to economically important mineral deposit formation

* Includes some types of ore bodies and industrial minerals

» Example: Supergene enrichment of copper deposits

* Influences rock porosity and permeability, affecting groundwater flow and storage

» Example: Development of aquifers through selective mineral dissolution
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2.3 Biological weathering and soil formation

Biological Contributions to Weathering

Biological weathering is where living organisms break down rock and, in doing so, build the foundation for
soil. Plants, microorganisms, and animals all contribute, often working alongside physical and chemical
weathering in feedback loops that accelerate the whole process. Understanding these biological
mechanisms is essential because they connect the geosphere to the biosphere and explain how bare rock
eventually becomes fertile ground.

Microorganisms and Plants as Weathering Agents

Microorganisms are some of the first colonizers of rock surfaces, and their metabolic byproducts do serious
chemical work.

+ Bacteria secrete enzymes that break down specific minerals, releasing ions into solution.

* Fungi produce organic acids (especially oxalic acid) that dissolve calcium-bearing minerals like
calcite. Oxalic acid is particularly effective because it both lowers pH and chelates metal cations.

+ Algae contribute by producing carbonic acid and trapping moisture against rock surfaces.

Plant roots act as both physical and chemical weathering agents. As roots grow into existing fractures, they
exert outward pressure that widens cracks over time. At the same time, roots release chemical exudates
(organic acids, chelating compounds) into the surrounding soil and rock, accelerating mineral dissolution
right at the root-rock interface.

Lichens deserve special attention because they're often the very first organisms to colonize bare rock. A
lichen is a symbiosis between a fungus and a photosynthetic partner (alga or cyanobacterium). The fungal
component physically penetrates the rock surface while secreting oxalic acid that etches and pits the rock.
This initial breakdown creates a thin layer of material where other organisms can eventually establish.

Animal Impacts on Weathering and Soil Formation

Animals contribute mainly through bioturbation, the physical mixing and reworking of soil and sediment.

* Burrowing organisms like earthworms, ants, and rodents create tunnels that mix soil layers vertically,
aerate the subsurface, and open channels for water infiltration and air circulation. Earthworms alone
can move several tons of soil per hectare per year in productive ecosystems.

« Larger mammals affect soil through trampling (which compacts surface layers, especially from hooved
animals) and through organic matter inputs from feces and decomposing carcasses.

The accumulation and decomposition of dead organisms produces humus, a dark, stable form of organic
matter. Humus improves soil structure by binding mineral particles into aggregates, increases
water-holding capacity, and serves as a slow-release reservoir of nutrients.

Plant and Microbial Roles in Rock Breakdown

Physical and Chemical Effects of Plant Roots

Root-driven weathering operates through two simultaneous pathways:

Physical pathway: 1. Roots grow into pre-existing cracks and joints in rock. 2. As roots thicken, they exert
radial pressure that widens fractures. 3. Wider fractures allow more water penetration and more root
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growth, creating a positive feedback loop.

Chemical pathway: 1. Roots respire CO2, which dissolves in soil water to form carbonic acid (H2CO3). 2.
Carbonic acid reacts with carbonate minerals (like calcite in limestone), dissolving them:

CaCOs + H,CO3 »Ca’* 4+ 2HCO; 3. Roots also release organic acids and chelating agents that bind
metal ions (like Fe3*, A/3+, Ca®*) and strip them from mineral surfaces, destabilizing the crystal
structure.

The zone immediately surrounding a root, called the rhizosphere, has a distinctly lower pH than the
surrounding bulk soil because of these acid inputs. This makes the rhizosphere a hotspot for mineral
weathering.

Microbial Mechanisms of Mineral Weathering

Microbial communities in the rhizosphere amplify the weathering effects of roots. Several mechanisms are
at work:

« Organic acid production: Bacteria and fungi release oxalic acid, citric acid, and other organic acids
that lower soil pH and directly attack mineral surfaces. These acids are most concentrated in biofilms,
thin microbial coatings on rock surfaces that trap moisture and organic compounds against the mineral,
creating microenvironments where dissolution rates are much higher than in the surrounding soil.

» Ectomycorrhizal fungi form symbiotic partnerships with plant roots. The fungus gets carbon from the
plant; in return, it extends threadlike hyphae deep into soil and rock, secreting acids and enzymes that
break down minerals and deliver released nutrients (especially phosphorus) back to the plant. Some
ectomycorrhizal fungi leave visible etch pits on mineral grains.

« Siderophores are iron-chelating molecules produced by many soil microorganisms. They bind Fe3*+
with extremely high affinity, pulling iron out of minerals like biotite and hornblende. This is a key
mechanism for both weathering iron-bearing silicates and cycling iron through the soil ecosystem.

Biological Weathering and Soil Development

Formation of Soil Horizons and Organic Matter

Biological weathering is a primary driver of soil horizon development. Here's how the process unfolds on a
newly exposed rock surface:

1. Lichens and microorganisms colonize bare rock, producing a thin veneer of weathered material.

2. Pioneer plants establish in this material, and their roots accelerate weathering while adding organic
matter when they die.

3. Organic matter accumulates at the surface, forming the O horizon (litter layer) and the A horizon
(topsaoil), which is rich in humus mixed with mineral grains.

4. Water percolating through the organic-rich upper layers carries dissolved organic acids and ions
downward, contributing to the development of the B horizon (subsoil) through leaching and
redeposition.

Microbial decomposition is what converts dead plant and animal material into humus. Without microbial
activity, organic litter would simply pile up without releasing its nutrients back into the soil. Decomposer
communities transform complex organic molecules into simpler, plant-available forms (’\""’4+ , PO;:’ LK),
completing the nutrient cycle.
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Nutrient Release and Cycling

Biological weathering is the main pathway by which nutrients locked in primary minerals become available
to ecosystems.

* Phosphorus and potassium are released when root exudates and microbial acids dissolve minerals
like apatite and feldspar. Without biological weathering, these nutrients would remain trapped in crystal
lattices.

* Biological nitrogen fixation adds nitrogen to soils that rock weathering alone cannot supply. Certain
bacteria (notably Rhizobium in symbiosis with legumes, and free-living cyanobacteria) convert
atmospheric N2 into ammonium (NVH,"), a form plants can use.

» Mycorrhizal fungi dramatically extend the effective absorbing surface area of plant roots. Their hyphal
networks reach into soil pores too small for roots, accessing water and nutrients (especially
phosphorus) that would otherwise be unavailable. Mycorrhizal hyphae also contribute to soil structure
by producing glomalin, a glycoprotein that helps bind soil particles into stable aggregates.

* Burrowing fauna (earthworms especially) drive pedoturbation, physically mixing organic matter from
the surface into deeper soil layers and bringing mineral material upward. This vertical mixing prevents
sharp stratification and distributes nutrients more evenly through the profile.

Interdependence of Weathering Processes

Synergistic Effects of Physical, Chemical, and Biological Weathering

The three categories of weathering don't operate in isolation. They reinforce each other through positive
feedback loops:

* Physical weathering increases surface area. When frost wedging or pressure release fractures rock, it
exposes fresh mineral surfaces and creates openings for roots and water. More surface area means
faster chemical and biological attack.

* Biological weathering accelerates chemical weathering. Organic acids produced by roots, fungi, and
bacteria lower pH and chelate ions, speeding up dissolution reactions that would otherwise proceed
slowly with just rainwater.

» Chemical weathering weakens rock for further physical and biological breakdown. As chemical
reactions alter mineral compositions (for example, converting feldspar to soft clay minerals), the rock
becomes more friable and easier for roots and frost to break apart.

A good example of this synergy: lichens colonize a granite surface, producing oxalic acid that etches
feldspar and mica grains (chemical). The weakened surface crumbles more easily under freeze-thaw
cycles (physical). Mosses and small plants then establish in the accumulated debris, and their roots widen
cracks further (biological and physical). Each process creates conditions that enhance the others.

In tropical rainforests, where temperatures are high and biological activity is intense, this synergy drives
some of the fastest weathering rates on Earth. Rapid organic matter turnover produces a constant supply
of organic acids, and warm, wet conditions keep chemical reaction rates high year-round.

Landscape Evolution and Environmental Impacts

Over long timescales, the combined action of biological, chemical, and physical weathering shapes
landscapes and controls soil development.
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* Biogenic minerals like calcium oxalate crystals (produced by plants and fungi) can physically wedge
apart rock grains and chemically alter their surroundings, adding another layer to the weathering
system.

» Weathering rates directly influence erosion and sediment transport. Thicker, well-developed soils on
stable surfaces reflect long periods of biological weathering, while thin soils on steep slopes indicate
that erosion outpaces soil formation.

« Climate change shifts the balance among weathering processes. Rising temperatures can increase
biological activity and chemical reaction rates, but changes in precipitation may limit or enhance
moisture availability. Shifts in vegetation communities alter the types and intensity of biological
weathering.

» Anthropogenic impacts like deforestation, agriculture, and pollution disrupt biological weathering.
Removing vegetation eliminates root weathering and organic acid inputs. Acid rain or heavy metal
contamination can suppress microbial communities, slowing nutrient cycling and soil formation.

2.4 Weathering products and their significance

Weathering products, from clay minerals to dissolved ions, are the tangible results of rock breakdown.
These products shape soil properties, influence landscape evolution, and provide crucial insights into past
climates and environmental conditions.

Understanding weathering products is key to grasping Earth's surface processes. They control soil fertility,
create distinctive landforms, and serve as valuable indicators of past and present climate patterns.

Weathering Products
Clay Minerals and Metal Oxides

Clay minerals form through the chemical alteration of primary silicate minerals. The type of clay you get
depends heavily on drainage and chemistry at the weathering site:

« Kaolinite develops in well-drained, acidic environments where intense leaching strips away most
cations, leaving behind a simple 1:1 layer silicate.

» Smectites (including montmorillonite) form in poorly drained, alkaline conditions where cations like
calcium and magnesium stick around in solution. These clays are notable for their ability to swell when
wet.

« lllite forms in potassium-rich environments and has a structure intermediate between kaolinite and
smectite.

Metal oxides and hydroxides result from oxidation and hydrolysis reactions:

» Iron oxides like hematite (F€203) and goethite (FEOOH) produce the characteristic red and
yellow-brown colors you see in weathered rock and tropical soils.

+ Aluminum hydroxides like gibbsite (A/(OH)3) create white or pale hues and accumulate where
extreme leaching removes nearly everything else.

Residual quartz and other resistant minerals survive weathering largely intact, persisting as sand- or
silt-sized particles because their crystal structures are highly stable at surface conditions.
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Dissolved lons and Secondary Minerals

When minerals break down through hydrolysis, carbonation, and oxidation, they release dissolved ions into
solution. Calcium (Ca?*), magnesium (Mg’2 *), potassium (K * ), sodium (Na *), and bicarbonate (
HCO;) are among the most common products. The concentration of these ions in soil water and streams
varies with pH, temperature, and how much water is moving through the system.

Secondary minerals precipitate when ion-rich solutions become supersaturated:
« Calcite (CaCO3) and gypsum (CaS04 - 2H20) are common examples.

+ Precipitation is driven by factors like evaporation, temperature changes, and biological activity that
shift solution chemistry past the saturation threshold.

Formation of Weathering Products

Environmental Factors

Climate is the dominant control on which weathering products form:

* Higher temperatures accelerate reaction rates (roughly doubling for every 10°C increase) and shift
mineral stability fields, favoring products like kaolinite and iron oxides in the tropics.

+ Greater precipitation increases water availability and leaching intensity, flushing soluble ions from the
profile and driving weathering toward more thoroughly leached products.

Rock type determines the starting mineralogy and therefore the potential products. A granite rich in
feldspar and biotite will yield different clays and oxides than a limestone made almost entirely of calcite.
Mineral composition and crystal structure both influence how susceptible a rock is to weathering.

Topography shapes weathering intensity and product distribution:

« Steep slopes shed water quickly, reducing contact time between water and rock and limiting chemical
weathering.

* Gentle slopes and valley floors allow longer water residence times, promoting deeper weathering
profiles.

* Aspect matters too: south-facing slopes (in the Northern Hemisphere) receive more solar radiation,
affecting temperature and moisture regimes.

Chemical Processes

Three key reactions produce most weathering products:
1.

Hydrolysis breaks down silicate minerals through reaction with water. For example, potassium feldspar
reacts with slightly acidic water to produce kaolinite, dissolved silica, and potassium ions. This is the most
important weathering reaction for silicate rocks.

2.

Oxidation alters minerals through reaction with dissolved oxygen. Iron-bearing minerals are especially
susceptible. Pyrite (F€S2), for instance, oxidizes to form iron oxides and sulfuric acid, which can then
accelerate further weathering. The distinctive rust-colored staining on weathered rock surfaces is a visible
sign of oxidation.
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3.

Carbonation dissolves minerals through reaction with carbonic acid (H2CO3), which forms when CO>
dissolves in water. Calcite in limestone is particularly reactive:

CaCOs + H,CO3 > Ca’* + 2HCO;

This reaction produces bicarbonate ions and increases water hardness. It's the primary driver of karst
landscape development.

Significance of Weathering Products

Soil Properties and Fertility

Clay minerals influence several crucial soil characteristics:

+ Cation exchange capacity (CEC): Clay surfaces carry negative charges that attract and hold nutrient
cations (Ca?*, K+, M92 *). Smectite clays have much higher CEC than kaolinite, which is one
reason tropical soils (dominated by kaolinite) tend to be less fertile.

» Water holding capacity: The large surface area of clay particles retains water in the soil profile,
benefiting plant growth.

+ Soil structure: Clays help bind soil particles into aggregates, affecting porosity and aeration.

Metal oxides affect soil color and nutrient cycling. Iron oxides give many tropical soils their reddish hue.
They also adsorb phosphorus strongly, which can limit plant uptake of this essential nutrient in highly
weathered soils.

Dissolved ions contribute directly to soil solution chemistry. Calcium and magnesium influence soil pH and
base saturation, while potassium serves as an essential plant macronutrient.

Geomorphological Processes

Weathering products actively shape landscape evolution in several ways:

» Mass movement: Clay-rich soils are prone to landslides and soil creep because clays (especially
smectites) lose strength when saturated.

* Resistant landforms: Quartz-rich residual materials form prominent features like inselbergs, which
stand above the surrounding landscape because they resist weathering more effectively.

* Duricrusts: Secondary mineral precipitation creates hardened surface layers. Calcrete (calcium
carbonate), silcrete (silica), and ferricrete (iron oxide) form duricrusts that armor the landscape and alter
infiltration and runoff patterns.

+ Karst topography: Dissolution of soluble carbonate minerals produces sinkholes, caves, disappearing
streams, and other distinctive karst landforms in limestone regions.

Weathering Products as Indicators

Paleoclimate Reconstruction

Clay mineral assemblages preserved in sedimentary records reflect the climate conditions under which
they formed:
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+ Kaolinite abundance points to warm, humid environments with intense chemical weathering and
leaching.

« lllite or chlorite prevalence suggests cooler or drier conditions where physical weathering dominates
and leaching is limited.

Metal oxide distributions provide additional paleoclimate evidence. Laterite and bauxite deposits signify
prolonged tropical weathering regimes, while paleosol (ancient soil) color sequences can reveal shifts
between wetter and drier periods.

Isotopic compositions of pedogenic carbonates (carbonates formed within soils) are particularly powerful
climate proxies:

« Oxygen isotopes (6 80) reflect past temperature and precipitation patterns.

« Carbon isotopes (613C) indicate the type of vegetation present (C3 vs. C4 plants) and can constrain
past atmospheric CO> levels.

Global Change and Carbon Cycle

Silicate weathering plays a direct role in the long-term carbon cycle. When silicate minerals react with
carbonic acid, they consume atmospheric CO> and convert it to dissolved bicarbonate, which eventually
reaches the ocean. Over geological timescales, this acts as a carbon sink that helps regulate Earth's
climate. Enhanced chemical weathering during warm periods draws down CO3>, creating a negative
feedback on global temperature.

Paleosol development records long-term climate stability:

* Thick, well-developed paleosols with mature clay mineral assemblages indicate prolonged stable
conditions.

» Truncated or weakly developed paleosols suggest climate variability or erosional events that
interrupted soil formation.

The global distribution of weathering products tracks climate zone shifts through time. The latitudinal extent
of laterite deposits records expansion and contraction of the tropical belt, while glacial deposits and
periglacial features mark the reach of cooling events. Together, these products provide a spatial record of
how Earth's climate zones have migrated over millions of years.
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Unit 3 — Soil Formation and Classification

3.1 Soil-forming factors and processes

Soil formation factors

Soil formation results from the interaction of five factors: climate, organisms, topography, parent material,
and time. These are often remembered by the acronym CLORPT (after Hans Jenny's classic equation).
Understanding how each factor contributes to soil development is foundational for predicting soil properties
across different landscapes.

Climate and organisms

Climate drives soil formation primarily through temperature and precipitation. Higher temperatures speed
up chemical weathering reactions and accelerate organic matter decomposition. Greater precipitation
increases leaching of soluble minerals downward through the profile and promotes clay mineral formation.
In contrast, arid climates tend to produce shallow, mineral-rich soils where salts accumulate near the
surface rather than being flushed out.

Organisms shape soils from the surface down:

+ Plants add organic matter through leaf litter and root turnover. Root networks also improve soil
porosity and help bind particles into aggregates, which increases water infiltration and structural
stability.

+ Soil fauna like earthworms and termites physically mix soil layers (bioturbation), redistribute organic
matter, and create macropores that improve drainage. A single hectare of temperate grassland can
contain over a million earthworms, each pulling organic material deeper into the profile.

» Microorganisms (bacteria, fungi) decompose organic inputs and drive nutrient cycling, converting
complex organic compounds into plant-available forms.

Climate and organisms don't act independently. A warm, wet climate supports dense vegetation, which
produces more organic matter, which fuels more microbial activity. This feedback loop is why tropical soils
can be deeply weathered yet nutrient-poor: rapid decomposition and intense leaching strip nutrients almost
as fast as they're produced.

Topography and parent material

Topography (also called relief) controls how water moves across and through the landscape, which in turn
affects soil depth, drainage, and development.

+ Slope angle determines erosion rates. Steep slopes lose material faster than soil can form, producing
thin, poorly developed profiles. Flat or gently sloping areas accumulate sediment and retain water
longer, allowing deeper soil development.

» Slope aspect creates microclimates. In the Northern Hemisphere, south-facing slopes receive more
direct sunlight, leading to warmer, drier conditions and faster organic matter decomposition compared
to north-facing slopes.

 Landscape position matters too. Soils at the base of a slope (footslope) tend to be wetter and receive
nutrients transported from upslope, while summit positions are often better drained but more exposed to
erosion.
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Parent material is the geological starting point for any soil. It determines the initial mineral composition,
texture, and chemistry that pedogenic processes then modify over time.

» Chemical composition directly affects soil pH and nutrient availability. Soils derived from limestone
tend to be alkaline and calcium-rich, while those from granite are typically more acidic and lower in base
cations.

* Physical properties set the baseline texture. A sandy parent material produces coarse, well-drained
soils with low water-holding capacity. A fine-grained parent material like glacial till or shale weathers
into clay-rich soils that retain more moisture but may drain poorly.

In young soils, parent material dominates soil properties. Over time, climate and biological processes
increasingly overprint the parent material's influence.

Time and soil development

Time is the factor that allows all the others to leave their mark. Without enough time, even favorable
climate and parent material conditions produce only weakly developed soils.

« Initial soil development can begin within decades. Pioneer plants colonize bare rock or fresh sediment,
organic matter starts to accumulate, and a thin A horizon forms.

» Moderate development (distinct A, B, and sometimes E horizons with measurable clay translocation)
typically takes thousands to tens of thousands of years.

* Highly weathered soils, like the Oxisols of tropical regions, may represent millions of years of
continuous pedogenesis, with nearly all primary minerals broken down and thick profiles dominated by
iron and aluminum oxides.

The rate of development isn't constant. It depends on how the other four factors interact. A soil forming on
limestone in a humid tropical climate will develop far faster than one forming on resistant quartzite in a
cold, dry environment.

Soil chronosequences are sets of soils that share similar climate, organisms, topography, and parent
material but differ in age. By comparing soils along a chronosequence, you can isolate the effect of time.
Key properties that change predictably with age include clay content, organic matter accumulation, horizon
thickness, and the degree of horizon differentiation.

Soil formation processes

The five factors above set the conditions. The actual transformation of parent material into soil happens
through specific pedogenic processes: additions, removals, translocations, and transformations occurring
within the profile.

Weathering and leaching

Weathering breaks down rocks and minerals into smaller particles and new mineral phases. It's the most
fundamental process in soil formation.

Physical (mechanical) weathering reduces particle size without changing mineral composition:
* Freeze-thaw cycles fracture rock as water expands upon freezing in cracks.
* Root wedging pries apart rock along joints as roots grow and expand.

« Exfoliation (pressure release) causes outer rock layers to peel away as overlying material is removed.
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Chemical weathering alters mineral structures and releases ions into soil solution:

* Hydrolysis breaks down silicate minerals (like feldspar) through reaction with water, producing clay
minerals and dissolved cations.

« Oxidation transforms iron-bearing minerals (e.g., converting Fe2* to Fe3* ), producing the reddish
and yellowish colors common in well-drained soils.

+ Carbonation occurs when CO> dissolved in water forms carbonic acid (H2CO3), which is especially
effective at dissolving carbonate minerals like calcite.

Leaching is the downward removal of dissolved materials by percolating water. In humid climates, leaching
strips soluble ions (Ca?*, Mg?*, K™*) from upper horizons, often creating a pale eluvial (E) horizon that
has lost clay, iron oxides, and organic matter. The intensity of leaching depends on rainfall amount, soil
texture (coarse soils leach faster), and the solubility of the compounds involved.

Together, weathering and leaching drive horizon differentiation by selectively removing and transforming
materials at different depths.

Accumulation and pedoturbation

Accumulation concentrates materials within specific zones of the soil profile, often working in tandem with
leaching.

« llluviation is the deposition of material that was translocated from upper horizons. Clay particles, iron
oxides, and organic compounds leached from the A or E horizon accumulate in the B horizon
(sometimes called the illuvial horizon). You can often see this as clay coatings (called argillans or clay
films) on ped surfaces in the B horizon.

+ Organic matter accumulation in surface horizons (O and A) reflects the balance between organic
inputs (litter, root turnover) and decomposition losses. In cold or waterlogged environments,
decomposition slows and thick organic horizons develop.

Pedoturbation refers to physical mixing processes that disrupt or homogenize soil horizons:

* Bioturbation: Burrowing animals, root growth, and tree throw mix soil material across horizons. This is
the most widespread form of pedoturbation.

* Cryoturbation: In permafrost and periglacial environments, repeated freeze-thaw cycles churn soil,
creating irregular, contorted horizon boundaries and patterned ground features.

* Argilliturbation (also called vertic mixing): Soils rich in shrink-swell clays (like smectite) crack deeply
when dry and swell shut when wet. Surface material falls into cracks during dry periods, and the
swelling pressure upon rewetting pushes material upward, creating a self-mixing cycle. This is the
defining process in Vertisols.

Pedoturbation can work against horizon development by blending distinct layers back together, which is
why heavily bioturbated or cryoturbated soils often have weak or irregular horizonation.

Redoximorphic processes

When soils are saturated with water for extended periods, oxygen is depleted and anaerobic conditions
develop. Microorganisms switch to using oxidized forms of iron and manganese as electron acceptors,
reducing Fe3* (insoluble, rust-colored) to Fe2 ™ (soluble, grayish-blue). This process is called gleization.

The visual result is distinctive:
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* Gleyed horizons display low-chroma gray or bluish-gray colors, indicating prolonged saturation and
reduction.

» Redoximorphic features (mottles, concentrations, depletions) form where the water table fluctuates.
Zones that are periodically aerated show orange or reddish spots (oxidized iron), while zones that
remain saturated longer appear gray (reduced or iron-depleted).

These color patterns are not just cosmetic. They're reliable indicators of a soil's drainage status and are
used extensively in wetland delineation and soil classification. Soils dominated by these processes are
classified as Gleysols (in the WRB system) or placed in aquic suborders (in USDA Soil Taxonomy).

Redoximorphic conditions also affect nutrient availability. Reduced iron and manganese become more
soluble and can reach toxic concentrations for some plants, while phosphorus availability may actually
increase as iron-phosphate compounds dissolve under reducing conditions.

Time and soil development

Progressive and regressive pedogenesis

Soil development isn't a one-way street. Progressive pedogenesis is the "forward" trajectory: horizons
become more distinct, clay accumulates in the B horizon, weathering deepens the profile, and the soil
becomes increasingly differentiated from its parent material. This is what you see along most
chronosequences under stable conditions.

Regressive pedogenesis moves in the opposite direction, simplifying or degrading the soil profile. Causes
include:

« Erosion stripping upper horizons faster than they can reform, exposing less-developed material at the
surface.

« Climate shifts that alter the moisture or temperature regime, potentially reversing leaching patterns or
changing vegetation cover.

* Human activities like deforestation, intensive tillage, or overgrazing, which accelerate erosion and
organic matter loss.

+ Depositional events like volcanic ash falls or flood sediments that bury existing horizons and reset
development at the surface.

A soil's current state reflects the net balance of progressive and regressive processes over its history.
Many real-world soils show evidence of both, with well-developed lower horizons overlain by younger,
less-developed material.

Soil chronosequences and paleosols

Chronosequences are powerful tools for isolating the effect of time on soil development. Classic examples
include soils formed on a series of dated glacial moraines or river terraces of known age. By holding the
other four factors roughly constant, researchers can track how properties like clay content, cation
exchange capacity, and horizon thickness change with age.

Paleosols are ancient soils that have been preserved, either by burial under younger sediments or by
surviving at the surface as relict features in a changed environment.

« Buried paleosols are found in stratigraphic sequences and can record past climate, vegetation, and
landscape conditions. For example, a deeply weathered paleosol within a loess sequence suggests a
prolonged warm, humid interval between periods of dust deposition.
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* Relict paleosols remain at the surface but formed under conditions different from the present. Deeply
weathered laterite soils in currently semi-arid parts of Australia, for instance, are relicts of wetter
Tertiary climates.

Both chronosequences and paleosols help connect soil science to broader questions about landscape
evolution, climate change, and long-term ecosystem dynamics. They also provide a basis for predicting
how soils might respond to future environmental shifts.

3.2 Soil horizons and profiles

Soil horizons and profiles are the foundation for understanding how Earth's surface evolves. They reveal
the physical, chemical, and biological processes that shape soils over time, offering clues about climate,

geology, and land use history. From the organic-rich O horizon at the surface to the weathered C horizon
near bedrock, each layer has distinct characteristics that inform decisions about agriculture, engineering,
and ecosystem management.

Soil horizons and development

Formation and significance of soil horizons

Soil horizons are distinct layers that develop as physical, chemical, and biological processes act on parent
material over time. Each horizon represents a stage in pedogenesis (the process of soil formation and
development), recording information about the soil's history, composition, and environment.

These horizons reflect the interactions among the five soil-forming factors: climate, parent material,
topography, organisms, and time. Reading them correctly helps you assess soil health, fertility, and
suitability for agriculture or construction. They also provide a window into past and present environmental
conditions.

Processes shaping soil horizons

Several key processes work together to create and differentiate horizons:

» Weathering breaks down parent material into smaller particles and releases nutrients, providing the
raw ingredients for soil development.

* Leaching moves dissolved materials and fine particles downward through the profile with percolating
water.

* Translocation redistributes soil components between horizons. For example, clay particles and iron
oxides can move from upper to lower layers.

+ Organic matter accumulation and decomposition strongly influence surface horizons, building up
humus that darkens the soil and improves structure.

« Bioturbation mixes soil materials through root growth, earthworm activity, and animal burrowing.

 Mineral transformations alter the chemical and physical properties of soil components, producing
secondary minerals like clays and iron oxides.

* Redox reactions occur under waterlogged conditions when oxygen is depleted, producing distinctive
features like mottling (patches of different colors) and gleying (gray, reduced soil).
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Major soil horizons

Surface and near-surface horizons

O horizon — Composed of fresh and partially decomposed organic matter sitting at the soil surface. Its
thickness depends on vegetation type and decomposition rate. It's subdivided into three layers:

* Oi: relatively fresh litter (leaves, twigs)
* Oe: partially decomposed organic material
+ Oa: highly decomposed (humified) material

A horizon (topsoil) — The zone of maximum biological activity, rich in organic matter. Its dark color comes
from humus content. This horizon is critical for nutrient cycling and water retention, and it typically has
granular or crumb structure that promotes good aeration and root growth.

E horizon — Defined by eluviation, the leaching of clay, iron, and aluminum oxides out of the layer. It
appears light-colored because those darkening agents have been removed. E horizons are most common
in forest soils and high-precipitation areas. Some profiles lack an E horizon entirely due to mixing or
erosion.

Subsurface horizons and parent material

B horizon (subsoil) — The zone of accumulation, where materials leached from upper horizons collect. It's
typically enriched in clay, iron, and aluminum compounds and often shows blocky or prismatic structure.
Look for features like clay films (coatings on aggregate surfaces) or iron concretions.

C horizon — Partially weathered parent material that retains much of the original rock structure.
Soil-forming processes have had less impact here than in the overlying horizons. Studying the C horizon
helps you understand the soil's mineralogical origin.

R horizon — Unweathered, coherent bedrock. This marks the lower boundary of the soil profile and
influences overall soil depth and drainage.

Transitional and specialized horizons

Transitional horizons (AB, BC) show properties of two adjacent horizons blending together. They reflect the
gradual, continuous nature of soil development rather than sharp boundaries.

Several specialized diagnostic horizons are worth knowing:
« Calcic horizons: accumulations of calcium carbonate, typical of arid and semi-arid environments

* Spodic horizons: accumulations of organic matter, aluminum, and iron that form in acidic, sandy soils
(the hallmark of podzolization)

* Argillic horizons: significant clay buildup through illuviation (the deposition of material that was leached
from above)

* Fragipans: dense, brittle subsurface layers that restrict both water movement and root penetration
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Interpreting soil profiles

Analyzing horizon characteristics

When you examine a soil profile, four properties give you the most information:
Thickness — Thicker horizons generally indicate more intense or longer-duration soil-forming processes.

Color — One of the quickest diagnostic tools: - Dark colors typically signal high organic matter (common in
A horizons) - Red or yellow colors point to iron oxides under well-drained conditions - Gray or mottled
colors indicate poor drainage or chemically reducing conditions

Texture — Refers to the particle size distribution, which controls water-holding capacity and nutrient
retention. The three size classes are: - Sand: 2.0-0.05 mm - Silt: 0.05-0.002 mm - Clay: <0.002 mm

Structure — Describes how soil particles are arranged into aggregates. The main types (granular, blocky,
prismatic, platy) each affect water movement, root growth, and aeration differently.

Identifying soil-forming processes

You can read a profile like a record of the processes that shaped it:

* Eluviation and illuviation show up as material moving between horizons. Clay accumulation in the B
horizon forms an argillic horizon. Movement of organic matter and sesquioxides (iron and aluminum
oxides) is the signature of podzolization.

+ Organic matter dynamics are visible in the depth and darkness of the A horizon. Grassland soils
develop thick, dark mollic epipedons, while forest soils tend to have thinner A horizons.

» Weathering intensity can be inferred from how much the parent material has been altered in lower
horizons. More distinct horizon boundaries and more secondary minerals (clays, iron oxides) indicate
stronger weathering.

* Bioturbation is evident where soil materials are mixed and homogenized. Root channels, pores, and
krotovinas (infilled animal burrows) are common signs.

» Redoximorphic features indicate periods of water saturation and oxygen depletion. Look for mottling
patterns (patches of red, yellow, and gray) or full gleying in permanently waterlogged soils.

Soil profiles: Climate vs geology

Climate-driven soil profile variations

Climate is often the dominant control on profile development:

* Arid and semi-arid regions show minimal horizon development, with thin A horizons (low organic
matter input) and subsurface accumulations of salts or carbonates (calcic or salic horizons).

» Humid tropical regions produce deeply weathered profiles with thick, clay- and oxide-rich B horizons
(Oxisols). Rapid decomposition often prevents a distinct A horizon from forming, and intense leaching
creates nutrient-poor, acidic soils.

» Temperate forests develop well-differentiated profiles with a prominent organic-rich A horizon and clay
translocation into the B horizon (Alfisols, Ultisols). Under coniferous forests, Spodosols form with
distinct E and spodic horizons.
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+ Polar regions with permafrost produce cryoturbated profiles (Gelisols/Cryosols). Freeze-thaw cycles
disrupt normal horizon sequences, and organic matter accumulates at the surface because cold
temperatures slow decomposition.

Geologic influences on soil profiles

Parent material and landscape age also leave strong signatures:

* Young landscapes (e.g., recently glaciated areas) have weakly developed profiles that retain many
parent material characteristics. These are typically classified as Entisols or Inceptisols.

* Volcanic soils develop unique andic properties as volcanic ash weathers rapidly into amorphous
minerals like allophane and imogolite. These soils have high organic matter retention and strong
phosphorus fixation.

« Steep slopes often have truncated profiles because erosion removes surface material. Upper slopes
tend to have thinner A horizons, while lower slopes accumulate thicker colluvial deposits.

« Limestone-derived soils tend toward high clay content and neutral to alkaline pH. Terra rossa soils,
with their distinctive red, clay-rich B horizons, are a classic example. Karst topography can develop in
the underlying bedrock.

* Floodplain soils display stratified profiles from periodic sediment deposition, with buried horizons and
abrupt textural changes. These soils are often highly fertile thanks to nutrient-rich alluvial deposits.

3.3 Soil classification systems and mapping

Soil classification systems and mapping

Soil classification systems organize soils into categories based on measurable properties and formation
processes. Without them, soil scientists in different regions would have no common language for
describing what they observe, and land managers would struggle to predict how a soil will behave. This
section covers the principles behind classification, the two major systems (USDA Soil Taxonomy and FAO
World Reference Base), how hierarchical categories work, and how soil maps translate classification into
practical land management tools.

Soil classification systems

Purpose and principles

Classification systems give scientists and land managers a standardized way to describe, compare, and
predict the behavior of soils. Rather than relying on informal descriptions ("dark, sticky soil"), these
systems use measurable, quantitative properties so that two people examining the same soil profile reach
the same classification.

The systems are hierarchical: broad categories sit at the top, and increasingly specific categories narrow
down the soil type. At every level, the criteria come from diagnostic horizons (specific layers with defined
characteristics) and measurable soil properties rather than subjective judgment.

Key measurable properties used in classification include:
* Soil pH (acidity or alkalinity)
» Organic matter content (percent by weight)

+ Clay content (affects water-holding capacity and shrink-swell behavior)
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« Cation exchange capacity (CEC) (the soil's ability to hold and supply nutrients to plants)

A good classification system also needs to be comprehensive enough to cover all known soil types while
remaining flexible enough to incorporate new discoveries.

Development and application

Building a classification starts with systematic field and lab work. Here's the general process:

1. Examine the soil profile in the field, identifying each horizon (O, A, E, B, C, R) and noting thickness,
boundaries, and structure.

2. Determine soil color using a Munsell color chart, which standardizes color into hue, value, and
chroma. Color reveals a lot: dark colors suggest high organic matter, gray or bluish tones indicate poor
drainage, and reddish hues point to iron oxide accumulation.

3. Analyze texture by determining the proportions of sand, silt, and clay (either by feel in the field or by
particle-size analysis in the lab).

4. Run chemical tests for properties like base saturation, organic carbon content, and the presence of
specific minerals (calcite, gypsum).

5. Identify diagnostic features that slot the soil into the classification. For example, an argillic horizon (a
B horizon with significant clay accumulation from illuviation) is a key diagnostic feature in several soil
orders.

All of this requires a solid understanding of soil-forming processes: weathering breaks down parent

material, leaching moves soluble compounds downward, illuviation deposits material in lower horizons, and

organic matter accumulation darkens surface layers.

USDA vs FAO systems

System characteristics and structure

The two dominant classification systems serve different geographic scopes and use different architectures

USDA Soil Taxonomy is the primary system used in the United States. It has six hierarchical levels, from
broadest to most specific:

1. Order (12 total, e.g., Mollisols, Alfisols)
2. Suborder (defined by moisture or temperature regime)

3. Great Group (defined by additional diagnostic horizons or properties)

N

. Subgroup (typical vs. transitional forms)

)]

. Family (particle size, mineralogy, temperature class)
6. Series (the most specific level, named after a geographic location, e.g., "Miami series")

FAO World Reference Base (WRB) is designed for international use. Its structure is simpler, with just two
levels:

1. Reference Soil Groups (32 total, e.g., Chernozems, Luvisols)

2. Qualifiers (prefixes and suffixes that refine the description)
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Classification criteria and nomenclature

The USDA system places heavy emphasis on soil temperature and moisture regimes as classification
criteria. The WRB focuses more broadly on soil-forming factors and processes, making it more adaptable
across diverse global environments.

Their naming conventions also differ. USDA terms are primarily Latin- and Greek-derived and follow strict
formative element rules (e.g., "Moll" in Mollisols comes from the Latin mollis, meaning soft). WRB names
draw more from common or traditional language across multiple countries (e.g., "Chernozem" comes from
Russian for "black earth").

Both systems rely on diagnostic horizons and properties, but they may define the same feature differently
or weight it differently in the hierarchy. For instance, both recognize clay-enriched subsurface horizons, but
the exact thresholds and naming conventions differ.

Practical takeaway: If you're working in the U.S., you'll almost always use USDA Soil Taxonomy. For
international research or comparing soils across continents, the WRB is the standard.

Soil orders, suborders, and great groups

Soil order classification

Soil orders are the broadest category in USDA Soil Taxonomy. Each of the 12 orders reflects a dominant
soil-forming process or a defining set of properties. Three examples illustrate the range:

« Alfisols: Develop under forests in moderately weathered settings. Their defining feature is an argillic
(clay-rich) B horizon with moderate to high base saturation (=35%).

* Aridisols: Form in arid climates where evaporation exceeds precipitation. They often accumulate salts,
carbonates, or gypsum near the surface because there isn't enough water to leach these materials
downward.

* Histosols: Composed primarily of organic material (peat or muck). They form in waterlogged
environments where decomposition is slow, so organic matter builds up rather than breaking down.

Suborder and great group differentiation

Within each order, suborders are distinguished mainly by soil moisture regimes and temperature regimes:

* Moisture regimes include Aquic (saturated/waterlogged), Udic (moist, humid climates), and Ustic (dry
with intermittent moisture).

» Temperature regimes include Frigid (cold), Mesic (moderate), and Thermic (warm).

Great groups add further specificity by incorporating additional diagnostic horizons, chemical properties
(like base saturation or pH), and physical characteristics (like depth or texture).

Here's how the hierarchy works in practice:

+ Alfisols — Udalfs (Alfisols in moist/udic environments) - Hapludalfs ("Hapl-" means typical, so these
are the most common, straightforward moist Alfisols)

* Aridisols — Argids (Aridisols with a clay-enriched argillic horizon) -~ Haplargids (typical Argids without
unusual additional features)

The formative elements in these names aren't random. Once you learn the root meanings ("Ud-" = humid,
"Arg-" = clay, "Hapl-" = simple/typical), you can decode unfamiliar soil names on sight.
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Soil maps for land management

Map components and interpretation

Soil maps show the spatial distribution of soil types across a landscape. Each map unit is a color-coded
polygon representing a single soil series or, more commonly, a complex of closely associated soil types
that occur together.

A soil map's legend provides the classification, characteristics, and sometimes management ratings for
each unit. Scale matters a great deal:

+ Detailed maps (1:12,000 or larger) are used for site-specific decisions like building foundations or
designing drainage for a single farm field.

* General maps (1:250,000 or smaller) support regional planning and broad land-use assessments.

Reading a soil map well requires connecting topography to soil distribution. Soils on ridgetops, slopes, and
valley bottoms often differ predictably because of differences in drainage, erosion, and deposition. Contour
lines on the map help you see these relationships.

Applications and technological advancements

Soil maps are practical tools across many fields:

« Agriculture: Choosing appropriate crops, planning irrigation, and managing fertilizer application based
on soil drainage and nutrient-holding capacity.

« Construction: Assessing foundation stability, shrink-swell potential, and drainage design.

* Environmental management: Delineating wetlands, identifying erosion-prone areas, and planning
conservation practices.

Two technologies have transformed how soil maps are created and used:

Geographic Information Systems (GIS) allow soil data to be stored digitally, layered with other spatial data
(topography, land cover, hydrology), and updated as new surveys are completed. Instead of a static printed
map, GIS produces interactive, queryable maps.

Remote sensing extends mapping capability beyond what field surveys alone can achieve. Satellite
imagery identifies broad soil patterns over large areas, while drone-mounted sensors (multispectral,
thermal) can map specific soil properties like moisture content or organic matter at high resolution across
individual fields.

3.4 Soil erosion and conservation

Soil erosion types and causes

Soil erosion is the removal of topsoil by water, wind, gravity, and human activities. Because topsoil holds
most of a soil's nutrients, organic matter, and biological activity, losing it directly threatens agricultural
productivity and ecosystem health. This section covers the main erosion types, the factors that control
erosion rates, and the conservation practices used to fight back.

Water and Wind Erosion

Water erosion detaches and transports soil particles through rainfall impact, surface runoff, and irrigation
flow. It's the most widespread form of erosion globally and progresses through increasingly severe stages:
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« Splash erosion occurs when raindrops strike bare soil, dislodging individual particles and launching
them short distances.

*» Sheet erosion removes a thin, roughly uniform layer of soil across a slope. It's hard to notice at first,
which makes it deceptively damaging.

* Rill erosion concentrates flow into small, shallow channels a few centimeters deep. These rills can
usually still be smoothed over by tillage.

* Gully erosion carves deep channels that can't be repaired by normal farming equipment. Severe
gullying can render land uncultivable.

Wind erosion removes and transports soil particles by wind force, primarily in arid and semi-arid regions
where vegetation cover is sparse. It operates through three processes:

1. Suspension carries fine silt and clay particles high into the atmosphere, sometimes thousands of
kilometers (think dust storms).

2. Saltation bounces sand-sized particles along the surface in short hops. This is the main mechanism
of wind erosion by mass.

3. Surface creep rolls or pushes larger particles along the ground, driven by the impact of saltating
grains.

A classic example of catastrophic wind erosion is the Dust Bowl of the 1930s in the U.S. Great Plains,
where drought, poor tillage practices, and loss of native grassland combined to strip millions of hectares of
topsoil.

Other Erosion Types

* Tillage erosion moves soil downslope through mechanical disturbance from plowing, harrowing, and
other field operations. Over time, it thins soil on hilltops and ridges while burying fertile soil in valley
bottoms. This is especially pronounced on sloping terrain.

» Mass wasting is the downslope movement of soil and rock under gravity. It includes landslides,
mudflows, and slow soil creep. Water saturation and seismic activity are common triggers, and the
resulting soil loss can be sudden and catastrophic (e.g., rainfall-triggered landslides in coastal
California).

+ Coastal erosion results from wave action, tidal movements, and storm surges. It reshapes shorelines
and can destroy infrastructure. The Holderness Coast in the UK, for instance, retreats an average of
about 2 meters per year.

» Chemical erosion dissolves soil minerals through naturally or artificially acidic solutions. Acid rain and
improper fertilizer use can accelerate it. In karst landscapes like central Florida, chemical dissolution of
limestone creates sinkholes.
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Factors influencing soil erosion

Climate and Topography

Climate is one of the strongest controls on erosion rate. Precipitation intensity matters more than total
rainfall: a single high-intensity storm can erode more soil than weeks of gentle rain. Temperature affects
erosion indirectly by controlling evaporation, soil moisture, and the length of the growing season. Wind
patterns drive both wind erosion and the drying of surface soils. Mediterranean climates, with their dry
summers followed by intense autumn and winter rainfall on bare or recently tilled fields, are especially
erosion-prone.

Topography determines how water moves across the landscape:
+ Slope gradient controls flow velocity. Steeper slopes mean faster runoff and greater erosive energy.

* Slope length controls how much runoff accumulates before reaching the base. Longer slopes build
more erosive power.

* Slope shape matters too. Convex slopes accelerate flow as water moves downhill, while concave
slopes slow it, encouraging deposition at the base.

Steep, long slopes in mountainous regions combine all of these factors and typically experience the
highest erosion rates.

Soil Properties and Vegetation

Soil properties determine how easily particles are detached and carried away, a characteristic called
erodibility:

* Texture is a major factor. Sandy soils lack cohesion and are highly susceptible to wind erosion. Clay
soils resist detachment but are prone to surface sealing (crusting), which increases runoff. Silty soils
are often the most erodible by water because the particles are small enough to detach easily but too
large to cohere like clay.

« Structure affects how well water infiltrates. Well-aggregated soils absorb more rainfall, producing less
runoff.

» Organic matter binds particles into stable aggregates and improves water-holding capacity, so soils
rich in organic matter resist erosion better.

Vegetation is the single most effective natural defense against erosion. Dense plant cover intercepts
raindrops before they hit the soil, and stems and leaf litter slow surface runoff. Root systems physically
bind soil particles and create channels that increase infiltration. Forested areas typically have erosion rates
orders of magnitude lower than bare agricultural fields.

Land Use and Human Activities

Human land use is the factor most responsible for accelerated erosion above natural background rates:

* Agriculture increases erosion through tillage, row cropping, and removal of native vegetation.
Conventional plowing can increase erosion rates 10 to 100 times above natural levels.

* Deforestation exposes soil to direct raindrop impact and removes the root networks that stabilize
slopes.
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+ Urbanization replaces permeable soil with impervious surfaces (roads, rooftops), concentrating and
accelerating runoff.

« Construction and mining expose large areas of bare soil and alter natural drainage patterns.
Construction sites can produce sediment loads 10 to 20 times higher than agricultural land.

Extreme weather events cause episodic spikes in erosion. Droughts kill vegetation and leave soil
vulnerable to wind, while intense storms trigger flash flooding and landslides. These events are expected to
become more frequent with climate change.

Impacts of soil erosion

Agricultural and Ecological Effects

Erosion strips away the most productive part of the soil profile. Topsoil contains the highest concentrations
of nitrogen, phosphorus, potassium, and organic matter, along with the microbial communities that drive
nutrient cycling. As topsoil thins:

» Water-holding capacity drops, making crops more vulnerable to drought.
* Root penetration becomes restricted, limiting nutrient and water uptake.
* Less fertile subsoil or even bedrock may become exposed in severe cases.

In the U.S. Corn Belt, decades of erosion have measurably reduced yields on eroded hilltops compared to
adjacent, less-eroded positions in the same field.

Eroded sediment doesn't just disappear. It ends up in streams, rivers, lakes, and reservoirs, where it
causes a cascade of problems:

* Increased turbidity reduces light penetration, harming aquatic plants.
» Sediment smothers fish spawning grounds and benthic habitats.

* Reservoir storage capacity shrinks as sediment accumulates on the bottom. The Yellow River in
China is a dramatic example: centuries of sediment deposition have raised the riverbed above the
surrounding floodplain, greatly increasing flood risk.

Environmental and Economic Impacts

Nutrients carried with eroded soil (especially phosphorus bound to sediment) fuel eutrophication in
downstream water bodies. Algal blooms fed by agricultural runoff create oxygen-depleted "dead zones,"
such as the seasonal hypoxic zone in the Gulf of Mexico, which can exceed 15,000 km?2.

Erosion also affects the global carbon cycle. Soil organic carbon displaced by erosion is partly
decomposed during transport and redeposition, releasing CO:> to the atmosphere. Estimates suggest
erosion releases roughly 1.5 Gt of carbon per year, making it a meaningful contributor to greenhouse gas
emissions.

The economic costs are substantial. Erosion decreases land value, raises production costs (more fertilizer
and irrigation needed to compensate), and threatens food security, particularly in developing regions with
limited resources for soil restoration. Annual erosion-related costs in the U.S. alone have been estimated at
around \$44 billion when off-site damages like water treatment and dredging are included.
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Soil conservation practices

Field-Level Conservation Techniques

Contour farming and strip cropping are two of the simplest ways to reduce water erosion on slopes:

1. In contour farming, rows are plowed and planted along lines of equal elevation rather than up and
down the slope. Each furrow acts as a small dam, slowing runoff.

2. Strip cropping alternates bands of erosion-resistant crops (like grasses or legumes) with more
vulnerable row crops. The resistant strips trap sediment moving downslope.

Together, these practices can reduce soil erosion by up to 50% compared to straight up-and-down
cultivation.

Conservation tillage minimizes soil disturbance to preserve structure and surface cover:

* No-till farming plants seeds directly into the residue of the previous crop without plowing. The
undisturbed surface resists both water and wind erosion. Brazil's widespread adoption of no-till on its
cerrado (savanna) croplands has dramatically cut erosion rates.

» Reduced tillage limits the depth and frequency of soil disturbance, maintaining more aggregates and
organic matter than conventional plowing.

Cover crops and mulching protect soil during fallow periods when it would otherwise be bare. Cover crops
like clover or rye provide living root systems and canopy cover between main crop seasons. Mulching with
crop residues or straw shields the surface from raindrop impact. Both practices also add organic matter
over time, improving soil health.

Landscape-Scale Conservation Approaches

Terracing reshapes steep hillsides into a series of level or gently sloping platforms, each backed by a riser.
This shortens the effective slope length and reduces the gradient, cutting runoff velocity and giving water
more time to infiltrate. Terracing has been used for centuries, from the rice paddies of Southeast Asia to
hillside vineyards in southern Europe.

Windbreaks and shelterbelts are rows of trees or tall shrubs planted perpendicular to prevailing winds.
They reduce wind speed on the downwind side for a distance of up to 30 times the windbreak height,
protecting crops and soil across open agricultural landscapes. They're especially valuable in arid and
semi-arid regions.

Riparian buffer zones are vegetated strips maintained along streams and rivers. They serve multiple
functions: filtering sediment and nutrients from overland flow before it reaches the water, stabilizing
streambanks with root systems, and providing wildlife habitat. Recommended widths range from about 10
to 100 meters depending on slope, soil type, and land use.

Structural and Urban Conservation Measures

Where erosion is already severe, engineered structures can stabilize the landscape:
» Gabions (wire cages filled with rocks) armor steep slopes and eroding streambanks.
» Check dams placed across gullies slow water velocity and trap sediment, gradually filling in the gully.

 Retention ponds capture runoff, allowing suspended sediment to settle out before water is released
downstream.
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In urban areas, stormwater management techniques reduce the erosive force of runoff from impervious
surfaces:

» Permeable pavements allow rainfall to infiltrate rather than run off.
» Green roofs and rain gardens capture and temporarily store precipitation, releasing it slowly.

* Bioswales are shallow, vegetated channels that filter and convey stormwater while reducing flow
velocity.

Coastal erosion is managed through both hard and soft engineering. Seawalls and rock revetments
provide direct structural protection but can accelerate erosion elsewhere along the coast. Beach
nourishment adds sand to replenish eroded shorelines. Living shorelines use natural materials like oyster
reefs and marsh vegetation to absorb wave energy, offering a more ecologically sustainable approach.
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Unit 4 — Mass Wasting and Slope Stability

4.1 Types of mass wasting processes

Mass wasting processes shape Earth's surface through gravity-driven movement of rock and soil. From
slow creep to rapid landslides, these events sculpt landscapes and pose real risks to human activities.
Understanding their types and triggers is essential for geologists and engineers alike.

This topic covers the classification of mass wasting processes, their speeds, and the factors that set them
in motion. You'll see how water, geology, and human actions influence slope stability, and learn to
recognize telltale signs of past and potential mass movements in the landscape.

Mass wasting processes classification

Types of mass wasting

Mass wasting processes fall into four main types based on how material moves: falls, slides, flows, and
creep.

« Falls involve free-fall of detached rock or soil from steep slopes or cliff faces. Material accumulates as
debris at the base (talus).

« Slides involve movement of a coherent mass along a distinct failure surface. These are subdivided
into rotational slides (slumps), where the failure surface is curved, and translational slides, where the
mass moves along a roughly planar surface like a bedding plane or joint.

* Flows involve downslope movement of material behaving as a viscous fluid. Types include debris
flows, mudflows, and earthflows, and they vary in water content and grain size.

* Creep is the slow, continuous downslope movement of soil or rock. It's often imperceptible without
long-term monitoring.

Classification factors and velocity

The standard classification framework (based on Varnes, later updated by Cruden and Varnes) uses two
axes: type of material and nature of movement.

Material types: - Rock: Solid, intact bedrock - Debris: A mix of coarse and fine particles (gravel, sand, silt) -
Earth: Predominantly fine-grained material (clay, silt)

Movement types: - Falling: Free-fall from a cliff or steep face (e.g., rock fall) - Sliding: Movement along a
distinct failure plane (e.g., translational landslide) - Flowing: Fluid-like movement of saturated or
semi-saturated material (e.g., mudflow)

Combining these gives you specific process names. A "debris slide" is coarse mixed material moving along
a failure plane; a "rock flow" (rock avalanche) is fragmented rock moving in a flow-like manner at high
speed.

Velocity ranges enormously. Creep moves at mm/year, while rock avalanches and some debris flows can
exceed several m/s. The Varnes velocity scale runs from "extremely slow" (< 16 mm/year) to "extremely
rapid" (> 5 m/s), and this matters because faster events are far more dangerous to life.
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Slow vs rapid mass wasting

Characteristics of slow mass wasting

Slow mass wasting occurs over extended periods and isn't immediately noticeable. Movement rates are
generally less than about 1 m/year, and observable changes may take years or decades to become clear.

Surface signs are subtle but recognizable: - Tilted trees, fence posts, and utility poles - Small soil ripples or
terracettes (step-like features) on hillslopes - Curved tree trunks where the base has been displaced but
the tree continues growing vertically

Two key examples: - Soil creep: Gradual downslope movement of soil particles driven by repeated
expansion and contraction cycles (wetting/drying, freeze/thaw). Each cycle nudges particles slightly
downhill because gravity biases the movement. - Solifluction: Slow flowage of water-saturated soil, most
common in periglacial environments where the active layer thaws above permafrost. The impermeable
frozen layer beneath traps water, keeping the surface soil saturated and mobile.

Though slow processes seem harmless, they affect large areas over time and can damage infrastructure
gradually.

Characteristics of rapid mass wasting

Rapid mass wasting happens suddenly, transforming landscapes in minutes or hours and posing
immediate danger to life and property.

These events leave obvious geomorphological evidence: - Fresh scarps (steep exposed surfaces where
material detached) - Debris fans at the base of slopes - Large displaced masses of material

Two key examples: - Rock avalanche: Large-scale, extremely rapid movement of fragmented rock debris.
These can travel surprisingly far from their source because of the reduced friction within the rapidly moving
mass. The 1970 Huascaran rock avalanche in Peru traveled over 16 km at speeds exceeding 70 m/s. -
Debris flow: A fast-moving slurry of rock, soil, and water, typically channeled down valleys. Debris flows
behave like wet concrete and can carry boulders several meters across.

Rapid events tend to be more localized at their source but can have far-reaching impacts downstream,
burying valleys and damming rivers.

Factors triggering mass wasting

Primary driving forces

Gravity is the fundamental driving force behind all mass wasting. The key relationship is between the shear
stress (the component of gravitational force pulling material downslope) and the shear strength (the
resistance of the material to movement). When shear stress exceeds shear strength, failure occurs.

Slope angle is crucial here: steeper slopes mean a larger component of gravity acts parallel to the surface,
increasing shear stress.

Water is the single most common trigger. It affects stability in three ways:

1. Increases pore pressure within the material, which pushes grains apart and reduces the frictional
resistance between particles. This is often the most important mechanism.

2. Adds weight to the slope, increasing the driving shear stress.

3. Reduces cohesion in certain clay-rich materials when they become saturated.
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The amount of water also influences what type of mass wasting occurs. Fully saturated materials are more
likely to flow (mudflows, debris flows), while partially saturated materials may fail as slides.

Environmental and geological factors

* Freeze-thaw cycles widen cracks in rocks and soils through ice expansion (about 9% volume
increase). Over many cycles, this progressively loosens material and increases instability.

« Seismic activity can trigger rapid mass wasting by shaking loose unstable materials and temporarily
altering the stress state of slopes. Earthquake-triggered landslides are among the most destructive
secondary hazards.

* Vegetation removal increases susceptibility by reducing root cohesion in the soil and altering
hydrological conditions (more water infiltrates, less is taken up by plants). Common causes include
deforestation and wildfires.

+» Geological structure strongly influences where and how failure occurs. Bedding planes dipping out of
a slope face, joint systems that isolate blocks of rock, and fault zones with weakened material all create
conditions favorable to mass wasting.

Human-induced factors

Human activities significantly alter slope stability, often unintentionally:

» Excavation (road cuts, mining) removes material from the toe of a slope, which had been providing
support against failure.

* Loading (construction on hillsides, waste dumps) adds weight to the top of slopes, increasing driving
stress.

+ Drainage changes (urbanization, improper drainage systems) redirect or concentrate water flow,
increasing pore pressures in new areas.

Road construction is a particularly common culprit because it both oversteepens the cut slope and loads
the fill slope, while also altering natural drainage patterns.

Geomorphological indicators of mass wasting

Landforms associated with specific processes

Each type of mass wasting leaves a characteristic signature in the landscape:

* Rotational slides (slumps) create concave depressions on hillslopes with a backward-tilted upper
surface and a bulging toe where displaced material accumulates.

+ Debris flows produce lobate deposits with raised levees along the sides of the flow path and
fan-shaped deposits where the flow spreads out at its terminus.

* Rock falls build talus slopes (scree) at the base of cliffs. Fragments are angular and tend to sort by
size, with larger blocks rolling farther from the cliff face.

« Earthflows create elongated, tongue-like features that often have a distinctive hourglass shape when
viewed from above, narrowing where material passes through a constriction.

* Creep produces terracettes on hillslopes and causes the gradual downslope bending of trees and
vertical structures.
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Key indicators and surface features

Recognizing these features in the field helps you assess whether a slope has failed before or is at risk:

« Landslide scarps: Steep, exposed surfaces at the head and along the sides of a displaced mass.
Fresh scarps with little vegetation indicate recent activity.

* Hummocky topography: An irregular surface with small hills and depressions, suggesting deep-seated
landslides or earthflows beneath.

» Sag ponds: Small bodies of water that collect in irregular depressions on a slope, indicating ongoing
or past displacement.

* Tension cracks at the top of slopes, which often signal that a future failure is developing.
» Exposed bedrock on upper slope portions where overlying material has been removed.
* Debris accumulation at the base of slopes.

» Changes in vegetation patterns or health, such as patches of dead or stressed vegetation on
otherwise healthy slopes, which can indicate disrupted root zones or altered drainage.

4.2 Factors influencing slope stability

Slope stability is a crucial factor in understanding mass wasting and landslides. Various internal and
external factors influence how likely a slope is to fail, from material properties to climate conditions.
Understanding these factors helps predict and prevent potentially dangerous slope failures.

Human activities significantly impact slope stability through land use changes and construction.
Deforestation, urbanization, and improper drainage can increase landslide risk. However, engineers can
implement mitigation measures like retaining walls and drainage systems to improve stability and reduce
hazards.

Slope Instability Factors

Internal Factors

» Material properties influence slope stability

» Composition affects resistance to failure

« Structure impacts stress distribution

* Geological structure creates potential failure surfaces
» Bedding planes form weak layers

« Joints allow water infiltration

+ Faults create discontinuities

* Pore water pressure reduces effective stress

* Increases with rainfall or snowmelt

* Decreases friction between particles

+ Angle of internal friction determines shear strength
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* Higher angles increase stability (sand ~30°, clay ~20°)

+ Cohesion contributes to material strength

« Electrostatic forces between clay particles

» Chemical bonding in cemented soils

» Weathering weakens slope materials over time

* Physical weathering fractures rocks (freeze-thaw cycles)

» Chemical weathering alters mineral composition (hydrolysis of feldspars)

External Factors

« Climate affects slope stability through various mechanisms
* Precipitation increases pore water pressure

» Temperature fluctuations cause thermal expansion and contraction
* Wind erosion removes supporting material

* Seismic activity triggers slope failures

* Ground shaking reduces material strength

« Liquefaction of saturated soils

« Earthquake-induced landslides (1964 Alaska earthquake)
» Anthropogenic activities alter slope conditions

» Excavation removes support (road cuts)

+ Loading adds stress (building construction)

+ Vibrations from machinery or blasting

* Vegetation influences stability in multiple ways

* Root systems reinforce soil (tree roots)

» Canopy intercepts rainfall

» Added weight can increase driving forces

» Water uptake alters soil moisture content

Temporal Variations

* Precipitation patterns affect short-term stability

* Intense rainfall events trigger shallow landslides

* Prolonged wet periods lead to deep-seated failures
* Freeze-thaw cycles weaken rock and soil

* Ice expansion widens cracks
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» Thawing reduces material strength

» Groundwater level fluctuations change effective stress
+ Seasonal variations in water table

+ Tidal influences in coastal areas

* Long-term climate change alters stability conditions

* Increased frequency of extreme weather events

» Permafrost thaw in arctic regions

Slope Stability Determinants

Geological Materials

* Rock type influences slope behavior
* Igneous rocks generally more stable (granite)
+ Sedimentary rocks often have weak bedding planes (shale)
» Metamorphic rocks vary based on foliation (schist)
« Soil texture affects drainage and strength
 Coarse-grained soils drain quickly (sand)
* Fine-grained soils retain water (clay)
+ Degree of consolidation impacts compressibility
* Overconsolidated clays resist deformation
* Normally consolidated soils more prone to settlement
» Weak layers create preferential failure surfaces
+ Clay seams in rock masses
* Organic-rich layers in soil profiles
Slope Geometry
* Height increases driving forces
* Taller slopes have greater potential energy
« Critical height concept in geotechnical engineering
* Angle determines stress distribution
« Steeper slopes have higher shear stresses
+ Natural angle of repose for granular materials (~30-35°)
* Profile shape affects stability

» Concave slopes concentrate water flow
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» Convex slopes disperse water

* Planar slopes uniform stress distribution

* Aspect influences weathering and erosion

* South-facing slopes in Northern Hemisphere experience more freeze-thaw cycles

* North-facing slopes retain moisture longer

Hydrological Conditions

» Groundwater table position affects effective stress
» Higher water table reduces stability

+ Perched water tables create localized weak zones
* Pore water pressure distribution varies within slope
* Positive pressures in saturated zones

» Negative pressures (suction) in unsaturated zones
» Permeability controls water movement

* High permeability allows rapid drainage (gravel)

» Low permeability leads to water retention (clay)

+ Drainage characteristics influence long-term stability
* Well-drained slopes more stable over time

* Poor drainage leads to progressive weakening

Human Impact on Slope Stability

Land Use Changes
+ Deforestation reduces slope stability
* Removes root reinforcement
* Increases surface runoff and erosion
* Examples (Amazon rainforest, Indonesian palm oil plantations)
+ Urbanization alters hydrological regimes
* Increases impervious surfaces
» Concentrates water flow
» Changes groundwater recharge patterns
« Agricultural practices impact soil structure
* Tillage can reduce soil cohesion

* Irrigation may raise groundwater levels
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* Crop selection affects root depth and water uptake

Construction Activities

« Cutting operations remove lateral support

* Road cuts in mountainous terrain

» Foundation excavations in urban areas

* Filling adds load to slopes

* Embankments for highways

* Landfills and waste dumps

* Drainage system design crucial for stability

* Proper surface water management

« Subsurface drainage (French drains)

+ Potential for concentrated flow and erosion if poorly designed
* Vibrations from construction induce dynamic stresses
* Pile driving in soft soils

* Blasting for tunneling or quarrying

« Structures on slopes increase load

* Buildings on hillsides

* Retaining walls and terraces

Mitigation Measures

» Slope stabilization techniques

+ Soil nailing reinforces existing slopes

* Retaining walls provide structural support

+ Geotextiles for erosion control

* Vegetation management for stability

* Reforestation programs

* Selection of deep-rooted species

* Bioengineering approaches (willow wattles)
* Drainage improvements reduce pore pressures
* Horizontal drains in road cuts

* Pumping wells to lower groundwater table

* Monitoring and early warning systems
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* Inclinometers to measure slope movement
» Piezometers to track pore water pressures

» Remote sensing for large-scale assessments

Shear Strength Analysis of Slopes

Fundamental Concepts
* Mohr-Coulomb failure criterion describes shear strength
. T=c+ 0'tan(p)
« T shear strength, ¢ cohesion, g' effective normal stress, ¢ friction angle
« Effective stress principle governs saturated soil behavior
c0'=0—-u
« ¢' effective stress, o total stress, u pore water pressure

* Factor of safety (FoS) assesses slope stability

_ ResistingForces
«Fo5= DrivingForces

* FoS > 1 indicates stable conditions

* FoS < 1 indicates potential failure

Analysis Methods

* Limit equilibrium techniques widely used

» Method of Slices divides failure mass

* Bishop's Simplified Method for circular failures

« Janbu's Method for non-circular slip surfaces

« Stress-strain relationships influence slope behavior
+ Elastic deformation in intact rock

* Plastic yielding in soils

* Viscous creep in some clays and frozen soils

* In-situ testing provides field data

« Standard Penetration Test (SPT) for soil density

» Cone Penetration Test (CPT) for strength profiling
* Vane Shear Test for undrained shear strength of clays
* Laboratory testing determines material properties

* Direct shear test for soil friction angle and cohesion

« Triaxial test for stress-strain behavior
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* Ring shear test for residual strength of clays

Advanced Techniques

* Numerical modeling simulates complex scenarios

* Finite Element Method (FEM) for stress-strain analysis

* Discrete Element Method (DEM) for discontinuous rock masses
* Finite Difference Method (FDM) for time-dependent problems
* Probabilistic approaches account for uncertainty

* Monte Carlo simulations

* Reliability analysis methods

* Risk assessment incorporating consequence of failure

* Remote sensing and GIS for regional assessments

+ LiDAR for high-resolution topography

* InSAR for detecting slope movements

* Machine learning for susceptibility mapping

4.3 Landslide hazards and risk assessment

Landslides, a major form of mass wasting, pose significant risks to communities and infrastructure. From
rapid debris flows to slow-moving creep, these events can cause extensive damage and loss of life.
Understanding the various types of landslides and their characteristics is crucial for effective hazard
assessment and risk management.

Assessing landslide risk involves analyzing factors like topography, soil properties, and land use practices.
Techniques range from probabilistic approaches to scenario-based assessments, considering triggers like
rainfall and earthquakes. Landslide maps are essential tools for planning and management, guiding
decisions on zoning, building codes, and emergency preparedness.

Landslide Hazards and Consequences

Types of Landslides and Their Characteristics

« Landslides classified into different types based on movement mechanisms (falls, topples, slides,
spreads, flows)

* Debris flows involve rapid mass movements of loose soil, rock, and organic matter mixed with water
* Travel long distances at high speeds

+ Can cause extensive damage to infrastructure and pose significant risk to human life

* Rockfalls occur when rock detaches from steep slopes

* Pose immediate threats through impact and burial

« Common in mountainous regions and along coastal cliffs
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+ Slow-moving landslides (creep) cause gradual damage to structures and infrastructure over time
+ Can lead to tilting of trees, poles, and buildings

» May create cracks in roads and foundations

Secondary Hazards and Consequences

* Landslides trigger secondary hazards

* Damming of rivers leads to upstream flooding and potential dam-break floods

« Disruption of drainage patterns can cause long-term changes in local hydrology

» Consequences of landslides include:

* Loss of life and injuries

* Destruction of property and infrastructure (homes, roads, bridges)

» Economic disruption (business closures, transportation interruptions)

+ Long-term environmental impacts (habitat destruction, changes in soil composition)
» Submarine landslides generate tsunamis

 Pose additional hazards to coastal communities (flooding, erosion)

+ Impact marine ecosystems (coral reefs, fisheries)

Community Vulnerability to Landslides

Factors Influencing Landslide Susceptibility

* Vulnerability assessment considers exposure, sensitivity, and adaptive capacity of elements at risk
» Topography significantly influences area's susceptibility to landslides

* Slope angle affects stability (steeper slopes generally more prone to failure)
« Slope aspect impacts moisture retention and vegetation growth

« Soil and rock properties affect slope stability and vulnerability to failure

« Strength determines resistance to shear stress

* Permeability influences water movement and pore pressure

» Weathering reduces rock strength over time

* Land use practices increase area's vulnerability to landslides

+ Deforestation removes stabilizing root systems

* Urbanization alters natural drainage patterns

* Improper construction techniques (overloading slopes, cutting into hillsides)
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Socioeconomic and Infrastructure Vulnerability

* Critical infrastructure particularly vulnerable due to linear nature and potential to cross multiple hazard
zones

* Roads and highways (potential for isolation of communities)

* Bridges (risk of collapse and disruption of transportation networks)

» Power lines (widespread outages affecting essential services)

+ Socioeconomic factors increase community's vulnerability to landslide impacts
* Poverty limits access to safe housing and resources for recovery

* Lack of education reduces awareness of landslide risks and preparedness

* Inadequate warning systems hinder timely evacuation and response

» Ecosystem vulnerability considers potential for landslides to:

* Disrupt habitats (forest fragmentation, sedimentation of waterways)

« Alter biodiversity (loss of species, introduction of invasive plants)

* Impact ecosystem services (water purification, soil retention)

Landslide Risk Assessment Techniques

Probabilistic and Deterministic Approaches

+ Probabilistic risk assessment combines likelihood of landslide event with potential consequences to
estimate overall risk

* Incorporates uncertainty in both hazard and vulnerability assessments

* Allows for comparison of risks across different areas or scenarios

* Frequency-magnitude relationships characterize recurrence intervals of landslides of different sizes
* Developed using historical records and geological evidence

* Help in estimating the probability of future events

» Deterministic approaches assess slope stability under various conditions

* Factor of safety calculations compare resisting forces to driving forces

« Limit equilibrium methods analyze potential failure surfaces

« Statistical methods predict landslide susceptibility based on multiple factors

* Logistic regression identifies significant variables influencing landslide occurrence

* Machine learning algorithms (random forests, neural networks) capture complex relationships
between factors
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Environmental Triggers and Scenario-Based Assessment

+ Rainfall thresholds estimate probability of landslide initiation based on precipitation intensity and
duration

* Developed using historical rainfall and landslide occurrence data

* Vary by region and landslide type

+ Seismic triggering of landslides assessed using:

» Ground motion parameters (peak ground acceleration, spectral acceleration)
* Slope stability analyses incorporating seismic forces

» Scenario-based risk assessments evaluate potential impacts of specific landslide events under
different conditions

* Consider various environmental scenarios (extreme rainfall, earthquakes)
* Assess societal factors (population growth, land use changes)

* Provide insights for emergency planning and long-term risk reduction strategies

Landslide Maps for Planning and Management

Types of Landslide Maps and Their Applications
* Landslide susceptibility maps show spatial distribution of areas prone to landslides
* Based on intrinsic factors (geology, topography, soil properties)
* Typically classified into low, moderate, and high susceptibility zones
» Hazard maps incorporate both susceptibility and temporal probability of landslide occurrence
 Express likelihood of an event within a given time frame (annual probability, return period)
* Provide more comprehensive assessment of landslide risk
* Multi-hazard maps combine landslide hazards with other geohazards
* Include related hazards (floods, earthquakes, volcanic activity)
* Provide comprehensive view of potential risks in an area

» Geographic Information Systems (GIS) essential for creating, analyzing, and visualizing landslide
maps

* Allow for integration of multiple data layers

* Enable spatial analysis and modeling of landslide processes

Interpretation and Use of Landslide Maps

» Map interpretation requires understanding classification system used
* Typically ranges from low to high susceptibility or hazard levels

« Consider limitations and uncertainties in data and modeling approaches
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* Land-use planners use maps to guide zoning decisions

* Restrict development in high-risk areas

 Implement mitigation measures where necessary (retaining walls, drainage systems)
* Develop building codes and regulations for landslide-prone areas

* Emergency managers utilize hazard maps for disaster preparedness and response

+ Develop evacuation plans based on identified high-risk zones

« Establish early warning systems in susceptible areas

* Allocate resources for disaster response and recovery efforts

» Conduct public education and awareness campaigns in vulnerable communities

4.4 Slope stabilization techniques

Slope stabilization techniques are crucial for preventing mass wasting events and ensuring slope stability.
From structural methods like retaining walls to bioengineering approaches using plants, these techniques

work to strengthen slopes and manage water flow. Understanding their effectiveness and limitations is key
to successful implementation.

Designing stabilization strategies involves thorough site investigation, risk assessment, and consideration
of long-term performance. Sustainable approaches are increasingly important, focusing on minimizing
environmental impacts and integrating nature-based solutions. Ongoing monitoring and adaptive
management ensure the continued effectiveness of stabilization measures over time.

Slope Stabilization Techniques

Structural Stabilization Methods

* Retaining walls resist lateral earth pressures and support steep slopes or embankments

* Types include gravity walls, cantilever walls, and mechanically stabilized earth (MSE) walls

* Design considerations involve wall height, soil properties, and drainage systems

+ Soil anchors transfer loads from unstable slopes to more stable soil or rock layers

« Components include anchor head, free length, and bonded length

* Installation methods encompass drilling, grouting, and tensioning

+ Soil nailing reinforces existing ground by installing closely spaced steel bars into the slope face
* Process involves drilling holes, inserting nails, grouting, and applying facing

« Suitable for both natural and cut slopes (road cuts, excavations)

Hydrological and Bioengineering Approaches

» Drainage systems remove water to reduce pore water pressure and increase soil strength
« Surface drainage methods include diversion ditches and berms

» Subsurface drainage involves horizontal drains and vertical wells
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* Biotechnical stabilization combines living plant materials with structural elements
 Techniques include live staking, brush layering, and vegetated geogrids

* Plants provide root reinforcement and enhance soil moisture regulation

» Geosynthetic reinforcement uses synthetic materials to improve soil strength and stability
 Materials include geotextiles, geogrids, and geocells

« Applications range from reinforced soil slopes to erosion control

Mass Stabilization Techniques

+ Buttresses and counterweight fills add weight to the toe of a slope to increase stability

* Design considerations include material selection and slope geometry

+ Often used in combination with other stabilization methods

+ Grouting techniques involve injecting cementitious or chemical materials into soil or rock
» Methods include permeation grouting, compaction grouting, and jet grouting

* Improves soil strength and reduces permeability

Effectiveness of Stabilization Measures

Performance Evaluation

* Retaining wall effectiveness depends on proper design, construction, and maintenance
+ Potential failure modes include overturning, sliding, and bearing capacity failure

» Regular inspections crucial for identifying early signs of distress

+ Soil anchors provide significant stabilization for deep-seated landslides

* Less effective in highly weathered or fractured rock masses

« Long-term performance affected by corrosion and stress relaxation

* Drainage systems highly effective in reducing pore water pressures

* Require ongoing maintenance to prevent clogging and ensure functionality

« Effectiveness may decrease during extreme rainfall events

Quantitative Assessment

« Factor of safety calculations quantify stabilization measure effectiveness

« Static analysis considers gravity loads and soil properties

* Dynamic analysis incorporates seismic loads and soil liquefaction potential

* Numerical modeling techniques assess complex slope behavior

* Finite element analysis simulates stress-strain relationships and deformation

* Discrete element methods model discontinuous rock masses
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Limitations and Challenges

* Biotechnical stabilization limited to shallow slope failures

* Requires time for vegetation to establish and reach full effectiveness
* May not be suitable for arid climates or steep slopes

» Geosynthetic reinforcement may degrade over time

+ UV radiation and chemical contaminants can reduce material strength
+ Design must account for long-term degradation effects

+ Soil nailing not suitable for slopes with weak or highly plastic soils

« Difficult to achieve adequate nail-soil bond in certain soil types

* May require specialized drilling techniques in challenging ground conditions

Designing Stabilization Strategies

Site Investigation and Analysis

» Geotechnical drilling characterizes subsurface conditions

* Methods include rotary drilling, cone penetration tests, and standard penetration tests

* Provides soil samples for laboratory testing and in-situ soil properties

* Laboratory analysis determines soil and rock properties

* Tests include particle size distribution, Atterberg limits, and triaxial shear tests

* Results inform slope stability analysis and design parameters

* Slope stability analysis methods assess current stability and design stabilization measures
« Limit equilibrium methods (Bishop's method, Janbu's method) calculate factor of safety

* Finite element analysis simulates stress-strain behavior and deformation patterns

Risk Assessment and Decision Making

* Probabilistic approaches quantify uncertainty in slope stability analysis

» Monte Carlo simulations generate probability distributions of factor of safety

* Reliability index provides a measure of slope reliability

» Consequence analysis evaluates potential impacts of slope failure

* Factors include loss of life, property damage, and economic disruption

* Informs acceptable risk levels and required stabilization efforts

* Cost-benefit analysis compares different stabilization options

+ Considers initial construction costs, maintenance expenses, and expected lifespan

* Incorporates risk reduction benefits and potential failure consequences
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Design Considerations

* Short-term stability during construction requires careful planning

» Temporary support systems may be necessary (shoring, bracing)

* Phased construction approach minimizes risk of instability

* Long-term performance under various environmental conditions

* Design for extreme events (earthquakes, heavy rainfall)

« Consider climate change impacts on precipitation patterns and groundwater levels
* Integration of multiple stabilization techniques for complex slope issues

» Combines structural, hydrological, and bioengineering approaches

* Tailored solutions address site-specific challenges and constraints

Sustainability of Slope Stabilization

Environmental Impact Assessment

* Life cycle assessment (LCA) evaluates environmental impacts over entire lifespan

« Stages include raw material extraction, manufacturing, construction, and end-of-life

* Metrics include energy consumption, greenhouse gas emissions, and resource depletion
« Carbon footprint considerations for stabilization measures

 Material production (cement, steel) often contributes significantly to emissions

» Transportation and on-site equipment use add to overall carbon impact

* Ecological impacts on local hydrology, vegetation, and wildlife habitats

» Changes in surface runoff patterns and groundwater flow

+ Habitat fragmentation and disturbance during construction activities

Sustainable Design Strategies

* Use of locally sourced and recycled materials improves sustainability

* Recycled concrete aggregate in retaining walls and buttresses

* Locally available plant species for biotechnical stabilization

* Integration of nature-based solutions and green infrastructure

* Bioengineered slopes provide ecosystem services (carbon sequestration, habitat creation)
* Green retaining walls incorporate vegetation for aesthetic and environmental benefits

* Long-term maintenance and adaptability considerations

+ Design for ease of maintenance and repair to extend lifespan

* Flexible systems allow for future modifications in response to changing conditions
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Monitoring and Adaptive Management

* Monitoring programs evaluate long-term performance and environmental effects

* Instrumentation includes inclinometers, piezometers, and survey markers

» Remote sensing techniques (LIDAR, INSAR) detect slope movements over large areas

» Adaptive management strategies respond to observed behavior and changing conditions
* Adjustments to drainage systems based on groundwater monitoring data

» Supplemental stabilization measures if performance does not meet expectations

* Integration of monitoring data with predictive models

» Machine learning algorithms improve slope stability predictions over time

« Early warning systems for potential slope failures based on real-time monitoring
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Unit 5 — Fluvial Processes: River Erosion
& Deposition

5.1 River channel dynamics and sediment transport

River channels are dynamic systems shaped by the interplay of water flow and sediment transport. They
constantly adjust their shape, pattern, and slope in response to changes in discharge, sediment supply,
and bank resistance. Understanding these processes is central to explaining how rivers sculpt landscapes
over time and how they respond to both natural and human-driven disturbances.

Sediment transport connects nearly every aspect of fluvial geomorphology. The way a river moves
material, from dissolved ions to bouncing gravel to suspended clay, controls channel form, floodplain
architecture, and long-term landscape evolution.

River Channel Dynamics and Morphology

Factors Influencing Channel Dynamics

River channel dynamics emerge from the interplay of four main controls: water discharge, sediment supply,
channel slope, and the resistance of the bed and banks to erosion. Together, these determine how a
channel looks and behaves.

Channel patterns fall into three broad categories, each reflecting a different balance of stream power,
sediment load, and bank stability:

« Straight channels form where sediment load is low and banks are resistant to erosion. Truly straight
reaches are rare in nature and usually short.

* Meandering channels develop where sediment load is moderate and banks are erodible. The channel
swings back and forth across its floodplain in sinuous loops.

* Braided channels occur where sediment load is high relative to transport capacity and banks are
unstable. Flow splits around mid-channel bars, creating a network of shifting threads.

Stream equilibrium (grade) refers to a condition where a river has adjusted its slope so that it can just
transport the sediment supplied to it, with no net erosion or deposition over time. A graded stream isn't
static; it's in a dynamic balance. Changes in base level (the elevation of the river's outlet, often sea level)
can disrupt this equilibrium and trigger a cascade of channel adjustments upstream.

Channel cross-sectional geometry reflects the relationship between discharge, sediment load, and bank
material:

» The width-to-depth ratio increases with higher sediment loads and more erodible banks. A sand-bed
river carrying lots of sediment tends to be wide and shallow.

» Channels cut into cohesive materials like clay tend to be narrower and deeper, because the banks
resist lateral erosion more effectively than non-cohesive sediments like sand or gravel.

Floodplain Development and Channel Migration

Floodplains are built through three main processes working together:
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1. Lateral erosion on the outside of meander bends widens the valley and creates space for floodplain
development.

2. Point bar formation on the inside of meander bends deposits coarser sediment. Over time, these
bars become incorporated into the floodplain surface.

3. Overbank deposition during floods drapes fine-grained sediment (silt and clay) across the floodplain,
gradually building it up vertically.

Channel migration reshapes the floodplain over longer timescales. Cutoffs occur when a meander loop
becomes so exaggerated that the river shortcuts across it. Neck cutoffs happen when two bends erode into
each other; chute cutoffs form when floodwater carves a shorter path across the inside of a bend. Avulsion
is more dramatic: the river abruptly abandons its existing channel and establishes an entirely new course
across the floodplain.

Human impacts significantly alter these natural dynamics:

» Dam construction traps sediment upstream, starving the downstream reach and often causing
channel incision. It also flattens the natural flood hydrograph.

» Channelization (straightening and lining channels) increases flow velocity but reduces habitat diversity
and disconnects the river from its floodplain.

* Levee construction confines flow to the main channel, preventing overbank deposition and
concentrating erosive energy.

Climate change adds another layer of adjustment. Shifts in precipitation patterns and land use alter both
runoff and sediment supply. More frequent extreme rainfall events can accelerate bank erosion and
channel instability, while changes in vegetation cover modify how much water and sediment reach the
channel in the first place.

Sediment Transport in Fluvial Systems

Sediment Entrainment and Transport Modes

Entrainment is the moment a particle begins to move. It happens when the fluid forces acting on a grain (lift
and drag from the flowing water) overcome the forces holding it in place (gravity and friction). The critical
shear stress required to initiate motion varies with particle size and density. The Shields parameter (a
dimensionless number) provides a way to predict this threshold based on particle characteristics and flow
conditions.

Once entrained, particles move in different ways depending on their size and the flow's energy:
* Rolling and sliding: The coarsest particles move along the bed surface without leaving it.

« Saltation: Particles bounce along the bed in short hops. This is the dominant mode of bedload
transport for sand and fine gravel.

« Suspension: Fine particles (silt, clay, fine sand) are kept aloft in the water column by turbulent eddies.
They only settle out when turbulence drops.

Sediment transport capacity is how much sediment a given flow can carry. It increases with higher velocity
and greater turbulence. Channel geometry matters too: where a channel narrows, flow accelerates and
transport capacity increases locally.
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Deposition and Sediment Sorting

Deposition occurs when flow velocity drops below the settling velocity of a particle. This typically happens
in zones of reduced stream power, such as pools, channel expansions, or where a river enters a lake or
reservoir. Settling velocity depends on particle size, shape, and density; larger, denser, more spherical
grains settle faster.

The Hijulstrédm curve is a classic diagram that plots particle size against the flow velocity needed to erode,
transport, or deposit it. Two features of this curve are worth remembering:

* For sand-sized particles, the erosion velocity and deposition velocity are close together, meaning sand
is easy to pick up and easy to put down.

* For clay-sized particles, the erosion velocity is surprisingly high (because cohesive forces bind clay
particles together), but the deposition velocity is very low. This is why clay, once deposited, is hard to
re-erode, yet stays in suspension for a long time once mobilized.

Sediment sorting produces predictable grain-size patterns in fluvial environments. Downstream fining is the
tendency for average grain size to decrease in the downstream direction, because larger particles are
deposited first as stream power diminishes. Vertical sorting within deposits (coarser grains at the base,
finer on top, for example) can record changes in flow conditions over time.

Stream Power and Sediment Transport

Stream Power Concepts and Calculations

Stream power is the rate at which a river expends energy per unit length of channel. It captures the river's
ability to do geomorphic work (eroding, transporting, depositing sediment).

The total stream power equation is:
Q=yQs5

where Q is stream power (watts per meter of channel length), Y is the specific weight of water
(approximately 9810 N/m?), Q is discharge (m%¥/s), and S is the channel slope (dimensionless).

The relationship between stream power and sediment transport capacity is positive but non-linear.
Doubling stream power more than doubles transport capacity. A critical stream power threshold must be
exceeded before any sediment motion begins at all.

Sediment size mediates this relationship: larger particles need greater stream power for entrainment, while
finer particles have lower settling velocities and can be transported even at relatively low stream powers.

Transport Capacity and Sediment Supply

Competence refers to the maximum particle size a stream can transport under a given flow condition. It
depends on stream power and local hydraulic conditions, and can be estimated using empirical equations
or critical shear stress approaches.

Transport capacity varies spatially within a channel. It's higher where flow converges or slope steepens,
and lower where flow diverges or slope decreases. This spatial variation explains why you see erosion in
some reaches and deposition in others, even along the same river.

Sediment transport formulae attempt to quantify the relationship between hydraulic parameters and
transport rates. The Meyer-Peter and Muller equation is one of the most widely used for bedload:
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where b is the volumetric bedload transport rate per unit width, T* is the dimensionless shear stress
(Shields stress), T, is the critical dimensionless shear stress for motion, S is the specific gravity of the
sediment, 9 is gravitational acceleration, and D is the representative particle diameter.

The balance between sediment supply and transport capacity determines the trajectory of a reach:
« Aggradation (bed rises): supply exceeds transport capacity, so sediment accumulates.
» Degradation (bed lowers): transport capacity exceeds supply, so the river erodes its bed.

« Equilibrium: supply and capacity are matched, and the bed elevation remains roughly stable.

Fluvial Load Types
Suspended and Bed Load

Suspended load consists of fine particles, typically silt and clay, held within the water column by turbulent
mixing. Concentration generally increases with depth (highest near the bed) and can spike dramatically
during floods. Suspended load often constitutes the majority of a river's total sediment load, especially
during high-flow events.

Bed load includes coarser particles (sand, gravel, cobbles) that move along or near the channel bed by
rolling, sliding, or saltation. It typically makes up a smaller proportion of total load than suspended load, but
its transport is more episodic and tightly coupled to flow conditions. Bed load moves in pulses, often only
during flows above a certain threshold.

The ratio of suspended to bed load has real consequences for channel morphology:

* Rivers with high suspended-load ratios tend to build muddy floodplains and have fine-grained channel
deposits. These rivers are often narrow and deep with cohesive banks.

* Rivers with high bed-load ratios tend to be wider, shallower, and associated with gravel bars and
coarse-grained deposits.

Dissolved Load and Measurement Techniques

Dissolved load consists of ions and molecules carried in solution, derived primarily from chemical
weathering of rocks and soils. The major dissolved ions include calcium, magnesium, sodium, potassium,
bicarbonate, sulfate, and chloride. Dissolved load concentration can vary seasonally and inversely with
discharge (dilution during high flows is common, though not universal).

The relative proportions of suspended, bed, and dissolved loads vary with geology, climate, and watershed
characteristics. Carbonate-dominated watersheds (limestone, dolomite) tend to have high dissolved loads.
Arid regions often have a higher proportion of bed load because sparse vegetation and flashy runoff favor

coarse sediment delivery.

Measurement techniques differ for each load type:

» Suspended and dissolved loads are measured by water sampling. Depth-integrated samplers collect
representative samples through the full water column. Automated samplers can capture how
concentrations change over time, which is critical for calculating total load during flood events.

* Bed load is harder to measure directly. The Helley-Smith sampler is commonly used for sand and fine
gravel; it sits on the bed and catches material moving along the bottom. Painted or magnetic tracers
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can track the movement of individual particles over time, revealing travel distances and transport paths.
Bed load transport often follows a power-law relationship with discharge:
Qp=2aQ”

where Qp is the bed load transport rate, Q is water discharge, and @ and b are empirical coefficients
calibrated for a specific site. The exponent b is typically greater than 1, reflecting the non-linear increase in
bed load transport with rising discharge.

5.2 Fluvial erosion processes and landforms

Rivers are the primary sculptors of continental landscapes, carving channels, valleys, and canyons through
a combination of mechanical and chemical processes. Understanding fluvial erosion is central to Earth
surface science because it connects hydrology, rock mechanics, and tectonic/climatic forcing into a single
framework. This section covers the erosion mechanisms themselves, the landforms they produce, the role
of rock resistance, and how climate and tectonics interact to drive erosion over time.

Fluvial Erosion Processes

Mechanical and Chemical Erosion Mechanisms

Fluvial erosion is the removal and transport of sediment and rock from river channels and floodplains by
flowing water. Four distinct mechanisms do the work:

+ Abrasion wears away the channel bed and banks through the impact and friction of sediment particles
carried by the flow. Think of it as natural sandblasting. The coarser and more angular the sediment
load, the more effective abrasion becomes.

* Hydraulic action dislodges rock fragments using the sheer force of moving water, without any
sediment involved. Water pushes into cracks and joints, and the pressure fluctuations pry material
loose. This is especially effective in well-jointed or fractured rock.

+ Solution (also called corrosion) dissolves soluble minerals directly into the water. It's most significant
in limestone and other carbonate rocks, where slightly acidic river water reacts with CaCO3 to carry
material away in dissolved form.

« Cavitation occurs only in very high-velocity flows. Rapid pressure changes cause tiny air bubbles to
form and then violently collapse against rock surfaces, generating shock waves that pit and fracture the
rock. This process is relatively rare in natural channels but can be significant at waterfalls and in steep
bedrock gorges.

Factors Influencing Erosion Effectiveness

No single variable controls erosion. Instead, several factors interact:

» Stream velocity sets the kinetic energy available for erosion and sediment transport. Doubling velocity
roughly quadruples the erosive force.

» Sediment load determines how much abrasive material the river carries. A sediment-starved river
downstream of a dam, for example, erodes its bed more aggressively because its energy isn't spent
transporting material.

» Channel gradient directly influences velocity. Steeper reaches have faster flow and greater erosive
power.
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* Rock type controls susceptibility. Limestone dissolves; shale crumbles under hydraulic action; granite
resists almost everything except slow abrasion.

* Discharge variability matters because flood events do a disproportionate share of geomorphic work. A
river at bankfull discharge may accomplish more erosion in a few days than months of low flow.

* Vegetation cover along banks stabilizes sediment with root networks, but decaying organic matter also
releases acids that enhance chemical weathering.

» Water temperature affects chemical reaction rates. Warmer water accelerates solution processes.

Erosional Landforms

Channel Bed Features

* Potholes are circular depressions ground into bedrock by rocks trapped in eddies. The trapped clasts
spin in place, drilling downward through abrasion. You'll find them most often in resistant bedrock where
flow is turbulent.

* Rapids develop where the channel gradient steepens abruptly or large boulders obstruct flow, creating
turbulent, high-energy conditions.

* Plunge pools form at the base of waterfalls, where the concentrated impact of falling water scours a
deep depression into the channel floor.

» Bedrock channels are exposed when erosion strips away all loose sediment, leaving the underlying
rock formation as the channel surface. These are common in steep, high-energy reaches.

« Step-pool sequences alternate between rocky steps and deeper pools in steep mountain streams.
They naturally dissipate flow energy and are remarkably stable channel forms.

Valley and Canyon Formation

Valley shape reflects the balance between vertical (downcutting) and lateral (sideways) erosion:

* V-shaped valleys form in upland areas where vertical erosion dominates. The river cuts downward
while mass wasting on the slopes keeps the valley walls steep but angled.

» Canyons are deep, narrow valleys with near-vertical walls. They develop through sustained
downcutting, typically in horizontally bedded sedimentary rocks or along fault zones. The Grand
Canyon, for instance, exposes nearly 2 billion years of rock layers.

» Gorges are similar to canyons but shorter and narrower, often produced by rapid incision from glacial
meltwater or recent tectonic uplift.

» Entrenched meanders form when a meandering river on a low-gradient surface begins cutting
downward (usually due to uplift or base-level fall) while preserving its sinuous pattern in bedrock. The
Goosenecks of the San Juan River in Utah are a classic example.

« Slot canyons are extremely narrow, deep channels eroded into soft rock like sandstone, where flash
floods concentrate erosive energy into a confined space.

River Course Features

» Waterfalls develop where a river crosses a contact between resistant and weak rock, or along a fault
scarp. The resistant layer forms a cap rock, while the weaker rock beneath is undercut, eventually
causing the cap to collapse. This process drives the waterfall's upstream retreat over time.
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* Meanders are sinuous bends that develop in low-gradient reaches. Erosion concentrates on the outer
bank (the cut bank), while deposition builds the inner bank (the point bar). This combination causes the
meander to migrate laterally and downstream.

» Oxbow lakes form when a meander loop becomes so exaggerated that the river breaks through the
narrow neck during a flood, cutting off the loop. The abandoned channel fills with standing water and
gradually silts up.

+ Knickpoints are abrupt changes in channel gradient, often marking the location of a resistant rock
layer or a past base-level change. They migrate upstream over time as the river erodes through them.

* River terraces are flat benches above the current floodplain that represent former floodplain levels.
Each terrace records a period when the river was flowing at that elevation before incising further. A
staircase of terraces can record multiple episodes of downcutting.

Rock Resistance in Fluvial Erosion

Lithological Controls

The properties of the rock itself determine how quickly a river can erode through it:

» Mineral composition is fundamental. Quartz-rich rocks (like quartzite) resist both mechanical and
chemical erosion far better than rocks rich in softer minerals like mica or calcite.

* Degree of cementation controls how well grains hold together. A well-cemented sandstone can be
nearly as resistant as granite, while a loosely cemented one crumbles easily under hydraulic action.

* Fracture density provides pathways for water infiltration and weathering. Highly fractured rock erodes
much faster because water can attack from multiple surfaces simultaneously.

» Bedding plane orientation affects downcutting rates. Horizontally bedded rocks tend to resist vertical
erosion better than vertically oriented beds, which expose more surface area to the flow.

* Rock hardness (measured on the Mohs scale or by compressive strength) determines susceptibility to
abrasion. Granite (Mohs ~6-7) resists far longer than shale (Mohs ~3).

Structural Influences

Geological structures create zones of weakness that rivers exploit:

« Joints are fractures without displacement. Rivers preferentially erode along joint sets, which is why
some valleys follow remarkably straight, linear paths.

* Faults provide planes of crushed, weakened rock. Rivers often follow fault lines, and fault activity can
cause abrupt changes in channel direction.

« Differential erosion occurs when alternating layers of resistant and weak rock are exposed. A hard
layer overlying a soft layer creates waterfalls; a sequence of varying resistance produces a stepped
longitudinal profile.

+ Knickpoint migration is driven by differential erosion. As the river erodes through a resistant layer, the
knickpoint retreats upstream. The rate of retreat depends on the contrast in rock resistance.

* Resistant cap rocks protect softer underlying layers from erosion. In fluvial canyons and arid
landscapes, this produces flat-topped mesas and buttes where the cap rock remains intact.
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Climate vs. Tectonics in Fluvial Erosion

Climatic Factors

Climate controls the water and weathering regime that drives erosion:

* Precipitation patterns directly set river discharge and sediment supply. More rainfall means more
runoff and greater erosive capacity.

* Humid climates promote deep chemical weathering and active solution processes, producing thick
regolith that rivers can easily transport.

* Arid climates emphasize mechanical weathering and produce infrequent but intense flash floods that
do enormous geomorphic work in short bursts.

* Vegetation cover stabilizes slopes and reduces runoff in humid regions. In arid regions, sparse
vegetation leaves surfaces exposed to rapid erosion during storms.

» Extreme events like major floods can accomplish more erosion in hours than years of normal flow.
The relative importance of rare, large events versus frequent, moderate ones is a key question in
geomorphology.

* Glacial-interglacial cycles alter sea level (which controls base level for rivers), shift vegetation zones,
and change sediment supply, driving cycles of aggradation and incision across entire drainage basins.

Tectonic Influences

Tectonics sets the "boundary conditions" that rivers respond to:

« Uplift steepens river gradients, increasing velocity and vertical erosion. Rivers in actively uplifting
mountain belts (like the Himalayas) can incise at rates exceeding 5 mm/year.

» Subsidence lowers the landscape, promoting sediment accumulation and reducing erosion rates.
Subsiding basins become depositional environments.

« Fault activity can capture or divert rivers by creating new topographic lows, fundamentally
reorganizing drainage patterns.

« Tectonic tilting can rejuvenate erosion in otherwise mature, low-relief landscapes by steepening
gradients in one direction.

« Earthquake-triggered landslides can dump massive volumes of sediment into river channels,
temporarily overwhelming transport capacity.

« Volcanic activity can dam rivers (creating lakes that later breach catastrophically) or supply large
quantities of easily erodible ash and pyroclastic material.

Climate-Tectonic Interactions

Neither climate nor tectonics acts in isolation. Their interaction produces the landscapes we observe:

» Dynamic equilibrium describes the tendency of river systems to balance erosion rates against uplift
rates over geological timescales. When uplift exceeds erosion, relief grows; when erosion exceeds
uplift, relief decreases.

* Orographic precipitation is a direct coupling mechanism. Tectonic uplift creates mountain barriers that
force moist air upward, generating heavy rainfall on the windward side. This concentrates erosion
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precisely where uplift is greatest, creating a powerful feedback loop.

« Isostatic rebound following deglaciation raises the land surface, steepening river gradients and
triggering a new phase of incision.

« Climate change can amplify or dampen tectonic signals. A shift to wetter conditions accelerates
erosion of tectonically uplifted terrain; a shift to aridity slows it.

+ Drainage basin geometry, which is largely controlled by tectonic structure, determines how erosional
energy is distributed across the landscape.

» Feedback loops between erosion, climate, and tectonics drive complex landscape evolution. For
example, erosional unloading of a mountain belt can trigger further isostatic uplift, which enhances
orographic rainfall, which accelerates erosion further.

5.3 Sediment deposition and alluvial systems

Sediment Deposition and Alluvial Systems

Rivers shape landscapes through erosion, transport, and deposition. Sediment deposition occurs when
flow slows, causing particles to drop out based on size. This process creates diverse landforms like point
bars, natural levees, and floodplains.

Alluvial systems are complex, influenced by factors like channel gradient, sediment supply, and climate.
Understanding these processes helps you interpret sedimentary structures and facies, which reveal the
history of ancient river systems and their environments.

Sediment Deposition in Fluvial Systems

Mechanisms of Sediment Deposition

Sediment deposition happens when the transport capacity of a flow decreases, usually because velocity or
turbulence drops. The Hjulstrédm curve is the key tool here: it plots particle size against the critical velocities
needed for erosion, transportation, and deposition. Notably, very fine particles (clays and silts) require
surprisingly high velocities to erode because of cohesion, but once in transport they stay suspended even
at low velocities.

Several mechanisms drive deposition in different parts of the fluvial system:

» Aggradation occurs when sediment supply exceeds transport capacity, leading to vertical
accumulation in the channel and on the floodplain.

« Lateral accretion builds point bars along the inner banks of meander bends and drives channel
migration over time.

» Overbank deposition happens during floods when sediment-laden water overtops channel banks and
deposits fine material across the floodplain.

» Backwater effects from obstructions or base level changes reduce upstream flow velocities, inducing
localized deposition.

Channel geometry, flow regime, sediment supply, and particle characteristics (size, shape, density) all
influence where and how deposition occurs.
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Types of Deposition and Their Effects

Different styles of deposition produce distinct landforms and sediment packages:

* Vertical accretion builds up the floodplain surface over time through repeated overbank flooding
events. Each flood adds a thin layer of fine sediment.

« Lateral accretion creates point bars and scroll bars along the inner bends of meandering rivers as the
channel migrates outward.

* Longitudinal accretion forms mid-channel bars and islands in braided river systems, where sediment
accumulates parallel to flow.

+ Deltaic deposition occurs where rivers enter standing water bodies (oceans, lakes), and flow velocity
drops rapidly.

* Avulsion is an abrupt channel relocation that creates new depocenters (areas of active sediment
accumulation) and leaves behind abandoned channels.

* Crevasse splay deposition forms fan-shaped deposits when floodwaters breach natural levees,
spreading coarser sediment onto the floodplain.

» Backwater deposition occurs wherever flow velocity is locally reduced, such as at confluences or
upstream of reservoirs.

Fluvial Depositional Landforms

Channel-Related Landforms

These landforms develop within or immediately adjacent to the active channel:

+ Point bars are crescent-shaped deposits on the inside of river bends. Helical flow (a corkscrew-like
secondary circulation) pushes slower water toward the inner bank, causing sediment to accumulate
there. They typically fine upward from gravel at the base to sand and silt near the top.

* Natural levees are elevated ridges of coarser sediment flanking the channel. During floods, the
coarsest suspended sediment drops out first as water spills over the banks, building these ridges over
many flood cycles.

* Crevasse splays are fan-shaped deposits that form when floodwaters breach a natural levee. They
spread coarser sediment across the floodplain in a lobate pattern.

* Oxbow lakes are curved water bodies left behind when a meander bend gets cut off from the main
channel. Over time, they fill with fine sediments and organic material.

» Mid-channel bars and islands develop in braided river systems where high sediment loads and
variable discharge create multiple shifting channels.

* Longitudinal bars form parallel to flow direction in straighter channel segments.

* Riffle-pool sequences alternate between shallow, fast-flowing sections (riffles) and deeper, slower
sections (pools) in gravel-bed rivers. Their spacing is typically 5 to 7 channel widths apart.

Floodplain and Valley-Scale Landforms

At a larger scale, deposition builds landforms that define the shape of entire valleys:
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* Floodplains are flat, low-lying areas adjacent to the channel that get periodically inundated during high
flows. They receive sediment through overbank deposition and grow both vertically and laterally over
time.

+ Alluvial fans are cone-shaped deposits that form where steep mountain streams emerge onto flat
plains. Flow suddenly spreads out and slows, dropping sediment in a radial pattern with distributary
channels.

* Terraces are abandoned floodplain surfaces that sit above the current floodplain. They form when a
river incises into its previous floodplain deposits, often in response to base level drop or reduced
sediment supply.

« Paleochannels are remnant channel features preserved on floodplains that indicate past river courses.
They're useful for reconstructing how a river system has migrated over time.

» Backswamps form in low-lying areas of the floodplain far from the main channel. They're often poorly
drained and rich in organic matter because natural levees prevent easy drainage back to the river.

* Floodbasins are large, flat areas between river channels in multi-channel systems that accumulate
fine-grained sediments.

« Alluvial ridges are elevated zones along river channels built up by repeated levee formation and
vertical accretion. The channel actually sits higher than the surrounding floodplain, which is why
avulsion is always a risk.

Factors Controlling Alluvial Systems

Geomorphological and Hydrological Factors

The character of an alluvial system depends on a set of interacting physical controls:

» Channel gradient determines flow energy and sediment transport capacity. Steeper gradients mean
higher energy and coarser sediment transport; lower gradients favor deposition.

» Sediment supply (both quantity and grain size distribution) sets the balance between erosion and
deposition. A river receiving abundant coarse sediment from its catchment will behave very differently
from one with limited fine-grained input.

* Discharge variability strongly influences channel pattern. Highly variable flow regimes (with big floods
and low baseflows) tend to produce braided or anastomosing patterns, while more steady discharge
favors single-thread meandering channels.

* Tectonic activity and base level changes alter the river's longitudinal profile. Uplift steepens gradients
and promotes incision; subsidence or sea level rise promotes aggradation.

« Valley confinement constrains how much a channel can migrate laterally and limits floodplain
development. A river in a narrow bedrock valley behaves differently from one on a broad alluvial plain.

 Hydraulic geometry relationships link channel width, depth, and velocity to discharge and sediment
load in predictable ways.

* Flow regime (perennial, intermittent, or ephemeral) influences channel stability and the continuity of
sediment transport processes.

Environmental and Anthropogenic Factors

Beyond the physical framework, biological and human factors play major roles:
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* Vegetation increases bank stability through root reinforcement, traps sediment, and adds flow
resistance. Before land plants evolved in the Devonian, rivers were almost exclusively braided because
there was nothing to stabilize banks.

+ Climate controls precipitation patterns, runoff generation, and weathering rates, all of which influence
how much sediment is produced and transported.

» Human activities like dam construction, channelization, and land-use changes significantly alter
natural sediment budgets and channel morphology. Dams trap sediment upstream and starve
downstream reaches, often causing channel incision below the dam.

* Bedrock lithology affects sediment supply (how easily rock weathers into transportable particles),
channel resistance to erosion, and valley shape.

+ Soil characteristics influence infiltration rates and runoff generation, which control how much water
and sediment reach the channel from hillslopes.

+ Glacial history shapes valley morphology (U-shaped valleys, moraines) and provides abundant
sediment sources in previously glaciated regions.

« Wildfire regimes temporarily remove vegetation cover and alter soil properties, often causing dramatic
spikes in sediment yield from burned watersheds.

Sedimentary Structures and Facies in Fluvial Environments

Sedimentary Structures

Sedimentary structures are the internal features preserved within deposits that record the conditions under
which sediment was laid down. They're your primary tool for interpreting ancient fluvial environments.

* Cross-bedding is one of the most common structures in fluvial deposits. It forms from the migration of
bedforms like dunes and bars, with inclined layers (foresets) recording the downstream face of the
migrating feature. Trough cross-bedding indicates 3D dune migration; planar cross-bedding suggests
2D dune or bar migration.

* Fining-upward sequences are the signature of point bar deposits. Coarse gravel and sand at the base
grade upward into finer sand and silt, reflecting the gradual decrease in flow energy as the channel
migrates laterally.

» Massive bedding and parallel lamination in fine-grained sediments are typical of overbank (floodplain)
deposits, laid down from suspension during floods.

» Scour-and-fill structures mark erosion episodes followed by deposition. They're often found at channel
bases or associated with crevasse splays.

« Clast imbrication occurs in coarse-grained deposits when flat or elongate clasts stack up tilted against
the current. This provides reliable information about paleoflow direction.

* Ripple marks form on bed surfaces under lower flow regime conditions and can indicate flow direction
(asymmetric ripples) or oscillating currents (symmetric ripples).

» Mud cracks (desiccation cracks) develop in fine-grained sediments during subaerial exposure,
confirming that the surface dried out between depositional events.
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Facies Associations and Interpretations

A facies is a body of sediment with distinctive characteristics (grain size, structures, geometry) that reflect
specific depositional conditions. In fluvial systems, facies group into associations that correspond to
different parts of the river environment:

 Channel fill facies include trough cross-bedded sands and gravels, coarse lag deposits at the channel
base, and clay plugs that fill abandoned channels.

« Point bar facies show epsilon cross-stratification (large-scale inclined surfaces dipping toward the
channel center) and fining-upward sequences. These are the classic indicator of meandering river
deposits.

* Crevasse splay facies consist of coarser-grained sediments with lobate (fan-shaped) geometries that
thin away from the breach point.

* Floodplain facies are dominated by fine-grained sediments with horizontal lamination, along with
evidence of soil development (paleosols).

* Bioturbation and pedogenic features such as root traces, burrows, and soil horizons are common in
floodplain deposits. They indicate periods of subaerial exposure between flood events.

Facies models for different river types (meandering, braided, anastomosing) show characteristic vertical
and lateral facies relationships. By matching observed facies associations to these models, you can
reconstruct the type of river system that produced ancient deposits. Paleocurrent indicators like
cross-bedding orientations and clast imbrication help reconstruct ancient flow directions and drainage
patterns.

5.4 Human impacts on river systems

Human activities have drastically altered river systems, reshaping their natural processes and ecosystems.
Dams, channelization, and land use changes modify flow regimes, sediment transport, and river
morphology, often with cascading ecological consequences.

These alterations directly affect the erosion, transport, and deposition processes central to fluvial systems.
Understanding them is crucial for developing restoration and management strategies that balance human
needs with ecosystem health.

River Hydrology and Sediment Transport

Dam Effects on River Systems

Dams fundamentally change how water and sediment move through a river. By regulating discharge, they
dampen the natural variability of flow, which downstream channels and ecosystems depend on.

* Flood attenuation: Dams reduce the magnitude and frequency of flood events, limiting floodplain
connectivity and the periodic sediment redistribution that maintains channel form.

» Sediment trapping: Impoundments act as sediment sinks. Reservoirs can trap over 90% of incoming
sediment, starving downstream reaches and triggering channel incision as the river erodes its own bed
to compensate for the missing sediment load.

» Thermal regime changes: Water released from deep in a reservoir is often much colder than natural
surface flow, disrupting aquatic organisms adapted to seasonal temperature patterns.
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* Migration barriers: Dams physically block upstream and downstream fish migration, disrupting life
cycles of species like salmon and sturgeon that depend on access to specific spawning habitats.

* Altered flood pulses: The timing and magnitude of high flows shift, reducing the natural wetting cycles
that sustain floodplain wetlands and riparian vegetation.

Channelization and Land Use Changes

Channelization straightens and deepens river courses, typically increasing flow velocity and reducing
sinuosity. This accelerates sediment transport through the modified reach, disrupts natural deposition
patterns, and disconnects the river from its floodplain. The result is reduced habitat complexity and altered
nutrient cycling.

Land use changes in the catchment reshape how water and sediment enter the river:

« Urbanization increases impervious surface area (roads, rooftops, parking lots), which amplifies peak
flows during storms and reduces baseflow between storms. The higher peak discharges can cause
significant channel erosion.

+ Deforestation removes the root networks and canopy cover that slow runoff and hold soil in place.
Sediment input to rivers increases, potentially causing aggradation and channel instability downstream.

« Agricultural practices influence sediment delivery in several ways. Tillage exposes bare soil to rainfall
erosion, and irrigation can alter local runoff patterns. Removal of riparian vegetation along field margins
reduces bank stability, increasing lateral erosion and channel migration.

Human Impacts on Fluvial Processes

Erosion and Channel Stability

Bank stabilization techniques like riprap or concrete lining protect the treated reach but transfer erosive
energy downstream or to the opposite bank. The problem doesn't disappear; it moves.

+ Gravel mining from river beds lowers the channel floor, leading to incision, bank undermining, and
changes in sediment transport capacity. Bridges and infrastructure near mined reaches can become
destabilized.

* Levees and flood control structures confine flow within a narrower corridor, concentrating energy
during high-flow events. This increases erosion potential within the channel and raises flood stages
because water can no longer spread across the floodplain.

* Riparian vegetation removal weakens banks by eliminating root reinforcement, increases lateral
migration rates, and degrades habitat for both terrestrial and aquatic species.

Sedimentation and Deposition

Different land uses produce distinct sediment signatures in river systems:

« Urbanization creates a two-phase pattern. During construction, exposed ground generates high
sediment yields. Once surfaces are paved, long-term sediment supply drops because there's little
exposed soil left to erode.

* Agriculture elevates soil erosion rates, especially under intensive tillage. It also shifts the grain size
distribution toward finer sediments (silts and clays), which stay in suspension longer and can smother
coarse-grained spawning gravels downstream.
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« Dam-induced sediment starvation has consequences that extend all the way to the coast. With less
sediment reaching river mouths, deltas can subside and coastlines retreat. The Mississippi Delta, for
example, is losing land partly because upstream dams and levees intercept sediment that historically
built and maintained the delta.

Ecological Impacts of River Regulation

Aquatic Ecosystem Disruption

Natural rivers are disturbance-driven systems. Floods scour channels, deposit sediment on floodplains,
and reset ecological succession. When flow regulation removes or dampens these disturbances, the
ecological consequences ripple through the system.

» Changes in flood frequency alter floodplain plant communities by disrupting the succession cycles that
depend on periodic inundation.

» Many fish species use flow and temperature cues to time spawning. Regulated flows can decouple
these cues from the seasons, reducing reproductive success.

» Water extraction for irrigation or municipal supply reduces in-stream flows, concentrating pollutants,
shrinking available habitat, and fragmenting connectivity between river sections.

Habitat Modification

Channelization and levee construction simplify river structure. A natural river has a mosaic of pools, riffles,
meanders, sandbars, and side channels. Each of these features supports different species and life stages.

* Floodplain disconnection eliminates off-channel habitats that serve as nurseries, refugia during high
flows, and nutrient exchange zones.

+ Dredging or straightening removes the substrate variability that benthic (bottom-dwelling) communities
depend on. Uniform channels support far fewer species than morphologically diverse ones.

» Downstream of dams, reduced sediment supply limits the formation of sandbars and islands that
provide nesting habitat for birds and basking sites for reptiles.

River Restoration and Management

Restoration Strategies

River restoration aims to reestablish natural geomorphic processes and ecosystem functions while
accounting for societal constraints. The most effective approaches address root causes rather than
symptoms.

1.

Dam removal or modification restores sediment continuity and natural flow regimes, improving habitat
connectivity. The Elwha River in Washington saw rapid recovery of salmon populations and sediment
transport after two dams were removed (2011-2014). The Penobscot River in Maine used a combination of
dam removal and fish passage improvements to reopen hundreds of miles of habitat.

2.

Floodplain reconnection involves setting levees back from the channel or breaching them in controlled
locations. This restores flood attenuation capacity and habitat diversity. The Yolo Bypass in California and
the Room for the River program in the Netherlands are large-scale examples that combine flood risk
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reduction with ecological restoration.
3.

Channel reconfiguration includes remeandering straightened reaches and adding in-stream structures like
large woody debris or rock vanes. These features increase hydraulic diversity, create pools and riffles, and
improve channel stability.

Sustainable Management Approaches

* Environmental flow regimes aim to mimic natural flow variability while meeting human water demands.
This means incorporating seasonal high and low flows, including periodic flushing flows that mobilize
fine sediment and maintain channel form.

* Riparian buffer zones use vegetation and bioengineering techniques for bank stabilization. They
reduce erosion, filter pollutants from runoff, and create habitat corridors connecting fragmented
landscapes.

» Watershed-scale management addresses river issues holistically by considering land use practices,
sediment sources, and water demands across the entire catchment. Examples include Integrated
Catchment Management in New Zealand and River Basin Management Plans under the EU Water
Framework Directive.

» Adaptive management treats restoration as an ongoing experiment. Monitoring and assessment feed
back into decision-making, allowing managers to refine techniques over time. The Glen Canyon Dam
Adaptive Management Program on the Colorado River uses controlled flood releases and long-term
monitoring to improve outcomes for downstream ecosystems in the Grand Canyon.

Fiveable archived study guides Page 80



Unit 6 — Fluvial Landforms & Drainage
Patterns

6.1 River channel patterns and classification

River Channel Patterns

River channels take on distinct geometric patterns depending on slope, sediment supply, discharge, and
bank materials. Classifying these patterns helps you predict how a river will behave, how it shapes the
surrounding landscape, and how it might respond to environmental or human-driven changes.

This section covers the main channel types, the factors that control them, quantitative and morphological
classification methods, and the processes that form each pattern.

Main Types of River Channels
River channels fall into four primary categories, though transitional forms exist between them.

Straight channels rarely occur naturally and typically persist only over short distances. They're most
common where resistant bedrock or uniform substrate prevents lateral migration.

Meandering channels consist of a single, sinuous thread with alternating S-shaped bends. Point bars build
on the inside of bends (where flow slows), while cut banks erode on the outside (where flow accelerates).
Meander wavelength and amplitude scale with discharge and sediment characteristics.

Braided channels contain multiple interweaving threads separated by temporary sediment bars. They're
highly dynamic, with frequent channel shifts during flood events. The Platte River in Nebraska is a classic
example. Braiding tends to develop where sediment load is high and discharge is variable.

Anastomosing channels also have multiple threads, but unlike braided systems, their islands are vegetated
and relatively stable. These are lower-energy systems, typically found on low-gradient alluvial plains.
Cooper Creek in Australia is a well-known example.

Wandering channels sit between meandering and braided end members, displaying characteristics of both.
The Squamish River in British Columbia is a good example of this transitional type.

Factors Influencing River Channels

Topographic and Geological Factors

» Channel slope is one of the strongest controls on pattern. Steeper slopes generally favor braided
patterns; gentler slopes promote meandering.

* Valley confinement limits lateral migration. In narrow, confined valleys, channels tend to be straighter
because there's simply no room to meander.

* Tectonic activity can alter valley slopes and sediment supply over time, potentially triggering
transitions from one channel pattern to another.

+ Base level changes also matter. Sea level fluctuations affect coastal river patterns, and local base
level changes (e.g., a new reservoir) modify upstream channel behavior.
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Sediment and Flow Characteristics

Sediment load and grain size exert strong control over channel pattern:
* Higher sediment loads are typically associated with braided channels.

« Coarser sediments (gravel, cobbles) promote braiding, while finer sediments (sand, silt) more often
produce meandering patterns.

Discharge variability is equally important. Flashy, highly variable flow regimes tend to produce braided
patterns, while consistent discharge favors meandering.

Bank stability ties these factors together. Vegetation and cohesive (clay-rich) sediments increase bank
strength, promoting single-thread meandering channels. Non-cohesive sediments (sand, gravel) weaken
banks and favor braiding.

Anthropogenic Influences

Human interventions can dramatically alter natural channel patterns:

» Dam construction traps sediment and reduces peak flows downstream, often leading to channel
narrowing and simplification.

» Channelization straightens meandering rivers, which increases flow velocity and erosion potential
downstream.

+ Land use changes in the watershed shift the water and sediment balance. Urbanization increases
runoff and peak flows; deforestation can boost sediment supply and promote braiding.

* River restoration projects attempt to reverse these effects by re-meandering straightened channels
and restoring riparian vegetation to stabilize banks.

Classifying River Channels

Quantitative Classification Methods

Several indices let you place a channel on a spectrum from straight to highly complex:

+ Sinuosity index (Sl) measures how "wiggly" a channel is:

Sl = Channel Length
~ "Valley Length

Values near 1.0 indicate a straight channel. Values above 1.5 are generally classified as meandering.

Braiding index quantifies multi-thread complexity by counting the number of active channels across
representative cross-sections. Higher values mean more complex braiding.

Width-to-depth ratio distinguishes channel types:

— Bankfull Width
WID = Bankfull Depth

Braided channels tend to have high W/D ratios (wide and shallow), while meandering channels tend to
have lower ratios (narrower and deeper).
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» Anabranching index counts the number of channels separated by vegetated islands, used specifically
for classifying anastomosing systems.

Morphological Classification Approaches

Beyond single indices, you can classify channels by their planform geometry and bar types.
Meander geometry describes meandering channels using three measurements:
» Meander wavelength: distance between two consecutive meander crests
» Meander amplitude: perpendicular distance between inflection points on opposite sides of a bend
* Radius of curvature: how sharp or gentle each bend is
Bar types help identify braided and transitional patterns:
» Mid-channel bars are characteristic of braided channels
« Alternate bars (staggered on opposite sides) indicate transitional or wandering channels
* Point bars are the hallmark of meandering channels

Rosgen's classification system integrates multiple parameters into a standardized framework. It
categorizes streams based on entrenchment ratio, width-to-depth ratio, sinuosity, and channel materials.
This system is widely used in applied geomorphology and stream restoration because it provides a
common language for comparing channels across different settings.

Temporal and Spatial Considerations

Channel patterns aren't static, and they vary across scales:

« Spatial scale matters. A reach-scale pattern may differ from the watershed-scale pattern. Tributary
junctions can cause local shifts in channel type.

» Temporal variability is constant. Seasonal discharge and sediment load fluctuations alter patterns in
the short term, while climate shifts drive changes over decades to centuries.

« Pattern transitions occur when controlling variables cross thresholds. A meandering river receiving a
large influx of sediment (say, from a landslide or land use change) may shift toward braiding.
Understanding these thresholds is key to predicting future channel behavior.

* The spatial continuum between channel types means that gradual transitions are common. Any
classification system needs to account for these intermediate forms rather than forcing every channel
into a rigid category.

Formation of River Channel Patterns

Fundamental Processes

Three interrelated processes underlie all channel patterns:

1. Erosion and deposition redistribute sediment. Erosion removes material from the bed and banks;
deposition occurs wherever flow velocity drops.

2. Sediment transport shapes morphology. Bedload transport builds bars and controls channel
geometry, while suspended load contributes to bank stability and floodplain development.
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3. Flow hydraulics drive the whole system. The distribution of shear stress across the channel
determines where erosion occurs, and secondary currents (especially helical flow in bends) redistribute
sediment laterally.

Meandering Channel Formation

Meandering develops through a feedback loop between erosion and deposition at bends:
1. Flow accelerates along the outer bank of a bend, concentrating erosion there (forming a cut bank).
2. Flow decelerates along the inner bank, causing sediment to deposit (building a point bar).

3. Helical flow reinforces this pattern. Surface water moves toward the outer bank, while near-bed flow
moves toward the inner bank, carrying sediment with it.

4. This continuous erosion-deposition cycle causes meander migration, with lateral migration rates
depending on bank materials and vegetation.

5. Over time, vertical accretion on point bars creates scroll bar topography visible on floodplains.

Meanders can also be cut off. Neck cutoffs happen when two bends migrate close enough to intersect,
while chute cutoffs form when flow shortcuts across the neck of a bend. Both produce oxbow lakes.

Braided Channel Development

Braiding develops when sediment supply overwhelms the river's transport capacity:
1. Excess sediment (especially coarse gravel and cobbles) accumulates in the channel.
2. Mid-channel bars form where flow diverges and loses competence to carry its load.
3. Bars split the flow into multiple threads, which further deposit sediment, creating more bars.

4. Channel avulsion is frequent: the main flow path shifts during high flows, abandoning some channels
and reactivating others.

Braided systems are highly sensitive to discharge fluctuations. A single large flood can rework the entire
channel network, while low flows expose broad areas of the channel bed.

If bars become colonized by vegetation, they can stabilize into semi-permanent islands, potentially
transitioning the system toward an anastomosing pattern.

Anastomosing Channel Formation

Anastomosing channels form through a different mechanism than braided ones:
1. Avulsion (sudden channel relocation during floods) creates new flow paths across the floodplain.
2. Abandoned channels persist as secondary threads rather than filling in completely.

3. Vegetated islands stabilize between channels. Fine sediment deposited during overbank flows
gradually builds island elevation, reinforcing their permanence.

These are lower-energy systems than braided rivers. They typically develop on low-gradient alluvial plains
where cohesive bank materials and dense vegetation maintain channel stability. Like all channel types,
anastomosing systems adjust over time in response to changes in discharge, sediment supply, and base
level, and they can transition to or from other patterns when conditions shift.

Fiveable archived study guides Page 84



6.2 Floodplains and terraces

Floodplains and terraces are key features in river systems. Floodplains are flat areas next to rivers that
flood regularly, while terraces are old floodplains now above flood level. Both are made of river-deposited
sediments and reflect the river's history.

These landforms shape river valleys and impact flooding patterns. Floodplains form through river migration
and sediment deposition. Terraces develop when rivers cut down, leaving old floodplains high and dry.
Understanding these features helps us grasp river dynamics and landscape evolution.

Floodplains and Terraces in Fluvial Systems

Defining Floodplains and Terraces

* Floodplains consist of flat, low-lying areas adjacent to rivers periodically inundated during high flow
events

* Terraces represent abandoned floodplains no longer regularly flooded due to changes in river
dynamics or regional uplift

« Alluvial sediments deposited by the river during flood events compose both floodplains and terraces
* River valley components reflect the geomorphic history and current dynamics of the fluvial system

* Factors influencing floodplain and terrace characteristics include river discharge, sediment load, and
tectonic activity

Composition and Characteristics

» Sedimentary deposits in floodplains and terraces range from fine-grained silts and clays to coarser
sands and gravels

* Floodplain topography often features natural levees, backswamps, and oxbow lakes
* Terrace surfaces may exhibit remnant river features such as paleochannels or scroll bars

* Vegetation patterns on floodplains and terraces often reflect differences in soil moisture and flooding
frequency

+ Soil development on terraces varies with age, with older terraces showing more advanced
pedogenesis (soil formation)

Formation of Floodplains and Terraces

Floodplain Formation Processes

« Lateral accretion deposits point bars on the inside of meander bends as the river migrates across its
valley

* Vertical accretion results from suspended sediment deposition on the floodplain surface during
overbank flooding

» Channel avulsion creates new floodplain areas when the river abandons its current course and
establishes a new channel

* Floodplain aggradation occurs when sediment deposition exceeds erosion over time
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» Overbank sedimentation rates vary spatially, often decreasing with distance from the main channel

Terrace Formation Mechanisms

* River incision into its floodplain leaves the former floodplain surface elevated above the new river level
+ Base level changes (lowering of sea level) trigger terrace formation by causing river incision

« Climate fluctuations alter river discharge and sediment load, potentially leading to terrace
development

+ Tectonic uplift raises the landscape relative to the river, promoting incision and terrace formation
* Terrace preservation depends on the balance between erosion and deposition within the river system

* Multiple terrace levels may form through repeated cycles of incision and stability

Types of Floodplains and Terraces

Floodplain Classifications

+ Active floodplains experience regular flooding events (annual to decadal timescales)
+ Inactive floodplains rarely flood due to channel incision or artificial flood control measures

* Braided river floodplains feature multiple interconnected channels separated by temporary sediment
bars

» Anastomosing river floodplains consist of multiple stable channels with vegetated islands

* Meandering river floodplains exhibit a single sinuous channel with point bars and cutoff features

Terrace Categories

« Paired terraces occur on both sides of the river valley at similar elevations

+» Unpaired terraces form on only one side of the valley or at different elevations on each side

« Strath terraces represent erosional features cut into bedrock with a thin veneer of alluvial sediments
* Fill terraces compose entirely of alluvial sediments deposited during aggradational phases

+ Climatic terraces form in response to climate-driven changes in river dynamics (glacial-interglacial
cycles)

* Tectonic terraces result from uplift or subsidence affecting the river's longitudinal profile

Significance of Floodplains and Terraces

Paleoenvironmental Reconstruction

* Floodplains and terraces serve as archives of past river behavior, preserving sedimentological
evidence

« Spatial distribution and elevation of terraces reconstruct long-term river incision rates and patterns

» Sediment characteristics within floodplains and terraces provide information on past flow regimes
(flood magnitudes)
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» Organic material preserved in floodplain deposits allows for radiocarbon dating and paleoclimate
reconstruction

* Pollen records in floodplain sediments offer insights into past vegetation changes and climate shifts

Applications in Geomorphology and Hydrology

* Terrace sequences infer regional tectonic activity, climate change, and sea-level fluctuations over
geological timescales

« Study of floodplains and terraces contributes to understanding landscape evolution and sediment
budgets

* Analysis of floodplain and terrace morphology proves crucial for flood risk assessment (flood extent
mapping)

* Land-use planning utilizes floodplain and terrace data to determine suitable areas for development

* River restoration projects incorporate knowledge of historical floodplain and terrace configurations

6.3 Drainage basin morphology and evolution

Drainage basin components and characteristics

Drainage basin morphology describes the shape, structure, and spatial organization of the land area that
funnels water into a river system. Understanding how basins evolve over time helps explain why
landscapes look the way they do, and why rivers behave differently in different settings. This topic ties
together tectonics, climate, rock type, and erosion into a unified framework for reading landscapes.

Watershed structure and boundaries

A drainage basin (also called a watershed or catchment) is the entire land area that contributes water to a
specific stream or river system. Its main components are:

« Drainage divide: the topographic boundary that separates adjacent basins, running along the highest
points of land between them

* Tributaries: smaller streams feeding into the main channel

* Main channel: the primary river carrying flow toward the outlet

* Floodplain: the low-lying area adjacent to the channel that gets inundated during high flows
* Outlet: the point where water exits the basin

Stream order classifies segments by their position in the network. First-order streams are the smallest
unbranched headwater tributaries. When two first-order streams join, they form a second-order stream,
and so on. This system (the Strahler method) gives you a quick sense of network complexity.

Drainage density is the total stream channel length divided by the basin area. A high drainage density
means the landscape is heavily dissected with many channels per unit area, which typically corresponds to
impermeable substrates, sparse vegetation, or high rainfall intensity. Low drainage density suggests
permeable rock or thick soil that absorbs runoff before it concentrates into channels.

Basin shape and drainage patterns

Basin shape affects how quickly runoff concentrates at the outlet. Two common metrics:
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« Circularity ratio: compares basin area to the area of a circle with the same perimeter. Values closer to
1.0 mean a more circular basin.

+ Elongation ratio: compares basin diameter to the length of the longest flow path.

Circular basins tend to produce sharper, higher flood peaks because runoff from all parts of the basin
arrives at the outlet around the same time. Elongated basins spread that arrival out, producing a lower,
broader hydrograph.

Drainage patterns are diagnostic of the underlying geology:

* Dendritic: a tree-like branching network that develops on uniform, horizontally bedded rocks (e.g.,
flat-lying sandstone or shale). This is the most common pattern.

* Trellis: parallel main streams with short tributaries joining at near-right angles, controlled by alternating
resistant and weak rock layers in folded terrain (e.g., the Appalachian Valley and Ridge Province).

+ Radial: streams flowing outward from a central topographic high, like a volcanic cone (e.g., Mount
Rainier).

+ Rectangular: similar to dendritic but with right-angle bends controlled by joint sets or fault patterns in
the bedrock.

Recognizing these patterns on a map or aerial image gives you direct insight into the geologic structure
beneath the surface.

Factors influencing drainage basin morphology

Geological influences

Lithology (rock type) is one of the strongest controls on basin form. Resistant rocks like granite erode
slowly, producing steep terrain and narrow valleys. Weaker rocks like shale erode more readily, forming
gentler slopes and wider valleys. Permeability matters too: sandstone absorbs water and reduces surface
runoff, while clay-rich rocks shed water and promote channel development.

Structural geology steers where channels go. Faults create linear valleys and abrupt changes in channel
direction. Joints and bedding planes act as planes of weakness that erosion preferentially exploits. That's
why rectangular drainage patterns develop in heavily jointed rock.

Tectonic activity changes the rules at a regional scale. Uplift steepens gradients and accelerates erosion,
sometimes causing river capture (where one stream diverts flow from an adjacent basin). Subsidence can
flatten gradients, leading to ponding, wetland development, or sediment accumulation.

Environmental and anthropogenic factors

Climate sets the baseline for how much water and energy are available to do geomorphic work:

* Arid regions develop sparse, ephemeral drainage networks with channels that only flow during and
shortly after storms.

* Humid regions support dense, perennial stream systems with well-connected networks.

Vegetation cover stabilizes soil and intercepts rainfall. Forested basins generally have lower erosion rates
and more stable channels. Remove that vegetation through fire, logging, or land-use change, and erosion
rates can spike dramatically.

Human activities modify basin morphology on timescales much shorter than natural processes:
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* Urbanization replaces permeable soil with impervious surfaces (roads, roofs), increasing runoff
volume and peak discharge while reducing infiltration.

* Agriculture exposes bare soil to raindrop impact and overland flow, accelerating erosion and delivering
sediment to channels.

» Dam construction traps sediment upstream, starving downstream reaches of their sediment supply
and often causing channel incision below the dam.

Legacy effects and long-term evolution

Present-day basin morphology often reflects events that happened thousands or millions of years ago.
Glacial valleys carved during the Pleistocene persist as U-shaped troughs in the Alps and Rockies. Ancient
lake beds, like the Bonneville Salt Flats in Utah, form flat basin floors long after the lakes drained.

Tectonic history establishes the large-scale framework. Rift valleys create elongated basins (East African
Rift). Mountain-building events set up major drainage divides, like the Continental Divide in North America,
which separates Pacific-draining from Atlantic-draining rivers.

Relict landforms provide clues to past conditions:

» Wind gaps are dry notches in ridgelines that mark where streams once flowed before being captured
or diverted (common in the Appalachians).

+ Underfit streams occupy valleys far too large for their current discharge, suggesting the valley was
carved by a much larger flow, often glacial meltwater (e.g., the Thames River in the UK).

Stages of drainage basin evolution

Youth stage characteristics

William Morris Davis proposed the geomorphic cycle (also called the cycle of erosion) in the late 1800s,
describing landscape evolution through three stages: youth, maturity, and old age. While modern
geomorphology has moved beyond this as a strict model, it remains a useful descriptive framework.

The youth stage is marked by:
« Steep stream gradients and rapid downcutting
* V-shaped valleys with little to no floodplain development
» Waterfalls and rapids where streams cross resistant rock layers
* Active headward erosion expanding the drainage network into undissected uplands
» Sediment production that often exceeds the stream's capacity to transport it

Recently uplifted terrain, like the California Coast Ranges, displays many of these characteristics.
Maturity and old age stages
In the maturity stage, the basin transitions from vertical incision to lateral erosion:

« Valleys widen and floodplains develop along the main channel

« Stream profiles approach a graded condition, where slope adjusts so the stream can just transport its
sediment load
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* Tributaries become well-integrated into the main network

» Waterfalls and rapids become less common as the profile smooths out
The old age stage represents a low-energy landscape:

* Low relief with broad, meandering streams

+ Extensive floodplains dotted with oxbow lakes

+ Occasional residual hills (called monadnocks in Davis's terminology) rising above the otherwise flat
surface

« Sluggish drainage with potential for marsh and swamp development

« Parts of the Amazon Basin illustrate this stage

Dynamic processes and equilibrium concepts

Several processes complicate the neat progression of Davis's cycle:

Stream capture (piracy) occurs when a more erosively aggressive stream breaches a drainage divide and
diverts flow from an adjacent basin. This creates an elbow of capture (a sharp bend in the capturing
stream) and a wind gap (the abandoned valley of the captured stream). A classic example is the River
Severn capturing headwaters that formerly drained to the River Thames.

Knickpoints are abrupt changes in stream gradient, often visible as waterfalls or steep reaches. They can
result from:

» A drop in base level (e.g., sea-level fall)
* Tectonic uplift
* A transition from weak to resistant rock

Knickpoints migrate upstream over time as erosion works on them, and tracking their positions can reveal
the history of base-level or tectonic changes in a basin.

Dynamic equilibrium is the modern alternative to Davis's predetermined cycle. Rather than marching
inevitably from youth to old age, basins maintain a quasi-steady state where erosion and deposition
roughly balance over time. External perturbations (uplift, climate shifts, base-level changes) push the
system out of equilibrium, and it adjusts toward a new balance. This framework better accounts for the fact
that basins can be "rejuvenated" by tectonic uplift rather than simply aging in one direction.

Tectonics, climate, and lithology in drainage basin morphology

Tectonic influences on basin evolution

Tectonic uplift rejuvenates drainage basins by steepening gradients and increasing erosion rates. When
uplift is slow relative to river incision, rivers can maintain their course across rising structures, creating
antecedent drainage. The Colorado River cutting through the rising Colorado Plateau to form the Grand
Canyon is a commonly cited example.

Fault activity directly creates and modifies basins. The Basin and Range Province of the western U.S.
consists of fault-block mountains separated by down-dropped basins, each with its own internal drainage
system. Fault lines also guide stream channels, producing linear valley segments.

Quantitative tools for detecting tectonic influence include:
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« Channel steepness index (Ksn): higher values suggest faster uplift rates
« Channel concavity (8): deviations from expected concavity profiles can indicate tectonic perturbation

+ Knickpoint migration rates: faster migration often correlates with more active tectonics

Climate and extreme events

Climate change reshapes basins by altering precipitation, vegetation, and weathering regimes. Increased
rainfall can accelerate incision; decreased rainfall can cause channels to aggrade as reduced flows lose
transport capacity.

Extreme events leave lasting marks on basin morphology:

* Glaciations carve U-shaped valleys, cirques, and hanging valleys (Yosemite Valley is a textbook
example).

« Catastrophic floods (like glacial outburst floods) can scour entirely new channel paths.

* Intense rainfall events trigger mass wasting (landslides, debris flows) and channel avulsions (sudden
shifts in channel position).

Basin morphology also serves as a paleoclimate archive. River terraces form when a stream incises into its
own floodplain, often in response to climate-driven changes in discharge or sediment supply. A sequence
of terraces records multiple episodes of incision. Alluvial fans at mountain fronts reflect episodic sediment
delivery under arid to semi-arid conditions.

Lithological controls and interactions

Differential erosion driven by rock type is visible everywhere in fluvial landscapes. Resistant layers form
ridges, waterfalls, and knickpoints. Weaker layers erode into valleys and lowlands. In layered sedimentary
sequences, this contrast creates the stepped topography and trellis drainage patterns seen in fold belts.

Rock type also controls drainage density. Impermeable rocks (like unfractured shale) generate more
surface runoff and support denser channel networks. Soluble rocks like limestone can develop karst
drainage, where water flows underground through dissolved conduits rather than in surface channels,
resulting in very low surface drainage density.

The interaction among tectonics, climate, and lithology creates complex feedbacks. Uplift exposes different
rock types to surface erosion. Climate determines the intensity and style of weathering those rocks
experience. The resulting erosion products influence channel form and sediment transport downstream.

Hypsometric analysis is a useful tool for reading these interactions. A basin's hypsometric curve plots the
proportion of area above each elevation. A convex curve indicates a youthful, tectonically active basin
where much of the original surface remains. A concave curve suggests a mature basin where erosion has
removed most of the high-standing terrain. An S-shaped curve is typical of basins in an intermediate state.

6.4 Drainage patterns and their geological significance

Drainage Patterns and Their Geological Significance

Drainage patterns describe the spatial arrangement of streams and rivers across a landscape. They form
in response to the underlying geology, and because of that, they serve as powerful diagnostic tools. By
reading a drainage pattern on a map or aerial photo, you can infer rock type, structural controls, tectonic
history, and even climate conditions without ever visiting the field.
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Drainage Patterns

Types of Drainage Patterns

Dendritic patterns are the most common. Streams branch and rejoin like the limbs of a tree, with tributaries
meeting the main channel at acute angles. This pattern develops where rock resistance is relatively
uniform and there's no strong structural control, such as in flat-lying sedimentary sequences or
homogeneous crystalline basement rock. If you see dendritic drainage, the geology is telling you "nothing
special is going on structurally here."

Parallel patterns consist of regularly spaced streams flowing in roughly the same direction. They form on
steep regional slopes or where parallel structures (faults, tilted beds) guide the channels. The key
distinction from dendritic: tributaries stay nearly parallel rather than branching at varied angles.

Trellis patterns have long, parallel main streams with short tributaries joining at near-right angles. This is
the signature of alternating resistant and weak rock layers, exactly what you find in folded mountain belts.
The Appalachian Valley and Ridge province is the classic example: main streams follow weak shale
valleys, while short tributaries cut across resistant sandstone ridges.

Rectangular patterns look similar to trellis at first glance, but the distinguishing feature is right-angle bends
in the stream courses themselves. These bends form where streams follow intersecting joint sets or fault
systems in the bedrock. The pattern reflects the geometry of the fracture network below.

Radial patterns show streams flowing outward from a central high point, like spokes on a wheel. Volcanic
cones (Mount Fuiji), structural domes, and laccoliths all produce radial drainage. The pattern directly maps
the topographic symmetry of the landform.

Centripetal patterns are the inverse of radial: streams flow inward toward a central low point. You'll find
these in structural basins, sinkholes, calderas, and impact craters (Barringer Crater, Arizona). Any closed
depression that collects drainage can produce this pattern.

Deranged patterns lack any coherent organization. Streams wander irregularly, connect through numerous
lakes and swamps, and show no consistent flow direction. This is the hallmark of recently glaciated terrain
where ice scoured the landscape and left behind a chaotic surface of till and bedrock with no established
drainage network yet.

Geological Controls on Drainage

Rock Properties and Structural Influences

Rock type directly controls where water can carve channels. Resistant lithologies like granite or
well-cemented sandstone erode slowly, producing narrow, steep-walled channels. Weak lithologies like
shale or poorly consolidated sediment erode readily, forming broad valleys. Streams preferentially exploit
weak rocks, so drainage networks tend to map out the distribution of erodible units.

Structural features impose geometric order on drainage:
* Faults create linear zones of crushed, weakened rock that streams exploit as ready-made pathways
« Joints produce the right-angle bends characteristic of rectangular drainage
* Folds control tributary angles in trellis patterns; anticlines shed water outward while synclines collect it

Regional topography and slope set the overall flow direction. Steep slopes favor parallel patterns, while
gentle, uniform slopes allow dendritic networks to develop freely.
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Tectonic and Climatic Factors

Tectonic uplift rate controls stream gradient, which in turn controls erosional power. Rapid uplift steepens
channels and increases incision rates, often producing deeply entrenched valleys. Slow uplift or tectonic
quiescence allows streams to meander and develop broad floodplains.

Climate shapes drainage density, which is the total length of channels per unit area. Humid regions with
high precipitation develop dense, well-integrated networks. Arid regions produce sparse, often
disconnected networks where many channels only carry water episodically.

Geological history leaves its mark as well. Glaciation produces deranged drainage on freshly exposed
surfaces. Sea-level changes shift base level, forcing streams to adjust their profiles through incision or
aggradation. Each of these events gets recorded in the drainage pattern.

Drainage Patterns and Geological History

Interpreting Past Geological Events

Each pattern type carries specific geological implications:

+ Dendritic patterns in a sedimentary basin point to prolonged tectonic stability and uniform lithology.
Minimal structural deformation has occurred since the drainage developed.

« Trellis patterns indicate a history of folding and differential erosion. In the Appalachians, trellis
drainage records the Alleghenian orogeny followed by hundreds of millions of years of erosion that
etched out the alternating rock layers.

» Rectangular patterns reveal past episodes of crustal stress that produced systematic joint or fault sets.
The orientations of the right-angle bends can even indicate the directions of the paleostress field.

Landscape Evolution Indicators

Radial drainage on an isolated peak is strong evidence for volcanic construction or doming. On Mauna
Loa, Hawaii, radial streams extend from the summit down the shield's flanks, directly reflecting the
volcano's shape.

Centripetal drainage in a closed basin can result from tectonic subsidence, dissolution of soluble rock
(karst), or meteorite impact. Distinguishing among these causes requires additional evidence (rock type,
presence of shocked minerals, etc.), but the drainage pattern flags the anomaly.

Deranged drainage marks geologically young landscapes. In the Canadian Shield and northern Europe,
deranged patterns tell you that glacial retreat was recent enough that streams haven't yet organized into a
mature network.

Superimposed drainage is a particularly useful concept. These are streams that cut across structural
trends they "shouldn't" follow. This happens when drainage established on an overlying rock layer (now
eroded away) gets lowered onto a structurally complex surface beneath. The pattern records a surface that
no longer exists.

Stream capture (also called stream piracy) is another indicator of drainage evolution. When a more erosive
stream breaches a divide and diverts flow from an adjacent channel, it leaves behind an abandoned valley
segment called a wind gap. These features document ongoing reorganization of the drainage network.
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Drainage Patterns and Landscape Evolution

Geological Insights and Resource Identification

Drainage pattern analysis is a standard first step in regional geological mapping. Before detailed fieldwork
begins, the pattern visible on aerial photos or satellite imagery reveals rock types, structural orientations,
and contacts between units.

Drainage anomalies are especially informative. A stream that suddenly changes direction, a pattern that
shifts from dendritic to trellis, or an unusually dense cluster of channels all signal something geologically
significant at that location.

Practical resource applications include:

» Mineral exploration: Structural controls on drainage (faults, fracture zones) often coincide with
mineralized zones where hydrothermal fluids have deposited ore

» Groundwater prospecting: Alluvial fans and areas where drainage converges tend to have high
groundwater potential

» Hydrocarbon exploration: Drainage patterns can reveal subsurface structures like anticlines that may
trap oil and gas

Applications in Geomorphology and Hazard Assessment

Drainage density provides quantitative information about climate and surface properties. High drainage
density indicates either high rainfall, low-permeability substrates, sparse vegetation, or some combination.
Low drainage density suggests arid conditions, highly permeable soils, or dense vegetation that limits
runoff.

For erosion and sediment transport modeling, drainage pattern analysis helps identify where erosion rates
are highest (steep, dense networks) and where sediment accumulates (confluences, basins). These
models feed directly into landscape evolution simulations.

Hazard assessment relies heavily on drainage analysis:
* Flood risk: Channel network geometry determines how quickly runoff concentrates after a storm

 Landslide susceptibility: Drainage density and channel incision rates highlight slopes under active
erosion

+ Land use planning: Watershed boundaries defined by drainage patterns guide infrastructure siting and
development regulations
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Unit 7 — Glacial Processes and Landforms

7.1 Glacier formation, movement, and dynamics

Glacier Formation and Types

Glaciers form where snow accumulates faster than it melts, year after year, gradually compacting into
dense ice masses. These ice bodies then flow under their own weight, carving landscapes and storing
enormous volumes of freshwater. Understanding how glaciers form, move, and respond to changing
conditions is central to interpreting both ancient and modern Earth surface processes.

Environmental Conditions for Glacier Formation

Two ingredients are required: cold temperatures to preserve snow and ice, and sufficient snowfall to
provide raw material. Regions that meet both criteria (polar latitudes, high mountain environments) are
where glaciers develop.

The transformation from fresh snow to glacier ice is called firnification, and it happens in stages:
1. Freshly fallen snow (density ~50-70 kg/m?®) begins to settle and compact under its own weight.

2. Air pockets between snow crystals shrink as grains round off and pack together. After surviving one
melt season, the snow becomes firn (density ~400-830 kg/m?3).

3. Continued burial and compaction over decades to centuries squeezes out remaining air. Ice crystals
grow and interlock.

4. Once density reaches ~830-850 kg/m? and air passages seal off into isolated bubbles, the material is
considered glacier ice (up to ~917 kg/m3).

This process can take anywhere from a few decades in wet, temperate climates to thousands of years in
cold, dry polar regions.

Classification of Glacier Types

There are two broad categories: alpine (mountain) glaciers and continental ice sheets.
Alpine glaciers come in several forms:

+ Cirque glaciers occupy bowl-shaped depressions carved into mountainsides. These are often the
smallest and most numerous alpine glaciers.

« Valley glaciers flow downhill from cirques into pre-existing river valleys, sometimes extending tens of
kilometers.

» Piedmont glaciers form when valley glaciers spill out onto flat lowlands and spread into broad lobes.
Malaspina Glacier in Alaska is a classic example.

Continental ice sheets are vastly larger, burying entire landmasses under kilometers of ice. Today only two
exist: the Greenland Ice Sheet (~1.7 million km?) and the Antarctic Ice Sheet (~14 million km?). Related
forms include:

* Ice caps: dome-shaped ice masses smaller than 50,000 km? (e.g., Vatnajokull in Iceland)

* Ice fields: similar in scale but conform to underlying topography rather than forming a dome
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Thermal Regime Classification

A glacier's thermal regime controls how it moves and how it interacts with its bed.

» Temperate (warm-based) glaciers have ice at or near the pressure melting point throughout. Liquid
water exists within and beneath the glacier year-round, which makes them highly dynamic and
responsive to climate shifts.

* Cold-based (polar) glaciers remain well below freezing from surface to bed. Because the base is
frozen to the bedrock, basal sliding is minimal and erosion rates are low. These are typical of interior
Antarctica and very high altitudes.

* Polythermal glaciers contain both cold and temperate zones. A common configuration has a cold
surface layer overlying a temperate interior and base. Many Arctic glaciers (e.g., Svalbard) fall into this
category.

Glacial Accumulation and Ablation

Accumulation Processes

Accumulation is any process that adds mass to a glacier. The primary sources are direct snowfall,
avalanches from surrounding slopes, and wind-blown snow deposition. The accumulation zone occupies
the upper portion of the glacier, where annual gains exceed losses.

Within the accumulation zone, seasonal snowfall layers create distinct annual bands. Ice core scientists
use these layers to date the ice and reconstruct past climate conditions, since trapped air bubbles preserve
samples of ancient atmosphere.

Accumulation rates vary with:
+ Elevation: higher elevations are generally colder and receive more snowfall
» Topography: windward slopes intercept moisture-laden air and accumulate more snow

« Latitude: polar regions have long, cold accumulation seasons but often low total precipitation, while
mid-latitude mountain glaciers may receive heavy snowfall

Ablation Processes

Ablation is any process that removes mass from a glacier. The ablation zone occupies the lower portion,
where annual losses exceed gains. You'll often see bare, dirty-looking ice here, along with surface
meltwater streams and moulins (vertical shafts that drain meltwater into the glacier interior).

The main ablation mechanisms are:

» Melting: occurs at the surface (driven by warm air and solar radiation), internally (from friction and
geothermal heat), and at the base

+ Sublimation: ice converts directly to water vapor without melting. This dominates in cold, dry, windy
environments like high-altitude tropical glaciers and parts of Antarctica.

« Calving: chunks of ice break off where a glacier terminates in a lake or ocean. This can remove
enormous volumes of ice very quickly.

» Wind erosion: minor compared to other processes, but relevant in arid polar settings
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Ablation rates depend on air temperature, incoming solar radiation, surface albedo (reflectivity), wind
speed, and humidity.

Mass Balance and the Equilibrium Line

The Equilibrium Line Altitude (ELA) is the elevation on a glacier where accumulation exactly equals
ablation over a year. Above the ELA, the glacier gains mass; below it, the glacier loses mass.

Mass balance is the net difference between total accumulation and total ablation over a given time period
(usually one year).

+ Positive mass balance (accumulation > ablation): the glacier thickens and tends to advance.
» Negative mass balance (ablation > accumulation): the glacier thins and tends to retreat.

The ELA shifts in response to climate. Warmer temperatures or reduced snowfall push the ELA upward,
shrinking the accumulation zone. If the ELA rises above the glacier's highest point, the entire surface is in
the ablation zone and the glacier will eventually disappear.

Mass balance measurements are one of the most direct indicators of glacier health and are critical for
predicting future water resources in glacier-fed river basins.

Glacier Movement Mechanisms

Glaciers move through two main mechanisms: internal deformation and basal sliding. Most glaciers use
some combination of both.

Internal Deformation

Internal deformation (also called creep) occurs because ice behaves as a plastic material under sustained
stress. The weight of overlying ice generates shear stress, causing ice crystals to slowly deform and slide
past one another.

The rate of internal deformation depends on:
* Ice thickness: thicker ice means greater pressure and faster deformation
« Surface slope: steeper slopes increase the driving stress

* Ice temperature: warmer ice (closer to the melting point) deforms more readily because crystal bonds
are weaker

This relationship is formalized in Glen's Flow Law:
e=AT"

where € is the strain rate (how fast the ice deforms), A is a temperature-dependent flow parameter, T is
the applied shear stress, and 1 is the creep exponent (typically ~3 for glacier ice). The exponent of 3
means that small increases in stress produce large increases in flow rate, which is why thick, steep
glaciers move so much faster than thin, flat ones.

The velocity profile across a glacier is not uniform. Ilce moves fastest at the surface and along the
centerline, while friction with the bed and valley walls slows flow near the margins and base.
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Basal Sliding

Basal sliding occurs when a layer of meltwater at the glacier bed reduces friction, allowing the ice to slide
over bedrock or sediment. This mechanism is only possible in temperate or polythermal glaciers where the
base reaches the pressure melting point. Cold-based glaciers, frozen to their beds, experience little to no
basal sliding.

Basal sliding rates are influenced by:
+ Subglacial water pressure and distribution
» Bed roughness and rock type
* Whether the bed is "hard" (bedrock) or "soft" (deformable sediment)

Weertman's theory explains how ice moves past obstacles on the bed through two processes working
together:

1. Regelation: on the upstream side of a small obstacle, pressure raises and ice melts. Water flows
around the obstacle and refreezes on the downstream (low-pressure) side. This is most effective for
small obstacles.

2. Enhanced plastic flow: ice deforms around larger obstacles through creep. This is more effective for
large obstacles.

Some glaciers exhibit stick-slip behavior, alternating between periods of slow creep and sudden rapid
movement. This is linked to fluctuations in subglacial water pressure: when water pressure rises, effective
friction drops and the glacier lurches forward.

Glacier Surges and Velocity Variations

Glacier surges are dramatic episodes of rapid movement, with velocities increasing by factors of 10 to 100
compared to normal flow. Surges are often triggered by reorganization of the subglacial drainage system.
When an efficient channel system collapses into a distributed, high-pressure water film, basal friction drops
and the glacier accelerates.

Glacier velocity varies in both space and time:
« Spatially: fastest at the center and surface, slowest near the bed and valley walls

» Seasonally: many temperate glaciers speed up in spring and summer when meltwater reaches the
bed, then slow down in winter

» Over longer periods: changes in ice thickness, slope, bed conditions, and thermal regime all modulate
flow speed

Factors Influencing Glacier Dynamics

Climate and Mass Balance

Mass balance is the primary driver of long-term glacier behavior. Temperature controls melt rates, ice
viscosity, and the potential for basal sliding. Precipitation patterns determine how much snow feeds the
accumulation zone.

Climate change affects glaciers through rising temperatures, shifting precipitation patterns, and extended
melt seasons. Globally, most glaciers are currently experiencing sustained negative mass balance. The
World Glacier Monitoring Service reports that the average glacier has lost roughly 28 meters of ice
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thickness (water equivalent) since 1970, with losses accelerating since the 1990s.

Topography and Glacier Geometry
The shape of the landscape exerts strong control over glacier behavior:

« Valley orientation and width influence how much solar radiation the glacier receives and how freely ice
can flow.

* Glacier hypsometry (the distribution of area across different elevations) determines how sensitive a
glacier is to ELA shifts. A glacier with most of its area concentrated near the ELA will respond
dramatically to even small climate changes.

» Overdeepened basins (bedrock depressions carved below the downstream lip) can slow retreat by
trapping thick ice, but they can also promote proglacial lake formation, which accelerates calving.

« Steep, narrow valleys tend to produce fast-flowing glaciers; broad, gentle terrain produces slower,
more diffuse ice flow.

Feedback Mechanisms and System Interactions

Several feedback loops amplify or dampen glacier change:

Albedo feedback: As snow melts and exposes darker glacier ice, rock, or debris, the surface absorbs more
solar radiation, which accelerates further melting. This is a positive (self-reinforcing) feedback.

Meltwater-dynamics feedback: More meltwater reaching the bed enhances basal sliding, which stretches
the glacier, opens crevasses, and exposes more surface area to ablation. Another positive feedback.

Debris cover effects: This one works both ways. A thin layer of debris (a few centimeters) lowers albedo
and accelerates melting. But a thick debris layer (roughly >5 cm, depending on conditions) insulates the
underlying ice and actually reduces melt rates. Many Himalayan glaciers carry heavy debris covers that
complicate predictions of ice loss.

Proglacial lake formation: When a retreating glacier leaves behind an overdeepened basin, a lake can form
at the terminus. The lake promotes calving and thermal erosion of the ice front, accelerating retreat beyond
what surface melting alone would cause.

Isostatic rebound: After large ice sheets disappear, the Earth's crust slowly rises (rebounds) in response to
the removed weight. This process operates over thousands of years and can influence regional climate,
sea level, and even the potential for future glacier growth.

7.2 Glacial erosion processes and landforms

Glacial Erosion Processes

Glacial erosion reshapes bedrock and sediment through a combination of mechanical and chemical
processes. Understanding how glaciers erode is foundational to reading glaciated landscapes, since the
landforms left behind are direct records of the processes that created them.

Mechanical and Chemical Processes

How effectively a glacier erodes depends on several interacting factors:

* Ice velocity and ice thickness control how much force the glacier exerts on its bed
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* Ice temperature determines whether the base is frozen to bedrock (cold-based) or sliding over it on a
film of meltwater (warm-based)

* Bedrock properties like rock type, jointing, and fracture density affect how easily material is removed

These factors produce enormous variation in erosion rates. Cold-based glaciers, frozen to their beds with
minimal sliding, may erode less than 0.1 mm/year. Warm-based, fast-flowing glaciers can exceed 10
mm/year, removing material orders of magnitude faster.

Abrasion, Plucking, and Quarrying

Three main mechanical processes do the work:
1.

Abrasion occurs when rock fragments embedded in the base of the ice are dragged across the bed,
scouring the underlying surface. This produces striations (parallel scratches aligned with ice flow direction)
and glacial polish (smooth, reflective rock surfaces created by fine-grained abrasion).

2.

Plucking (also called glacial quarrying at smaller scales) happens when meltwater refreezes around rock
fragments on the glacier bed, bonding them to the ice. As the glacier moves, it pulls those fragments free.
This tends to create rough, jagged surfaces on the downstream side of bedrock obstacles, which is why a
roche moutonnée has a smooth, abraded upstream face and a rough, plucked downstream face.

3.

Quarrying at larger scales removes entire blocks of bedrock, especially where pre-existing joints and
fractures allow the ice to exploit weaknesses. This process forms steep cliff faces like cirque headwalls.

Erosional Landforms

Cirques and Arétes

A cirque is a bowl-shaped depression carved into a mountainside. Cirque formation begins with nivation,
where snow accumulates in a pre-existing hollow. As the snow compacts into ice and a small glacier forms,
plucking steepens the back wall while abrasion deepens the floor. Freeze-thaw weathering above the
glacier (especially around the bergschrund, the crevasse between the glacier and the headwall) helps
loosen rock that the glacier then removes.

When two cirques on opposite sides of a ridge erode headward toward each other, the ridge between them
is narrowed into an aréte, a sharp, knife-edge ridge. Crib Goch in Snowdonia, Wales, is a classic example.

Glacial Valleys and Associated Features

U-shaped valleys (glacial troughs) form when a glacier occupies a pre-existing river valley and transforms
it. Unlike rivers, which primarily erode downward, glaciers erode both the valley floor and walls, widening
and deepening the valley into a broad, flat-bottomed trough with steep sides. Yosemite Valley, California, is
one of the most recognizable examples.

Hanging valleys form where a smaller tributary glacier joins a larger main glacier. The main glacier erodes

its valley much deeper than the tributary can, so after the ice retreats, the tributary valley is left suspended

high above the main valley floor. Streams flowing out of hanging valleys often form waterfalls, like Bridalveil
Fall in Yosemite.
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Glacial horns are sharp, pyramidal peaks that form when three or more cirques erode headward into the
same mountain from different sides. The Matterhorn in the Swiss Alps is the textbook example.

Subglacial Meltwater's Role

Meltwater beneath a glacier is not just a byproduct of melting. It actively enhances erosion by lubricating
the bed (increasing sliding and abrasion), transporting sediment, and carving its own distinctive features
under high pressure.

Erosional Processes and Features

Pressurized subglacial meltwater creates several distinctive landforms:
* Potholes: cylindrical holes drilled into bedrock by sediment-laden water swirling in a vortex

» P-forms: smooth, undulating rock surfaces sculpted by pressurized water flow, often with scalloped or
sinuous shapes

* Flutes: elongated ridges on the bed, aligned parallel to ice flow

Tunnel valleys are long, overdeepened troughs carved beneath ice sheets by pressurized subglacial
meltwater. They often follow pre-existing bedrock weaknesses and can be tens of kilometers long.
Well-studied examples occur across northern Europe and North America.

Depositional Features and Hydrological Impacts

Subglacial meltwater also builds landforms by depositing sediment:

Eskers are sinuous ridges of sand and gravel deposited by meltwater streams flowing in tunnels within or
beneath the glacier. After the ice melts, these ridges remain as preserved casts of the former drainage
channels. Finland and Canada have extensive esker networks.

Subglacial lakes form where meltwater accumulates beneath ice sheets, insulated by the overlying ice.
These lakes influence ice dynamics by reducing friction at the bed. Lake Vostok in Antarctica, the largest
known subglacial lake, lies beneath roughly 4 km of ice.

The interaction between meltwater and sediment also produces streamlined subglacial bedforms:
* Drumlins: elongated, teardrop-shaped hills aligned parallel to ice flow, with a steeper upstream end

» Mega-scale glacial lineations: extremely long (sometimes tens of kilometers), low-relief parallel ridges
that record fast ice flow, often found in areas of former ice streams

Glacial Erosion's Impact on Landscapes

Landscape Modification and Denudation

Glacial erosion is the dominant landscape-shaping force in alpine and high-latitude regions, producing
landforms with no equivalent in non-glaciated areas.

Glaciers also reorganize drainage. By carving new valleys and blocking old ones, they alter pre-existing
fluvial drainage patterns and create new watershed boundaries. The Great Lakes basin in North America,
for instance, was largely excavated and shaped by repeated glaciations.
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Glaciers are remarkably efficient at removing rock. Studies suggest glaciers can erode mountains up to 10
times faster than rivers and other surface processes, though this varies with latitude, elevation, and
climate. The effect is most pronounced in high mountain ranges like the Himalayas and in polar regions like
Greenland.

Long-term Landscape Evolution

After glaciers retreat, the landscapes they leave behind continue to evolve:

» Overdeepened basins fill with water to become lakes, fundamentally altering local hydrology and
ecology. The lakes of the European Alps and Patagonia formed this way.

* Glacially steepened slopes are prone to mass wasting (landslides, rockfalls), and rivers begin
reworking glacial sediment through fluvial erosion and transport.

» Sediment supply to rivers and coasts is affected for thousands of years after deglaciation, influencing
channel form, coastal morphology, slope stability, and even ecosystem development and biodiversity
patterns.

The legacy of past glacial erosion is written across much of the mid- and high-latitude world, shaping
landscapes that billions of people live in today.

7.3 Glacial deposition and sedimentary structures

Glacial deposition shapes landscapes through complex processes. Ice sheets and glaciers leave behind a
variety of sediments and landforms, from unsorted till to stratified outwash plains. These deposits provide
valuable clues about past ice movements and environmental conditions.

Understanding glacial deposits is crucial for reconstructing Earth's climate history. By analyzing sediment
composition, structures, and landforms, scientists can piece together the extent of ancient ice sheets, their
flow patterns, and the dramatic changes they brought to the landscape.

Glacial Deposit Types

Till and Moraines

« Till consists of unsorted sediment mixture deposited directly by glacial ice ranging from clay-sized
particles to large boulders

* Moraines form distinct landforms of accumulated glacial debris
» Terminal moraines mark the farthest extent of a glacier

* Lateral moraines develop along glacier sides

» Medial moraines form where two glaciers merge

« Erratics appear as large boulders transported by glaciers and deposited far from their source often
used as indicators of ice flow direction

Glaciofluvial and Glaciolacustrine Deposits

* Glaciofluvial sediments result from sorted and stratified deposits formed by meltwater streams
» Outwash plains develop as broad, gently sloping surfaces of glacial sediment

» Kames form as mounds of stratified drift deposited by meltwater
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* Eskers appear as long, sinuous ridges of stratified sand and gravel deposited by subglacial streams
* Glaciolacustrine deposits form in proglacial lakes consisting of fine-grained sediments
+ Often exhibit rhythmic layering called varves

* Varves represent annual cycles of sedimentation with alternating light (summer) and dark (winter)
layers

Glaciomarine Deposits

* Glaciomarine deposits result from glacier interaction with marine environments
* Include ice-rafted debris dropped from icebergs

» Subaqueous outwash fans form where meltwater enters the ocean

+ Often contain a mix of terrestrial and marine sediments

+ Can provide evidence of sea level changes and ice sheet extent

Glacial Deposition Processes

Basal Deposition

» Lodgment till forms when debris-rich basal ice freezes onto the glacier bed or clasts pushed into soft
sediments beneath the glacier

* Melt-out till deposits when debris-rich ice melts slowly preserving some original structure of debris
within ice

+ Subglacial deformation till results from the shearing and mixing of sediments beneath moving ice

Supraglacial and Ice-Marginal Deposition

« Supraglacial deposition occurs when debris on glacier surface lowers onto landscape as ice melts
often resulting in hummocky topography

* Ice-contact deposition happens when sediments deposit against stagnant or slow-moving ice resulting
in features like kames and eskers

+ Lateral moraines form from the accumulation of debris along glacier margins

Glaciofluvial and Glaciolacustrine Deposition

* Glaciofluvial deposition occurs when meltwater streams transport and deposit sediments sorting them
based on particle size and flow velocity

* Results in stratified deposits with varying grain sizes
» Forms features like outwash plains, valley trains, and braided river systems

* Glaciolacustrine deposition involves suspended sediments settling in proglacial lakes often forming
varves through seasonal variations in sediment input

» Coarser sediments deposit near lake inlets

* Finer sediments settle in deeper, quieter parts of the lake
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Glacial Sedimentary Structures

Ice-Related Structures

* Dropstones appear as oversized clasts in fine-grained glaciolacustrine or glaciomarine sediments
indicating ice-rafting processes

« Clast fabric refers to elongated clast orientation within till indicating ice flow direction and depositional
processes

* Glaciotectonic features show deformation structures in sediments caused by glacial pressure
¢ Include thrust faults, folds, and shear zones

* Provide evidence of ice dynamics and subglacial deformation

Periglacial Structures

* Frost wedges and ice-wedge casts form by repeated freezing and thawing cycles in permafrost
environments

« Cryoturbation structures result from frost heaving and soil mixing in active layer above permafrost

« Patterned ground develops in periglacial environments due to freeze-thaw cycles (stone circles,
polygons)

Meltwater-Related Structures

+ Kettles form as depressions from melting buried ice blocks often filled with water to form kettle lakes
+ Eskers exhibit internal sedimentary structures reflecting subglacial stream deposition
* Include cross-bedding, ripple marks, and graded bedding

» Kame terraces show ice-contact stratified drift deposited between valley walls and glacier margins

Glacial Deposits for Paleo-Reconstruction

Sediment Analysis Techniques

» Sediment composition and provenance analysis reveal source areas of glacial deposits and ice flow
pathways

* Clast shape and roundness provide information on transport distances and mechanisms
* More rounded clasts indicate longer transport or reworking

* Grain size distribution in glacial deposits reflects depositional environment and energy conditions
during deposition

* Fabric analysis of elongated clasts in till indicates ice flow direction
Landform and Structure Interpretation

» Sedimentary structures like cross-bedding in glaciofluvial deposits indicate paleocurrent directions and
flow regimes

* Glaciotectonic structures provide evidence of ice dynamics
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* Include ice thickness, flow direction, and deformation of underlying sediments

« Spatial distribution and geometry of glacial landforms reconstruct ice sheet extent, retreat patterns,
and glacial lake evolution

» Moraines mark former ice margins and can be used to map glacier retreat stages

Chronology and Climate Reconstruction
* Absolute dating techniques applied to glacial deposits allow reconstruction of glacial chronologies
* Include radiocarbon dating, optically stimulated luminescence, and cosmogenic nuclide dating
* Relative dating methods help establish sequences of glacial events
* Include weathering rind thickness, soil development, and lichenometry

+ Analysis of plant and animal remains in glacial deposits provides information on past climate
conditions

« Stable isotope analysis of ice cores and glacial sediments reveals temperature and precipitation
patterns

7.4 Pleistocene glaciations and their impact on landscapes

Pleistocene glaciations reshaped Earth's surface, leaving lasting marks on landscapes worldwide. Massive
ice sheets advanced and retreated multiple times, driven by Milankovitch cycles and climate feedbacks,
carving valleys, depositing sediments, and altering sea levels.

These glacial cycles profoundly impacted global climate and ecosystems. The resulting landforms, from
U-shaped valleys to drumlins and moraines, continue to influence modern topography, hydrology, and
ecology.

Pleistocene Glaciations: Causes and Extent

Milankovitch Cycles and Climate Feedback

The Pleistocene epoch spanned from approximately 2.6 million to 11,700 years ago and was characterized
by multiple glacial-interglacial cycles. Milankovitch cycles drove these climate fluctuations through periodic
variations in Earth's orbital parameters:

« Orbital eccentricity changes Earth's orbit shape (more circular vs. more elliptical) over a
~100,000-year cycle, affecting total solar energy received.

* Axial tilt (obliquity) varies between 22.1° and 24.5° over a ~41,000-year cycle, controlling the intensity
of seasonal contrasts. Greater tilt means hotter summers and colder winters.

* Precession alters the orientation of Earth's rotational axis over a ~26,000-year cycle, influencing which
hemisphere faces the Sun at perihelion (closest approach).

No single orbital parameter triggers a glaciation on its own. Climate feedback mechanisms amplified the
relatively small changes in solar forcing:

» Atmospheric CO> dropped during glacial periods (~180 ppm) and rose during interglacials (~280
ppm), reinforcing temperature trends.
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» Expanded ice cover increased surface albedo, reflecting more solar radiation and reinforcing cooling
in a positive feedback loop.

Glacial-Interglacial Cycles and Global Ice Extent

Glacial-interglacial cycles during the late Pleistocene typically lasted about 100,000 years, with interglacial
warm periods being comparatively short (roughly 10,000-30,000 years). The Last Glacial Maximum (LGM)
occurred around 26,500 to 19,000 years ago, marking peak ice sheet extent.

Pleistocene glaciations affected both hemispheres:

» North America: The Laurentide and Cordilleran ice sheets covered much of Canada and the northern
United States.

+ Europe: The Fennoscandian ice sheet extended over Scandinavia and parts of the British Isles.
+ Asia: Ice covered parts of Siberia, and the Tibetan Plateau supported extensive glaciation.
* Antarctica: The ice sheet expanded to the edge of the continental shelf.

* Mountain glaciers grew worldwide in the Alps, Andes, Himalayas, and other ranges.

Ice Sheets and Their Influence

Major Pleistocene Ice Sheets

The Laurentide Ice Sheet dominated North America. It covered much of Canada and the northern United
States, reaching a maximum thickness of about 3—4 km. At its greatest extent, it pushed as far south as
present-day New York and the Ohio River Valley.

The Fennoscandian Ice Sheet covered northern Europe, spreading over Scandinavia and parts of the
British Isles. It reached a maximum thickness of about 3 km and extended as far south as northern
Germany and Poland.

The Antarctic Ice Sheet expanded significantly during glacial periods, extending to the edge of the
continental shelf and increasing in volume by approximately 50%. It merged with expanded sea ice,
creating a much larger ice-covered area around the continent.

Impacts on Sea Level and Climate

Global sea levels fluctuated by approximately 120-130 meters between glacial and interglacial periods as
water was transferred between ice sheets and oceans. During glacial lowstands, exposed continental
shelves created land connections like the Beringia land bridge between Asia and North America.

The sheer weight of ice sheets caused significant isostatic depression of Earth's crust, pushing the
lithosphere downward into the asthenosphere. Post-glacial rebound (the slow rise of the crust after ice
removal) continues today; Hudson Bay, for example, is still rising at roughly 1 cm/year.

Ice sheets also reshaped atmospheric circulation:
* High-pressure systems developed over ice sheet surfaces, altering regional wind patterns.

* The polar jet stream shifted equatorward, changing precipitation and temperature patterns far from the
ice margins.

« Steepened temperature gradients between the equator and poles intensified mid-latitude weather
systems.
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The albedo effect of extensive ice cover contributed to sustained global cooling. Ice reflects up to 90% of
incoming solar radiation, compared to just 10-20% for ice-free land, creating a powerful positive feedback
that reinforced glacial conditions.

Pleistocene Landforms and Features

Ice-Marginal and Depositional Landforms

» Terminal moraines mark the maximum extent of an ice sheet or glacier. They form as the ice front
remains roughly stationary, dumping sediment at its margin. Long Island, New York, is a classic
example, built from terminal moraine material deposited by the Laurentide Ice Sheet.

» Recessional moraines indicate pauses or minor re-advances during overall ice retreat. The Kettle
Moraine region in Wisconsin formed where multiple ice lobes deposited sediment during stepwise
retreat.

* Drumlins are streamlined hills composed of glacial till, elongated parallel to ice flow direction. They
commonly occur in large groups called drumlin fields (e.g., the Thousand Islands region of New York).
Their tapered shape points in the direction the ice was moving.

« Eskers are sinuous ridges of glaciofluvial sediment deposited by meltwater streams flowing in tunnels
beneath or within the ice. Some extend for hundreds of kilometers, like the Thelon Esker in northern
Canada.

« Kame and kettle topography forms in ice-marginal areas. Kames are mounds of stratified sand and
gravel deposited by meltwater against or on top of stagnant ice. Kettle lakes fill depressions left behind
when buried ice blocks eventually melted.

Proglacial and Erosional Features

* Proglacial lakes formed along ice margins where meltwater was dammed by the ice itself or by
moraines. Glacial Lake Agassiz in North America covered over 440,000 km? at its maximum. These
lakes sometimes drained catastrophically as ice dams failed; the Missoula Floods in the Pacific
Northwest are a dramatic example, releasing enormous volumes of water in repeated outburst events.

* Glacial erratics are large boulders transported by ice and deposited far from their source bedrock.
Their lithology can be matched to their origin, making them useful for tracing ice flow paths. Plymouth
Rock in Massachusetts is a well-known erratic.

» U-shaped valleys are the signature erosional form of alpine glaciation, carved by the grinding action of
valley glaciers. Yosemite Valley in California was sculpted by Pleistocene glaciers into its characteristic
broad, flat-floored profile.

* Fjords are deeply incised coastal valleys carved by glaciers that flowed to sea level. Sognefjord in
Norway extends over 200 km inland and reaches depths exceeding 1,300 m.

« Cirques are bowl-shaped depressions eroded at the heads of alpine glaciers by freeze-thaw
weathering and ice plucking. Tuckerman Ravine on Mount Washington, New Hampshire, is a
well-known example.
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Long-Term Impact of Glaciations

Landscape and Hydrological Changes

Glacial deposits and landforms continue to shape modern landscapes in tangible ways. Drumlins influence
local drainage patterns and soil distributions, while eskers serve as important aquifers in formerly glaciated
regions because their coarse sand and gravel are highly permeable.

Isostatic rebound causes differential uplift across formerly glaciated areas. This creates raised beaches
along coastlines (as seen around the Gulf of Bothnia in Scandinavia) and tilts lake basins, gradually
altering drainage patterns in systems like the Great Lakes.

Pleistocene glaciations also reorganized river systems on a continental scale. Many modern streams are
"misfit" rivers, flowing through valleys far too large for their current discharge because those valleys were
carved by much greater glacial meltwater flows. Ice advances blocked and rerouted pre-existing drainage,
forming entirely new watersheds and large-scale features like the Great Lakes basin.

Geological and Ecological Impacts

The distribution of glacial features provides critical evidence for paleoclimate reconstructions. Moraine
positions and erratic provenance map former ice sheet boundaries, while sediment cores from proglacial
lake beds record detailed climate fluctuations through their layered deposits (varves).

Glacial sediments also have direct economic and resource significance:

» Outwash deposits form important aquifers. The Ogallala Aquifer in the central US is partly composed
of glacially derived sediment.

» Sand and gravel deposits from glaciofluvial processes are widely mined for construction materials.
+ Glacial till provides fertile, well-mixed soils that support agriculture across the American Midwest.

Pleistocene glaciations shaped modern biogeography in lasting ways. Ice-free areas like the Driftless Area
in Wisconsin served as refugia where species survived glacial periods. Exposed land bridges (such as
Beringia) facilitated species migrations between continents. As ice retreated, organisms recolonized newly
available terrain, producing the distribution patterns of flora and fauna we see today and giving rise to
unique ecosystems like the Great Lakes coastal wetlands.
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Unit 8 — Periglacial Environments &
Permafrost

8.1 Characteristics of periglacial environments

Periglacial Environments

Periglacial environments are cold, dry regions shaped by intense frost action and freeze-thaw cycles.
Found at high latitudes and altitudes, they're characterized by permafrost, sparse vegetation, and unique
landforms like patterned ground and pingos. These regions cover roughly 25% of Earth's land surface, so
understanding how they work is central to understanding Earth's surface processes overall.

Climate change is rapidly transforming periglacial regions through permafrost thaw and landscape
destabilization. These changes affect ecosystems, infrastructure, and global climate feedbacks, making
periglacial geomorphology one of the most consequential areas of study in surface processes right now.

Climatic Conditions and Key Characteristics

Periglacial climates are defined by intense frost action and cryogenic processes. Mean annual air
temperatures typically range from -15°C to +5°C, with at least one month averaging above 0°C. That
above-freezing month matters because it drives the seasonal thaw of the active layer, the upper zone of
soil that freezes and thaws annually above the permafrost.

* Frequent freeze-thaw cycles are the primary driver of weathering and landform development

» Permafrost (permanently frozen ground) defines many periglacial environments, though its presence
and continuity vary with latitude and local conditions

* Precipitation is low, often less than 500 mm/year. Despite abundant frozen water in the ground, the
climate is effectively semi-arid

* Vegetation is sparse, consisting of tundra or alpine plant communities adapted to cold, dry, windy
conditions (Arctic willow, cushion plants, lichens)

Vegetation and Adaptation

The tundra biome dominates periglacial regions. Plants here face extreme cold, short growing seasons
(sometimes only 6-10 weeks), nutrient-poor soils, and strong winds. Their adaptations reflect these
constraints:

» Dwarf growth forms keep plants close to the ground, reducing wind exposure and taking advantage of
warmer air near the surface (Arctic willow, dwarf birch)

» Evergreen leaves retain scarce nutrients year-round rather than shedding and regrowing them each
season (lingonberry, crowberry)

* Hairy or waxy leaf surfaces reduce water loss through transpiration, which matters in these dry, windy
environments (woolly lousewort, saxifrages)

* Cushion plants form dense, rounded mats that trap heat and moisture within the plant structure (moss
campion, Arctic poppy)
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Root systems stay shallow because permafrost blocks downward growth. This limits plant size and nutrient
uptake, which is why you don't see trees in true periglacial environments. Lichens and mosses are
especially important here: they colonize bare rock and contribute to soil formation and nutrient cycling over
long timescales.

Periglacial Regions

Global Distribution

Periglacial environments cover approximately 25% of Earth's land surface, concentrated in high-latitude
and high-altitude regions.

* The largest contiguous areas are in the Arctic and Subarctic: Siberia, Alaska, and northern Canada

« High-altitude periglacial environments occur in mountain ranges worldwide, including the Alps, Andes,
Himalayas, and Rocky Mountains

* In Antarctica, periglacial conditions are mostly confined to ice-free areas like the Dry Valleys and
certain coastal zones

« Distribution correlates roughly with the 10°C mean annual isotherm, which approximates the southern
boundary of discontinuous permafrost in the Northern Hemisphere

The extent of periglacial environments is not static. Current warming trends are shrinking these zones,
pushing permafrost boundaries poleward and to higher elevations.

Climate Change Impacts

Rising temperatures are thawing permafrost across periglacial regions, triggering a cascade of landscape
changes:

» Ground subsidence occurs as ice within permafrost melts, damaging infrastructure like the Alaska
Highway and buildings in Siberian towns

* The active layer deepens, allowing deeper root penetration and potentially shifting vegetation
communities toward shrubs and eventually trees

» Thermokarst processes intensify as ground ice melts unevenly, forming new lakes in some areas
while draining existing ones in others

+ Coastal erosion accelerates where ice-rich permafrost cliffs are exposed to wave action, particularly
along Alaskan and Siberian coastlines

One of the most significant consequences is the permafrost carbon feedback. Permafrost stores vast
quantities of organic carbon (estimated at roughly 1,500 gigatons in the top 3 meters globally). As it thaws,
microbial decomposition releases methane (CH4) and carbon dioxide (CO2), which accelerate warming
further in a positive feedback loop.

Wildlife habitats and migration patterns also shift as periglacial boundaries move. Species like caribou and
musk oxen depend on tundra ecosystems that are being altered by shrub encroachment and changing
snow/ice conditions.
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Freeze-Thaw Cycles

Mechanisms and Processes

Freeze-thaw cycles (also called frost action) are the dominant weathering mechanism in periglacial
environments. The basic principle: water expands by approximately 9% when it freezes, generating
pressures that can exceed 200 MPa in confined spaces. That's more than enough to fracture rock.

Here's how the key processes work:

1. Frost wedging: Water seeps into cracks in rock, freezes, and expands. Repeated cycles
progressively widen fractures until blocks break free, producing angular debris.

2. Frost heaving: As the ground freezes from the surface downward, ice lenses form in the soil by
drawing moisture upward through capillary action. These lenses push soil particles upward, displacing
the ground surface.

3. Frost shattering: Intense, repeated freezing breaks bedrock into angular fragments that accumulate
as talus slopes and blockfields.

4. Cryoturbation: Repeated freeze-thaw mixing churns soil layers together, disrupting normal soil
horizons and incorporating organic material at depth.

5. Solifluction: During seasonal thaw, the active layer becomes waterlogged because the permafrost
beneath acts as an impermeable barrier. This saturated soil creeps slowly downslope under gravity,
even on gentle gradients (as low as 2-3°).

The frequency and intensity of freeze-thaw cycles vary by location. Maritime periglacial environments may
experience dozens of cycles per year, while continental interiors with extreme cold may have fewer but
more intense seasonal transitions.

Impacts on Landscape Evolution

Freeze-thaw cycles shape periglacial landscapes at every scale, from individual rock fragments to entire
valley systems.

Patterned ground is one of the most distinctive results. Repeated freezing and thawing sorts sediment by
grain size through differential frost heave:

« Stone circles develop on flat ground as coarse material migrates laterally away from fine-grained
centers

* Sorted stripes form on slopes where the same sorting process is stretched downhill by gravity
Slope processes create characteristic terrain:

« Solifluction lobes and sheets produce a stepped topography on hillslopes, sometimes called
turf-banked terraces

+ Nivation hollows form beneath persistent snow patches, where enhanced freeze-thaw weathering and
meltwater erosion carve depressions into the landscape

Larger-scale features include:

* Rock glaciers, which form when ice-cemented debris creeps slowly downvalley, reshaping high
mountain environments
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» Thermokarst terrain, where melting of ice-rich permafrost creates irregular depressions and
hummocky ground

Periglacial Geomorphology

Characteristic Landforms

Periglacial environments produce a distinctive suite of landforms. Each one reflects specific combinations
of frost processes, ground ice conditions, and topography.

« Patterned ground (polygons, circles, stripes): Forms through frost sorting and differential frost heave.
Ice-wedge polygons, common in continuous permafrost zones, can be 10-30 m across and are visible
in aerial imagery.

* Pingos: Ice-cored hills that grow as massive ice lenses develop beneath the surface. They can reach
50+ m in height and are typically found in continuous permafrost areas. The Mackenzie Delta in
Canada contains over 1,300 of them.

» Thermokarst topography: Irregular depressions and hummaocks that develop where ice-rich permafrost
thaws unevenly. Thermokarst lakes are a common result.

* Blockfields (felsenmeer) and blockstreams: Accumulations of large, angular rock fragments produced
by intense frost shattering, typically found on upland plateaus and in valleys.

« Solifluction lobes and sheets: Tongue-shaped or sheet-like masses of slowly moving saturated debris
on slopes.

* Rock glaciers: Lobate or tongue-shaped bodies of ice-cemented rock debris that flow slowly
downslope under gravity. They indicate permafrost conditions in high mountain settings.

+ Cryoplanation terraces: Flat or gently sloping surfaces cut into bedrock by frost action and mass
wasting. These step-like features are found on ridges and summits in cold climates.

Periglacial Sediments and Deposits

Periglacial environments produce distinctive sedimentary deposits that can also serve as evidence of past
periglacial conditions in regions that are now temperate.

* Talus and scree: Frost-shattered angular debris that accumulates at the base of cliffs and steep
slopes

+ Solifluction deposits: Poorly sorted sheets and lobes of mixed material on gentle to moderate slopes

» Head deposits: Angular rock fragments in a fine-grained matrix, found at slope bases. Common in
formerly periglacial areas like southern England.

+ Loess: Wind-blown silt that often originates from unvegetated periglacial surfaces and accumulates
downwind, sometimes hundreds of kilometers away. Major loess deposits in China and central Europe
have periglacial origins.

* Cryoturbated soils: Soils with mixed, disrupted horizons caused by freeze-thaw churning. Involutions
(contorted layers) are a diagnostic feature.

* Ice-wedge casts: When ice wedges melt (e.g., during deglaciation), the void fills with sand or gravel,
preserving the wedge shape as a relict feature in the sedimentary record.
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* Ventifacts: Wind-abraded rocks with distinctive flat, faceted surfaces. These develop in periglacial
desert environments where strong winds carry fine sediment across exposed surfaces.

8.2 Permafrost dynamics and distribution

Permafrost, ground that stays frozen for at least two years, shapes landscapes and ecosystems in cold
regions. It's classified by continuity and ice content, with factors like climate, vegetation, and geology
influencing its formation and distribution.

Permafrost thaw due to climate change has far-reaching impacts. It releases greenhouse gases,
accelerates coastal erosion, damages infrastructure, and alters hydrology. Understanding permafrost
dynamics is crucial for predicting and managing these environmental and societal changes.

Permafrost: Definition and Types

Fundamental Concepts and Classifications

» Permafrost constitutes ground (soil or rock) remaining at or below 0°C for at least two consecutive
years, regardless of water content

+ Active layer forms the top layer of ground subject to annual thawing and freezing in permafrost areas,
playing a crucial role in permafrost dynamics

« Taliks represent unfrozen ground within permafrost areas, often associated with water bodies or
geothermal heat sources

* Closed taliks (surrounded by permafrost)

* Open taliks (connected to unfrozen ground)

Spatial Continuity and Ice Content

« Spatial continuity of permafrost categorized into zones
+ Continuous (90-100% coverage)

* Discontinuous (50-90% coverage)

+ Sporadic (10-50% coverage)

* Isolated (0-10% coverage)

* Ice content in permafrost classified as

* Ice-rich (>20% ice by volume)

* Ice-poor (£20% ice by volume)

* Dry (no ice) permafrost

» Massive ice bodies in permafrost significantly influence landscape evolution and stability
* Ice wedges

* Pingos

+ Buried glacial ice
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Factors Influencing Permafrost Formation

Climate and Environmental Factors

* Mean annual air temperature (MAAT) serves as the primary factor controlling permafrost distribution
» Permafrost generally occurs in regions with MAAT below 0°C

» Snow cover acts as an insulator, affecting ground thermal regime and permafrost formation

* Thick snow cover leads to warmer ground temperatures and thinner permafrost

* Vegetation influences permafrost through effects on surface energy balance, soil moisture, and snow
distribution

* Dense vegetation (boreal forests) insulates the ground and promotes permafrost preservation

» Topography affects permafrost distribution through influence on solar radiation, drainage, and snow
accumulation

* North-facing slopes in the Northern Hemisphere typically have more extensive permafrost

Geological and Hydrological Influences

« Soil and rock properties influence the rate of heat transfer and permafrost formation

» Thermal conductivity

» Heat capacity

» Water content

» Surface water bodies create taliks and affect local permafrost distribution and thickness
* Lakes (thermokarst lakes)

* Rivers (talik formation beneath river channels)

» Geothermal heat flux from the Earth's interior influences permafrost thickness

* Higher heat flux leads to thinner permafrost

« Variations in geothermal heat flux can create local anomalies in permafrost distribution

Permafrost Properties and Landscape Dynamics

Thermal and Physical Characteristics

» Thermal conductivity of permafrost varies with ice content, affecting heat transfer rates and ground
thermal regime

« Latent heat effects during phase changes (freezing and thawing) significantly influence permafrost
thermal dynamics and active layer processes

* Presence of unfrozen water in permafrost, even at sub-zero temperatures, affects its mechanical and
thermal properties

* Unfrozen water content varies with temperature and soil type
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* Influences frost heave and thaw settlement processes

Hydrological Implications

» Permafrost acts as an aquitard, impeding groundwater flow and influencing surface hydrology
« Affects drainage patterns

* Contributes to wetland formation (thermokarst wetlands)

» Seasonal thaw of the active layer creates a perched water table above the permafrost table

+ Leads to unique hydrological conditions in permafrost regions (water-saturated active layer)

* Influences soil moisture distribution and vegetation patterns

Geomorphological Processes

» Thermokarst processes, resulting from the thaw of ice-rich permafrost, dramatically alter landscape
topography and hydrology

» Formation of thermokarst lakes
* Development of thaw slumps and retrogressive thaw slumps

* Frost heave and thaw settlement, driven by ice formation and melting in the active layer, contribute to
the development of periglacial landforms

« Patterned ground (ice wedge polygons, sorted circles)
« Solifluction lobes

* Frost mounds (palsas, lithalsas)

Permafrost Sensitivity to Climate Change

Thermal Response and Degradation

» Permafrost demonstrates high sensitivity to changes in air temperature

» Even small increases potentially lead to significant thawing and degradation

* Thermal inertia of permafrost results in a lag between climate warming and permafrost thaw
* Leads to long-term landscape changes

» Complicates predictions of permafrost response to climate change

Carbon Cycle Implications

» Permafrost thaw releases large amounts of stored carbon as greenhouse gases
+ Carbon dioxide (CO2)

* Methane (CH4)

* Potential creation of a positive feedback loop in global climate change

* Increased greenhouse gas emissions lead to further warming and permafrost thaw
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Environmental and Societal Impacts

 Coastal erosion rates in Arctic regions accelerate due to permafrost thaw

* Threatens coastal communities (Shishmaref, Alaska)

* Impacts critical infrastructure (oil and gas facilities)

» Thawing of ice-rich permafrost leads to land subsidence

« Affects natural ecosystems (changes in vegetation communities)

» Damages built infrastructure (buildings, roads, pipelines)

» Changes in permafrost hydrology due to thaw alter surface water distribution
* Affects ecosystems (shifts in habitat availability)

* Creates new methane-emitting wetlands

* Release of previously frozen organic matter and contaminants from thawing permafrost poses risks
» Ecosystem health (bioaccumulation of contaminants in food chains)

* Human health in affected regions (exposure to legacy pollutants)

8.3 Periglacial landforms and processes

Periglacial Landforms

Periglacial landforms develop in cold environments that sit outside the reach of glaciers but are still
dominated by intense frost action and permafrost. Features like patterned ground, pingos, and ice wedges
create distinctive landscapes that record both past and present climate conditions.

Freeze-thaw processes are the engine behind most of these landforms, but soil properties, topography,
and moisture availability all shape how and where they form. Understanding these processes matters for
predicting landscape changes and hazards in periglacial regions, particularly as permafrost degrades
under warming temperatures.

Types of Periglacial Landforms

Patterned ground refers to geometric surface patterns created by frost sorting. Repeated freeze-thaw
cycles push coarse stones outward while finer sediment concentrates in the center, producing stone circles
on flat terrain, polygons in groups, and stripes on slopes steeper than about 3-7°. The scale ranges from
centimeters to several meters across.

Solifluction lobes are slow-moving, tongue-shaped masses of soil and rock debris that creep downslope.
They form when the active layer thaws and becomes saturated, losing its shear strength. Movement rates
are typically 1-10 cm/year, though they vary with slope angle and moisture.

Ice wedges are vertical, wedge-shaped bodies of ice that grow in permafrost. In winter, rapid cooling
causes the frozen ground to contract and crack. Meltwater fills the crack in spring, freezes, and widens the
wedge incrementally each year. Over centuries, wedges can reach 1-2 m wide and several meters deep,
creating polygonal networks visible from the air.

Pingos are ice-cored hills that rise in permafrost terrain. They form when water migrates toward a freezing
front and builds a massive ice lens that pushes the ground surface upward. Two types exist:

Fiveable archived study guides Page 116



* Closed-system (hydrostatic) pingos form in drained lake basins where permafrost encroaches inward,
pressurizing trapped water (common in the Mackenzie Delta, Canada, which has ~1,350 pingos).

* Open-system (hydraulic) pingos form where groundwater under artesian pressure feeds ice lens
growth from below (common in Svalbard and East Greenland).

Thermokarst topography develops when ice-rich permafrost thaws, causing the ground surface to subside.
This produces irregular depressions, hummocks, and thaw lakes. Thermokarst is expanding rapidly in
many Arctic regions as temperatures rise.

Rock glaciers are lobate or tongue-shaped bodies of frozen debris that move downslope through
deformation of internal ice. They're common in arid mountain environments like the Andes and Alps, where
they store significant volumes of water in ice-cemented rock.

Characteristics and Significance

These landforms serve as indicators of past or present cold climate conditions. Patterned ground variations
reflect differences in soil composition and moisture content. Solifluction lobes signal slope instability. Ice
wedges preserve paleoclimate information through their growth patterns and isotopic composition, making
them useful for reconstructing past temperature regimes.

From a practical standpoint, pingos can act as freshwater sources in arid periglacial regions (e.g., Alaska's
North Slope). Thermokarst features highlight areas vulnerable to permafrost degradation and infrastructure
damage. Rock glaciers function as important water reservoirs in dry mountain settings where glaciers are
retreating.

Formation of Periglacial Landforms

Freeze-Thaw Processes

Several distinct mechanisms work together to produce periglacial landforms:

+ Frost heaving pushes soil particles and rocks upward as water freezes and expands (roughly 9%
volume increase). Segregation ice lenses amplify this effect in frost-susceptible soils by drawing in
additional water through cryosuction.

* Cryoturbation mixes and churns soil through repeated freeze-thaw cycles. This is the primary driver of
patterned ground development, as it circulates material vertically and laterally within the active layer.

- Thermal contraction cracking occurs when frozen ground cools rapidly (typically below —15°C to
—20°C), shrinks, and fractures. These cracks initiate ice wedge growth and polygonal ground patterns.

* Frost sorting separates coarse and fine materials within the active layer. Stones migrate outward and
upward through differential frost heave, producing the geometric patterns of sorted circles and
polygons.

« Solifluction moves saturated active-layer material downslope during thaw periods. The impermeable
permafrost table beneath traps water, keeping the soil saturated and weak.

» Thermokarst processes melt ground ice from above, leading to surface subsidence. Positive feedback
loops develop: subsidence pools water, which accelerates further thaw.
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Environmental Factors

Climate controls the intensity and frequency of freeze-thaw cycles. Continuous permafrost zones (mean
annual air temperature below roughly —6°C to —8°C) support the widest range of periglacial landforms,
while discontinuous permafrost zones produce a more limited set.

Soil properties strongly influence frost susceptibility. Silt-rich soils are the most frost-susceptible because
their pore sizes are small enough to generate strong cryosuction but large enough to allow water migration
toward the freezing front. Coarse sands and gravels are far less susceptible.

Topography affects drainage, slope angle, and aspect. South-facing slopes in the Northern Hemisphere
receive more solar radiation, producing deeper active layers and different landform assemblages than
north-facing slopes.

Vegetation cover insulates the ground surface, moderating temperature extremes and affecting soil
moisture. Removal of vegetation (by fire, disturbance, or climate change) can trigger rapid permafrost
degradation.

Snow cover also acts as thermal insulation. Thick snow cover in winter keeps the ground warmer, which
can paradoxically promote permafrost degradation, while wind-scoured areas with thin snow experience
colder ground temperatures.

Groundwater dynamics play a direct role in ice segregation and pingo formation, supplying the water that
feeds ice lens growth.

Frost Action in Periglacial Landscapes

Mechanical Weathering and Soil Disturbance

Frost action is the dominant weathering mechanism in periglacial environments. Frost wedging (also called
frost shattering) occurs when water enters rock fractures, freezes, and exerts pressures that can exceed
200 MPa under ideal conditions. Over time, this breaks bedrock into angular fragments, producing
blockfields (felsenmeer) on flat surfaces and talus slopes below cliffs.

Ice segregation within soils forms discrete ice lenses that cause significant frost heaving and soil
disturbance. The lenses grow by drawing unfrozen water from surrounding pores toward the freezing front.
In frost-susceptible soils, heave can reach tens of centimeters per year.

Cryoturbation disrupts normal soil horizons, mixing organic and mineral layers. This process creates
characteristic microrelief features like earth hummocks (mounds 0.5-1.5 m across) and frost boils (bare
patches where churned soil reaches the surface).

Together, these processes produce the distinctive geomorphology of periglacial landscapes. Climate, soil
texture, moisture availability, and topography all modulate their intensity.

Impact on Vegetation and Ecosystems

Frost action creates a mosaic of microhabitats. Sorted circles and hummocks produce small-scale
variations in soil depth, moisture, and exposure that support different plant communities within meters of
each other. Specialized tundra plants have adapted to frost heaving with flexible root systems and low
growth forms.

Cryoturbation affects nutrient cycling by burying organic matter and redistributing it through the soil profile.
Frost heaving damages plant roots and can prevent establishment of deeper-rooted species, helping
maintain the characteristically low tundra vegetation.
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On slopes, solifluction disrupts plant succession by physically moving the substrate, favoring pioneer
species that can tolerate unstable ground. Thermokarst development causes rapid hydrological changes:
new ponds and wetlands form as the ground subsides, dramatically altering local vegetation patterns within
years to decades.

At a global scale, permafrost soils store an estimated 1,400-1,600 Gt of organic carbon. Thawing releases
this carbon as CO> and CHa4, creating a positive feedback loop with climate warming. This permafrost
carbon feedback is one of the major uncertainties in climate projections.

Periglacial Processes and Landscape Evolution

Sediment Transport and Erosion

Periglacial environments are surprisingly effective at producing and moving sediment. Frost weathering
generates large volumes of transportable material from bedrock, while several transport mechanisms
redistribute it across the landscape:

« Solifluction and gelifluction (solifluction specifically over permafrost) are the dominant mass wasting
processes, moving large sediment volumes downslope at rates of millimeters to centimeters per year
across broad areas.

* Nivation erodes and transports sediment beneath and around persistent snow patches, gradually
carving nivation hollows into hillslopes. These can evolve into cirque-like forms over long timescales.

» Wind action is significant in periglacial regions because sparse vegetation leaves surfaces exposed.
Wind creates ventifacts (wind-abraded rocks) and transports fine-grained sediment that accumulates as
loess deposits downwind. Major loess deposits across central Europe and China originated largely from
periglacial sediment sources during glacial periods.

* Fluvial processes show extreme seasonal variability. Rivers in periglacial regions follow nival regimes,
with peak discharge during spring snowmelt and low flows the rest of the year. Spring floods can
transport enormous sediment loads.

The interaction between these processes creates complex patterns of landscape evolution that are
recorded in sedimentary deposits, making periglacial sediments valuable for paleoenvironmental
reconstruction.

Long-term Landscape Development

Over geological timescales, periglacial processes contribute substantially to landscape denudation.
Repeated freeze-thaw cycles gradually reduce bedrock to rubble, creating extensive blockfields on
plateaus and isolating resistant rock masses as tors (pillars of exposed bedrock).

Cryoplanation terraces form through sustained frost action and slope retreat, producing stepped,
bench-like surfaces on hillsides. These are particularly well-developed in Siberia and interior Alaska.

Periglacial activity also modifies pre-existing landforms. In paraglacial settings (landscapes adjusting after
glacier retreat), periglacial processes rework glacial deposits, reshape moraines, and alter drainage
patterns. This transition from glacial to periglacial dominance is common across formerly glaciated regions.

Thick permafrost can preserve ancient landscapes beneath ice-rich sediments. Yedoma deposits in
Siberia, for example, are ice-rich loess accumulations up to 50 m thick that date to the late Pleistocene and
contain remarkably preserved organic material, including mammoth remains.
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Climate oscillations between glacial and interglacial periods drive repeated cycles of periglacial landscape
development and degradation. Recognizing relict periglacial features in currently temperate regions (such
as fossil ice-wedge casts in southern England) helps reconstruct past climate conditions and predict how
cold-region landscapes will respond to future warming.

8.4 Climate change impacts on periglacial systems

Evidence of Climate Change in Periglacial Environments

Climate change is transforming periglacial systems at an accelerating rate. As permafrost thaws and the
active layer deepens, landscapes, ecosystems, and human communities across cold regions face major
disruption. These changes also feed back into the global climate system: thawing permafrost releases
greenhouse gases that amplify the very warming driving the thaw in the first place.

Observable Changes in Periglacial Systems

Periglacial environments are defined by intense frost action and cryogenic processes, and they're
concentrated at high latitudes and altitudes. Climate warming is producing several measurable shifts in
these systems:

» Permafrost thaw and rising ground temperatures
* Increased active layer thickness, meaning seasonal thaw penetrates deeper each year

* Altered geomorphological processes such as accelerated solifluction (slow downslope flow of
saturated soil) and changes in frost heave intensity

The rate of change varies significantly by region. Arctic coastal areas are experiencing rapid, dramatic
transformation because they face both warming air temperatures and increased wave erosion from
reduced sea ice. High-altitude periglacial zones, by contrast, tend to show more gradual shifts.

Evidence Collection Methods

Researchers draw on multiple lines of evidence to track permafrost degradation:

 Borehole and meteorological records provide long-term temperature trends, some extending back
decades. These consistently show warming in periglacial regions.

» Remote sensing detects landscape changes at scale. Satellite imagery reveals broad permafrost
degradation patterns, while LIDAR measures subtle topographic changes from thaw subsidence
(sometimes just centimeters per year).

* Field measurements offer direct, ground-level data. Thaw depth probing quantifies active layer
thickness at specific sites, and ground temperature monitoring tracks how fast permafrost is warming at
depth.

« Paleoecological records provide long-term context. Tree rings reveal growth patterns influenced by
changing permafrost moisture availability, and lake sediments preserve pollen, diatoms, and
geochemical indicators of past climate and vegetation conditions.
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Impacts of Climate Change on Permafrost

Projected Changes in Permafrost Distribution

Climate models consistently project continued warming in periglacial regions, with Arctic areas warming
two to four times faster than the global average. Under high-emission scenarios, near-surface permafrost
extent could decrease by up to 70% by 2100. The southern boundary of permafrost is projected to migrate
northward, with some marginal areas (southern Siberia, interior Alaska) potentially losing permafrost
entirely.

Thaw rates won't be uniform, though. Several local factors control how quickly permafrost degrades at any
given site:

» Topography: South-facing slopes receive more solar radiation and thaw faster; elevation affects mean
annual temperature.

+ Soil properties: Fine-grained, organic-rich soils hold more ice and are more susceptible to dramatic
thaw settlement. Coarse, well-drained soils respond differently.

* Vegetation cover: Dense vegetation insulates the ground and can slow thaw, while disturbance (fire,
clearing) removes that thermal buffer.

Changes in Active Layer and Periglacial Landforms

As the active layer thickens, deeper seasonal thaw destabilizes permafrost-affected landscapes. Several
geomorphic consequences follow:

Thermokarst acceleration is one of the most visible impacts. Where ground ice melts, the surface subsides
unevenly, forming thaw lakes in ice-rich terrain and retrogressive thaw slumps along riverbanks and
coastlines. These slumps can grow by meters per year once initiated.

Periglacial landform degradation is widespread:
+ Ice-wedge polygons crack, deform, and become inactive as the ice wedges melt
* Pingos can collapse when their internal ice cores thaw
* Rock glaciers may experience increased creep rates or net ice loss

Snow cover plays a counterintuitive role. Increased snowfall actually insulates the ground from cold winter
air, keeping permafrost warmer and accelerating thaw. Conversely, reduced snow cover exposes the
ground to extreme winter cold, which can temporarily preserve permafrost. This means precipitation
changes matter just as much as temperature changes for predicting local outcomes.

Permafrost Thaw and Ecosystem Dynamics

Carbon Cycling and Greenhouse Gas Emissions

Permafrost soils store an estimated 1,460 to 1,600 billion metric tons of organic carbon, roughly twice the
amount currently in the atmosphere. This carbon accumulated over thousands of years because frozen
conditions suppressed microbial decomposition.

When permafrost thaws, that previously frozen organic matter becomes available to microbes, and
decomposition ramps up. The gases released depend on drainage conditions:
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+ Waterlogged, anaerobic conditions favor methane (CH4) production, a greenhouse gas roughly 80
times more potent than CO> over a 20-year period

« Well-drained, aerobic conditions favor carbon dioxide (CO2) production

This creates a positive feedback loop: thawing permafrost releases greenhouse gases, which warm the
climate further, which thaws more permafrost. Some estimates suggest up to 240 billion metric tons of
carbon could be released by 2100, though the exact amount depends heavily on emission trajectories and
how much of the thawed carbon actually decomposes versus being stabilized in soil.

Ecosystem Responses to Permafrost Thaw

Permafrost thaw reshapes ecosystems from the ground up, starting with hydrology:
+ Subsiding ground creates new wetlands in some areas
* In others, ground collapse and erosion drain existing wetlands
« Shifting surface water distribution alters both carbon cycling and habitat availability

Vegetation communities respond to these changing soil and moisture conditions. Tundra landscapes in
many areas are transitioning to shrub-dominated systems, a process called shrubification. In subarctic
regions, the tree line is advancing northward and upslope. These vegetation shifts change how much
carbon the landscape absorbs through photosynthesis versus how much it releases through
decomposition.

Thawing permafrost also releases nutrients, particularly nitrogen and phosphorus, that were locked in
frozen soil. This initially stimulates plant growth and productivity. However, the long-term effects remain
uncertain: enhanced growth could partially offset carbon losses, or newly available habitats could be
colonized by invasive species that disrupt existing ecological relationships.

Socioeconomic Consequences of Permafrost Degradation

Infrastructure and Resource Impacts

Much of the built environment in permafrost regions was designed assuming stable frozen ground. As that
ground thaws, structures lose their foundations:

+ Buildings, roads, pipelines, and airports suffer from differential settlement and ground subsidence
* Loss of bearing capacity causes cracking, tilting, and in some cases structural failure
« In Alaska alone, permafrost-related infrastructure damage is estimated at $30 billion by 2080

Adaptation is expensive. Engineering solutions like thermosyphons (passive cooling devices that extract
heat from the ground) and insulated foundations can extend the life of structures, but they add significant
cost. In the most severely affected areas, entire communities face potential relocation.

Coastal erosion compounds the problem in Arctic regions. Reduced sea ice exposes coastlines to stronger
wave action, while thawing permafrost weakens bluffs from within. The village of Shishmaref, Alaska, is a
well-known example: it has been actively planning relocation for years due to accelerating shoreline
retreat.

Resource extraction faces new challenges too. Oil and gas operations depend on frozen ground for winter
roads and drilling pad stability. Mining operations contend with changing ground conditions and altered
water management as permafrost degrades.
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Impacts on Communities and Cultural Heritage

Indigenous communities in periglacial regions are among the most directly affected:

« Subsistence practices are disrupted as wildlife migration patterns shift, vegetation changes alter
traditional food and medicine gathering, and unpredictable ice conditions make travel and fishing more
dangerous

» Water quality declines as thawing soils release previously frozen contaminants into drinking water
sources, and changing groundwater flow patterns alter local hydrology

Cultural heritage is also at stake. Frozen archaeological sites that preserved organic artifacts for centuries
or millennia are now thawing. The Walakpa site in Alaska, which contained thousands of years of Ifupiat
cultural material, has been severely damaged by coastal erosion accelerated by permafrost thaw.

At the same time, changing permafrost landscapes create new economic dynamics:
* Some areas may become viable for agriculture as permafrost retreats and growing seasons lengthen
» Reduced sea ice is opening Arctic shipping routes like the Northern Sea Route
» The tourism industry is adapting to a rapidly changing Arctic environment

These opportunities, however, come with their own environmental and social trade-offs, and they don't
offset the losses experienced by communities whose way of life depends on stable permafrost conditions.
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Unit 9 — Coastal Processes: Waves &
Tides

9.1 Wave generation, propagation, and types

Waves are the driving force behind coastal processes, shaping shorelines and influencing marine
ecosystems. Wind-driven wave formation, influenced by factors like wind strength and fetch, creates
various wave types with distinct characteristics. Understanding these dynamics is crucial for grasping
coastal evolution.

As waves approach the shore, they undergo transformations that impact coastal landforms and sediment
transport. Wave refraction, shoaling, and breaking in the surf zone generate currents and energy patterns
that sculpt beaches, headlands, and bays. These processes are key to comprehending coastal
morphology and erosion.

Wave generation and characteristics

Wind-driven wave formation

» Wind transfers energy to water surface through frictional drag and pressure differences

» Wave size and energy determined by wind strength, duration, and fetch (distance wind blows over
water)

+ Significant wave height (H1/3) describes average height of highest one-third of waves in a given
period

» Swell waves generated by distant storms travel long distances with regular, long periods

* Local wind waves (sea waves) characterized by irregular, choppy patterns and shorter periods

Wave properties and influencing factors
» Wave characteristics defined by height, length, period, and steepness
» Wave height influenced by wind speed, duration, and fetch length
» Wave period affects wavelength and propagation speed
» Wave steepness ratio of wave height to wavelength determines wave stability
» Water depth, bottom topography, and coastal geography modify wave characteristics near shore
« Shallow water causes wave shoaling decreases wavelength and increases wave height

» Wave breaking occurs when steepness exceeds critical ratio (typically when wave height is ~0.78
times water depth)

Wave types and properties

Deep and transitional waves

» Deep-water waves occur in depths greater than half wavelength
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+ Orbital motion does not interact with seafloor

« Particle movement follows circular paths

* Transitional waves exist in intermediate depths

» Wave motion begins to be affected by bottom friction
* Particle orbits become elliptical

» Wave base depth where wave energy no longer affects bottom sediments (approximately half
wavelength)

Shallow-water waves and coastal phenomena

« Shallow-water waves occur in depths less than 1/20th of wavelength

« Elliptical particle orbits with horizontal motion dominant

+ Potential for wave breaking as wave height increases relative to depth
« Surf zone area where waves break and dissipate energy

* Crucial role in sediment transport and beach morphology

» Generation of longshore currents and rip currents

» Wave setup increases mean water level within surf zone

* Contributes to coastal flooding during storms

» Wave runup maximum vertical extent of wave uprush on beach or structure above still water level

Special wave types
» Tsunamis long-period waves generated by sudden water displacements
» Caused by earthquakes, landslides, or volcanic eruptions
» Can travel across entire ocean basins with minimal energy loss
» Edge waves trapped along coastlines, oscillating parallel to shore
+ Play role in nearshore circulation patterns and beach cusps formation
* Infragravity waves with periods longer than wind-generated waves
* Important in sediment transport and coastal morphodynamics
» Can contribute to coastal erosion during storms
« Standing waves (seiche) occur in enclosed or semi-enclosed basins
+ Characterized by nodes (minimal vertical motion) and antinodes (maximum vertical motion)

« Can affect harbor operations and coastal infrastructure
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Wave propagation and coastal interaction

Wave transformation in coastal zones

* Wave shoaling process as waves approach shallower water
* Decreased wavelength and increased wave height

+ Conservation of energy leads to wave steepening

» Wave breaking occurs when steepness exceeds critical ratio
« Spilling breakers on gently sloping beaches

* Plunging breakers on steeper slopes

* Surging breakers on very steep slopes or structures

* Surf zone dynamics and energy dissipation

» Generation of turbulence and sediment suspension

» Formation of longshore bars and troughs

Coastal currents and sediment transport

» Longshore currents generated by oblique wave approach to coastline

* Responsible for longshore sediment transport (littoral drift)

* Influence beach morphology and coastal erosion patterns

* Rip currents form when water piled up by breaking waves returns seaward

* Narrow, fast-moving channels of water

* Pose hazards to swimmers and contribute to offshore sediment transport

* Undertow currents near-bottom return flow compensating for onshore mass transport

* Influence cross-shore sediment transport and beach profile evolution

Wave refraction and coastal morphology

Wave refraction processes

» Wave refraction bending of wave crests approaching shore at an angle

» Caused by differences in wave speed in varying water depths

» Waves tend to become parallel to depth contours near shore

+ Refraction patterns influenced by bathymetry

» Complex bottom topography creates focusing and defocusing of wave energy

» Wave diffraction occurs when waves encounter obstacles or pass through gaps
» Spreads wave energy into shadow zones behind barriers

* Creates complex wave patterns around coastal structures and islands
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Coastal landform development

» Headlands experience wave energy concentration due to refraction

* Increased erosion and formation of wave-cut platforms

» Development of sea cliffs and rocky shorelines

» Bays experience wave energy dispersion through refraction

* Promotes sediment deposition and beach formation

» Development of embayed beaches and tombolos

* Cuspate forelands and spits form due to longshore sediment transport

* Influenced by wave refraction patterns and sediment availability

Applications in coastal engineering

» Understanding wave refraction crucial for coastal engineering projects

+ Design of breakwaters, groins, and artificial reefs

* Prediction of sediment transport patterns and coastal erosion

* Numerical models simulate wave refraction and diffraction

* Used in coastal zone management and shoreline change forecasting

» Wave energy converters placement optimized based on refraction patterns

» Maximizes energy capture in wave farm designs

9.2 Tidal processes and their geomorphic effects

Tidal Processes and Mechanisms

Tides are the rhythmic rise and fall of sea level driven by the gravitational pull of the Moon and Sun. These
cycles do far more than just move water up and down a beach. Tidal currents transport enormous volumes
of sediment, carve channels, build salt marshes, and shape estuaries. Understanding tidal processes is
essential for seeing how waves, currents, and sea-level changes work together to produce the landforms
you see along any coast.

Gravitational Forces and Tidal Bulges

The Moon's gravity is the primary driver of tides. Even though the Sun is far more massive, the Moon is
much closer to Earth, and tidal force depends heavily on distance (it decreases with the cube of distance,
not the square). This means the Moon's tidal influence is roughly twice that of the Sun.

Tidal forces arise because gravity isn't uniform across Earth's diameter. The side of Earth facing the Moon
experiences a stronger pull than the far side. This difference stretches the ocean into two tidal bulges: one
on the side nearest the Moon (direct gravitational attraction) and one on the opposite side (where reduced
gravitational pull allows water to bulge outward due to inertia).

As Earth rotates beneath these bulges, most coastlines experience two high tides and two low tides per
day. The orbits of the Moon and Sun add longer-period variations on monthly and annual timescales.
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In the open ocean, tidal bulges don't simply sweep around the globe in a smooth band. The Coriolis effect
deflects moving water, causing tidal waves to rotate around fixed points called amphidromic points. At an
amphidromic point, tidal range is essentially zero; it increases with distance from that point. Each ocean
basin contains several amphidromic points, which is why tidal range varies so much from place to place.

Factors Affecting Tidal Range

Even at the same latitude, two coastlines can have very different tidal ranges. Several factors control this:
+ Coastal bathymetry: Shallow water slows and amplifies tidal waves, increasing range.

« Continental shelf width: Wide shelves tend to produce larger tidal ranges because the tidal wave has
more shallow area to interact with.

* Coastline and estuary geometry: Funnel-shaped bays and narrowing channels concentrate tidal
energy, amplifying range.

» Resonance: When the natural oscillation period of a semi-enclosed basin matches the tidal period,
resonance dramatically amplifies the tide. The Bay of Fundy in Canada is the classic example, with tidal
ranges exceeding 16 m because its basin length produces a resonant period close to the ~12.4-hour
semidiurnal tidal cycle.

Coasts are classified by their tidal range:
* Microtidal: <2 m range (e.g., much of the Mediterranean)
* Mesotidal: 2-4 m range (e.g., parts of the U.S. East Coast)
* Macrotidal: > 4 m range (e.g., Bay of Fundy, Bristol Channel)

This classification matters because tidal range strongly influences which coastal landforms dominate.
Microtidal coasts tend to be wave-dominated, while macrotidal coasts are tide-dominated, with extensive
tidal flats and salt marshes.

Types of Tides and Characteristics

Daily Tidal Patterns

The number and relative height of tides per day vary by location, depending on the geometry of the ocean
basin and the declination of the Moon.

» Semidiurnal tides: Two high tides and two low tides of roughly equal height each day (~12.4-hour
cycle). This is the most common pattern globally, found along much of the Atlantic coast.

* Diurnal tides: Only one high tide and one low tide per day (~24.8-hour cycle). These occur in areas
like the Gulf of Mexico and parts of the South China Sea, where basin geometry suppresses one of the
two daily tidal cycles.

» Mixed tides: Two highs and two lows per day, but with noticeably unequal heights. One high tide is
significantly higher than the other, and one low is significantly lower. This pattern is common along the
west coast of North America.

Monthly and Annual Tidal Variations

The relative positions of the Moon, Sun, and Earth create predictable longer-term cycles:
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Spring tides occur during new and full moons, when the Sun, Moon, and Earth are roughly aligned
(syzygy). The gravitational forces of the Sun and Moon reinforce each other, producing higher high tides
and lower low tides. Spring tides repeat approximately every 14.8 days.

Neap tides occur during first and third quarter moons, when the Sun and Moon are at right angles relative
to Earth. Their gravitational effects partially cancel, producing a reduced tidal range. Neap tides fall midway
between spring tides.

King tides are exceptionally large spring tides that occur when the Moon is at its closest approach to Earth
(perigee) and Earth is near its closest approach to the Sun (perihelion). Perihelion occurs in early January,
so king tides in the Northern Hemisphere often happen during winter months. These events are
increasingly used as previews of what routine tidal flooding may look like under future sea-level rise.

Unique Tidal Phenomena

Tidal bores are waves that travel upstream against a river's current as the incoming tide pushes into a
narrowing estuary or river channel. They require a combination of large tidal range, a funnel-shaped
estuary, and a shallow river channel. Notable examples include the bore on the Qiantang River in China
(which can reach several meters in height) and the pororoca on the Amazon River.

Internal tides are tidal-frequency waves that propagate within the ocean's interior rather than at the
surface. They form when tidal currents flow over underwater topography (such as mid-ocean ridges or
continental shelf breaks) in a density-stratified water column. Internal tides are important because they
drive vertical mixing of nutrients and influence deep-ocean circulation, though their surface expression is
subtle.

Tidal Effects on Coastal Landforms

Tidal Influence on Sediment Dynamics

Tidal currents move sediment through repeated cycles of erosion, transport, and deposition. The specific
landforms that result depend on tidal range, sediment supply, and the energy of the environment.

Tidal flats develop in low-energy, shallow coastal areas where fine sediments settle out during slack water
(the brief period of no current between flood and ebb tides). They often show distinct zonation: mudflats in
the lowest-energy areas closest to the shore, transitioning to sandflats where currents are slightly stronger.

Salt marshes form in the upper intertidal zone, where halophytic (salt-tolerant) vegetation colonizes the
surface. Plant stems and roots trap sediment during tidal inundation, causing the marsh surface to
gradually accrete vertically. This makes salt marshes important for coastal protection and carbon storage.

Tidal asymmetry is a critical concept for understanding net sediment transport. In many tidal systems, the
flood tide (incoming) and ebb tide (outgoing) differ in duration and peak velocity. If the flood current is
shorter but faster, it carries more sediment landward than the ebb carries seaward, creating a
flood-dominated system that tends to infill with sediment. The reverse produces an ebb-dominated system
that exports sediment.

Tidal Landforms and Features

« Tidal creeks and channels are carved by the repeated ebb and flow of tidal water through flats and
marshes. They typically develop dendritic (branching, tree-like) drainage patterns and exhibit
meandering similar to river channels, though their flow reverses with each tidal cycle.

« Tidal deltas form at the mouths of tidal inlets. A flood-tidal delta builds on the landward (bay) side of
the inlet from sediment carried in by flood currents. An ebb-tidal delta builds on the seaward side from
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sediment carried out by ebb currents. The relative size of each delta depends on whether tidal currents
or wave energy dominate.

« Barrier islands and spits are modified by tidal processes through the inlets that cut through them. Tidal
currents maintain these inlets, and the size of the inlet is closely related to the tidal prism (discussed
below). Storm surge combined with high tides can cause overwash, pushing sediment from the ocean
side to the bay side of the barrier.

Tidal Erosion and Deposition Patterns

Tidal scour occurs where currents are forced through constrictions such as narrow inlets or bridge pilings.
The accelerated flow deepens channels and excavates scour holes, which can be significant engineering
concerns.

Tidal bars form where current velocity drops and sediment is deposited. These include linear sand bars
aligned with flow, transverse bars perpendicular to flow, and point bars on the inner bends of meandering
tidal channels.

Tidal rhythmites are layered sedimentary deposits that preserve a record of individual tidal cycles. Each
layer pair typically consists of a coarser layer (deposited during stronger current) and a finer layer
(deposited during slack water). Because tidal rhythmites record the spring-neap cycle, geologists use them
to reconstruct paleotidal conditions and ancient Earth-Moon distances.

Tidal Prism and Estuary Formation

Tidal Prism Concept and Measurement

The tidal prism is the total volume of water that flows into and out of an estuary or back-barrier lagoon
during a single tidal cycle. It's determined by two factors: the tidal range and the surface area of the water
body.

A larger tidal range or a larger estuary area means a bigger tidal prism, which in turn means stronger tidal
currents flowing through the inlet.

Tidal prism can be measured through:
1. Hydrographic surveys that measure current velocity and channel cross-section over a full tidal cycle
2. Remote sensing to map the area of intertidal zones that flood and drain

3. Numerical modeling that simulates tidal flow through the system

Tidal Prism Influence on Coastal Morphology

The tidal prism directly controls the size and stability of tidal inlets. Larger prisms require larger inlet
cross-sections to accommodate the volume of water flowing through, and these larger inlets tend to be
more stable over time.

This relationship is formalized in the O'Brien relation, an empirical equation:
A=kP"

where A is the inlet cross-sectional area, P is the tidal prism, and k and N are empirically derived
constants (N is typically close to 1). This relationship is widely used in coastal engineering to predict how
inlets will respond to changes.
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Changes to the tidal prism cause morphological adjustments. Natural changes like sea-level rise increase
the tidal prism by flooding more area, potentially widening inlets. Human interventions like land reclamation
or dredging can either increase or decrease the prism, triggering inlet migration, shoaling, or erosion as the
system adjusts toward a new equilibrium.

Tidal Prism and Estuarine Processes

The tidal prism governs how effectively an estuary flushes itself. A large tidal prism relative to the estuary's
volume means rapid exchange with the open ocean, improving water quality by diluting pollutants and
replenishing oxygen.

Tidal prism also affects the estuary's sediment budget. Depending on tidal asymmetry, the system may be
a net importer or exporter of sediment. This has direct implications for whether tidal flats and marshes grow
or erode over time.

The balance between tidal prism and freshwater river input determines the type of estuarine circulation:

« Salt wedge estuary: River flow dominates; a distinct wedge of saltwater intrudes along the bottom
beneath fresher water (e.g., Mississippi River mouth).

« Partially mixed estuary: Moderate tidal energy creates some vertical mixing, but salinity still varies with
depth (e.g., Chesapeake Bay).

» Well-mixed estuary: Strong tidal currents thoroughly mix the water column, so salinity is relatively
uniform with depth but varies along the length of the estuary.

9.3 Coastal currents and sediment transport

Coastal currents and sediment transport are crucial players in shaping our shorelines. From longshore drift
to rip currents, these forces move sand and rocks, sculpting beaches and barrier islands. Understanding
these processes helps us grasp how our coasts change over time.

Waves, tides, and currents work together to create complex patterns of erosion and deposition. By
studying how sediment moves along and across the shore, we can better predict coastal changes and
manage our beaches. It's all about the dance between water and land.

Coastal currents and their drivers

Types and characteristics of coastal currents

+ Coastal currents categorized into alongshore currents (flow parallel to coastline) and cross-shore
currents (flow perpendicular to coastline)

+ Alongshore currents primarily driven by oblique approach of waves to shore
* Cross-shore currents include undertow, rip currents, and wave-induced currents

« Tidal currents caused by gravitational forces of moon and sun, influencing both alongshore and
cross-shore currents

» Wind-driven currents generated by frictional force of wind on water surface, affecting surface and
subsurface water movement
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Driving mechanisms of coastal currents

* Density-driven currents caused by differences in water temperature, salinity, or sediment
concentration

* Examples include coastal upwelling and downwelling

« Coriolis effect influences direction of large-scale coastal currents

+ Deflects currents to the right in Northern Hemisphere and left in Southern Hemisphere

» Wave-induced currents result from breaking waves and wave setup

* Pressure gradients created by variations in water level or density drive some coastal currents

» Topographic steering affects current direction and strength due to bathymetry and coastline shape

Coastal currents in sediment transport

Sediment transport processes

+ Coastal currents play crucial role in transport, erosion, and deposition of sediments along shorelines
* Longshore currents act as primary agents of longshore sediment transport

* Move sediment parallel to coast

+ Contribute to formation of coastal features (spits, barrier islands)

+ Cross-shore currents, particularly rip currents, transport sediment offshore

« Affect beach profiles

* Contribute to development of offshore bars

* Interaction between coastal currents and waves creates complex sediment transport patterns

* Influences shape and stability of beaches, dunes, and other coastal landforms

Impacts on coastal morphology

« Tidal currents in estuaries and tidal inlets redistribute sediments

« Affect morphology of tidal flats, salt marshes, and tidal channels

+ Coastal upwelling currents transport nutrient-rich sediments from deeper waters to surface

* Influence coastal ecosystems

« Potentially affect sediment distribution patterns

« Strength and direction of coastal currents lead to areas of erosion or accretion along coastline
» Shape overall coastal profile

* Influence long-term coastal evolution

» Sediment budget of coastal systems affected by current-driven transport processes

» Determine whether a coastline experiences net erosion, accretion, or stability
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Longshore drift vs rip currents

Longshore drift mechanisms and impacts

* Longshore drift transports sediment along coast by waves approaching shore at oblique angle
* Creates zigzag pattern of sediment movement

+ Rate and direction of longshore drift influenced by:

» Wave energy

* Wave approach angle

+ Sediment characteristics

+ Contributes to formation and maintenance of various coastal features

» Examples include spits, barrier islands, and tombolos

* Affects sediment distribution along coastline

+ Can lead to downdrift erosion or updrift accretion

* Longshore drift rates can be quantified using sediment transport equations

* Example: CERC formula (Coastal Engineering Research Center)

Rip currents and beach dynamics

* Rip currents form strong, narrow channels of water flowing seaward from shore

« Typically develop where breaks occur in sandbars or near structures (groins, jetties)
« Significantly impact beach morphology by:

* Eroding channels through sandbars

* Transporting sediment offshore

* Create cellular circulation pattern on beaches

* Onshore flow between rip currents

* Offshore flow within rip currents

« Affect sediment distribution and beach equilibrium

« Influence erosion and accretion patterns

+ Impact overall stability of shoreline

* Rip current strength and frequency vary with wave conditions and beach morphology

« Stronger during storm events or high wave conditions

Factors influencing sediment transport

Wave and current characteristics

» Wave characteristics determine sediment transport rates and patterns
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* Height, period, and approach angle are key factors

+ Coastal currents influence sediment movement

* Longshore currents drive parallel sediment transport

* Cross-shore currents affect onshore-offshore sediment exchange
« Tidal range and tidal currents impact sediment transport rates

* Particularly important in estuaries and tidal inlets

« Stronger currents during spring tides lead to increased sediment movement

Sediment properties and coastal morphology

» Sediment properties significantly influence transport rates and modes

* Grain size, shape, and density affect mobility

» Determine mode of sediment movement (suspension, saltation, bedload)

« Coastal morphology affects sediment transport patterns

* Beach slope and nearshore bathymetry alter wave and current dynamics

* Presence of coastal structures modifies local transport processes

 Seasonal variations in wave climate and storm frequency result in cyclical changes
« Affect beach profiles and coastal morphology

* Lead to alternating periods of erosion and accretion

Environmental and anthropogenic influences

» Wind patterns and storm events dramatically alter sediment transport

« Often lead to episodic, high-magnitude transport events

 Can cause significant shoreline changes in short periods

+ Climate change impacts sediment transport through:

» Sea-level rise, altering coastal hydrodynamics

» Changes in storm frequency and intensity

» Human activities significantly alter natural sediment transport patterns
« Construction of coastal structures (groins, jetties, seawalls)

* Dredging operations modify local bathymetry and sediment availability

* Beach nourishment projects introduce new sediment into coastal systems

9.4 Sea-level changes and their impacts

Sea-level changes shape coastlines, affecting ecosystems and human activities. From short-term tides to
long-term climate shifts, various factors drive these changes, including thermal expansion, ice melt, and
land movements.
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Rising seas reshape shorelines, increase flooding, and threaten coastal communities. Impacts range from
ecosystem disruption to economic losses. Adaptation strategies include engineering solutions,
nature-based approaches, and managed retreat to address these challenges.

Sea-level change drivers and mechanisms

Timescales and causes of sea-level changes

+ Sea-level changes occur on various timescales driven by different mechanisms

* Short-term fluctuations (hours to years) influenced by tides, storm surges, and climate patterns (El
Nifio-Southern Oscillation)

» Medium-term changes (decades to centuries) affected by ocean circulation patterns, atmospheric
pressure variations, and Earth's rotation changes

« Long-term changes (millennia to millions of years) driven by plate tectonics, ocean basin volume
alterations, and long-term climate cycles

« Eustatic sea-level changes represent global ocean volume changes

* Primarily caused by ice sheet melting or formation

» Thermal expansion or contraction of ocean water also contributes

* Isostatic sea-level changes result from vertical land mass movements

« Often due to glacial rebound as land rises after ice sheet removal

* Tectonic activity can cause uplift or subsidence affecting relative sea level
» Anthropogenic climate change accelerates current sea-level rise

* Increased greenhouse gas emissions lead to ocean thermal expansion

* Melting of land-based ice (glaciers, ice sheets) adds water volume to oceans

Mechanisms of sea-level change

* Thermal expansion causes sea level rise as oceans warm

» Water molecules spread out, occupying more volume

* Accounts for about 30-55% of observed sea level rise since 1971

» Melting of land ice contributes additional water to oceans

* Glaciers and ice sheets in Greenland and Antarctica are major contributors
* Mountain glaciers also play a role, though smaller in total volume

» Changes in land water storage affect sea level

» Groundwater depletion transfers water from land to oceans

» Dam construction on rivers can temporarily reduce sea level rise

» Ocean circulation changes redistribute water masses

* Alters regional sea levels through temperature and salinity differences
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» Can cause sea level to rise in some areas while falling in others
« Vertical land movements affect relative sea level
* Glacial isostatic adjustment continues from the last ice age

* Tectonic plate movements cause uplift or subsidence in coastal areas

Sea-level change impacts on coastlines

Coastal geomorphology and flooding

» Sea-level changes significantly alter coastal geomorphology

* Reshape shorelines, barrier islands, and estuaries

» Modify sediment transport patterns and deposition rates

* Rising sea levels increase coastal flooding frequency and severity
* Threaten low-lying urban areas (Venice, Miami)

» Endanger critical infrastructure (ports, power plants)

* Inundate valuable agricultural lands in coastal plains

« Saltwater intrusion affects coastal water resources

» Contaminates freshwater aquifers used for drinking water

* Impacts irrigation water quality for agriculture

* Alters salinity in estuaries and coastal wetlands

Ecosystem and economic impacts

» Coastal ecosystems face habitat loss or forced migration

* Mangroves may retreat landward or drown if sea level rise is too rapid

« Salt marshes risk submergence if sediment accretion cannot keep pace

* Coral reefs struggle with increased water depth and temperature changes
» Sea-level rise exacerbates coastal erosion

* Accelerates cliff instability and retreat rates

* Increases loss of beaches and dunes

* Threatens coastal properties and infrastructure

* Human activities in coastal zones face disruption

* Tourism industry affected by beach loss and flood risks

* Fisheries impacted by changes in coastal and estuarine habitats

* Port operations challenged by changing water depths and increased storm risks

» Economic consequences of sea-level changes are significant
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* Property damage from increased flooding and erosion
* Loss of land value in high-risk coastal areas
* Increased costs for coastal protection measures and infrastructure adaptation

* Potential displacement of coastal communities (small island nations)

Coastal responses to sea-level rise

Erosion and inundation processes

» Coastal erosion wears away land through wave action and currents

* Removes beach sediments and undermines cliffs

* Rate influenced by wave energy, sediment supply, and coastal geology
* Inundation permanently submerges low-lying coastal areas

* Distinct from temporary flooding events

+ Gradually converts terrestrial environments to marine ones

+ Shoreline retreat involves landward movement of the coast

* Often quantified using the Bruun Rule for sandy beaches

* More complex models account for varying coastal types and processes
« Coastal squeeze occurs when shorelines cannot retreat landward

* Natural (cliffs) or artificial (seawalls) barriers prevent migration

* Results in loss of intertidal habitats (beaches, tidal flats)

Factors influencing coastal response

+ Coastal slope affects the rate and extent of shoreline changes

*» Gentle slopes experience more horizontal retreat for a given sea-level rise
« Steep slopes may see less horizontal change but increased erosion
» Sediment supply plays a crucial role in coastal response

« Surplus can help beaches keep pace with sea-level rise

« Deficits often lead to accelerated erosion and retreat

» Wave energy influences erosion rates and sediment transport

* High-energy coasts generally experience more rapid changes

* Sheltered areas may see slower but still significant impacts

« Different coastal types respond uniquely to sea-level rise

» Rocky coasts may experience cliff retreat and platform drowning

» Sandy beaches can migrate landward if space allows
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* Deltas are particularly vulnerable due to subsidence and reduced sediment input

Coastal adaptation and management strategies

Engineering approaches

* Hard engineering solutions aim to protect existing coastlines

» Seawalls provide direct defense against waves and flooding

* Groins trap sediment to maintain beach width

* Potential negative impacts on coastal processes and adjacent areas
« Soft engineering approaches work with natural processes

» Beach nourishment adds sand to eroding beaches

+ Dune restoration enhances natural storm buffers

* More environmentally friendly but may require frequent maintenance
» Accommodation strategies modify existing structures and land uses

+ Elevating buildings on stilts in flood-prone areas

* Implementing flood-resistant designs for new construction

* Creating water retention areas to manage increased runoff

Nature-based and policy solutions

* Nature-based solutions combine ecological restoration with protection
* Living shorelines use native vegetation to stabilize coasts

« Artificial reefs reduce wave energy while providing habitat

* Mangrove and salt marsh restoration enhances natural buffers

» Managed retreat involves planned relocation from high-risk areas

» Gradual movement of people and assets to safer ground

* Can include buy-out programs for vulnerable properties

* Allows coastal ecosystems to migrate naturally

* Integrated coastal zone management (ICZM) balances multiple objectives
+ Coordinates environmental, economic, and social goals

* Involves stakeholders in decision-making processes

+ Considers long-term sustainability of coastal resources

 Adaptive management approaches allow flexibility in strategies

» Regular reassessment of sea-level rise projections and impacts

* Adjusting plans as new information becomes available
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* Implementing phased approaches to coastal protection and retreat
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Unit 10 — Coastal Landforms: Shoreline
Evolution

10.1 Erosional coastal landforms

Coastal erosion shapes shorelines through wave action, tides, and environmental factors. Cliffs, platforms,
and sea stacks form as waves batter coastlines, with rock type and structure influencing erosion rates and
landform development.

Wave energy distribution plays a crucial role in shaping coastal features. High-energy environments create
steep cliffs and narrow platforms, while wave refraction concentrates erosion around headlands, forming
sea caves and arches.

Coastal Erosion and Landform Development

Wave Action and Environmental Factors
» Wave action drives coastal erosion with wave energy and frequency directly impacting erosion rates
* High-energy waves (storm waves) cause more rapid erosion than low-energy waves
» Wave frequency affects the continuity of erosional processes
« Tidal range influences the vertical extent of wave action and area susceptible to erosion
» Macrotidal coasts (tidal range >4m) experience erosion over a larger vertical area
* Microtidal coasts (tidal range <2m) concentrate erosion in a narrower zone
« Climate factors shape weathering rates and erosional event intensity
» Temperature fluctuations cause thermal expansion and contraction of rocks
* Precipitation increases chemical weathering and physical erosion

» Storms amplify wave energy and erosional potential

Geological and Anthropogenic Influences

» Coastal geology determines coastline susceptibility to erosion

* Rock type impacts resistance (granite more resistant than limestone)
« Structural features like joints and faults create erosional weak points
» Sea-level changes alter shoreline position and erosional patterns

« Eustatic changes result from global water volume variations

* Isostatic changes occur due to local crustal movements

* Human activities modify natural erosional processes

» Coastal development removes natural buffers (dunes, vegetation)

* Engineering structures (seawalls, groins) interrupt sediment transport

Fiveable archived study guides Page 140



Formation of Erosional Features

Cliff and Platform Development

« Coastal cliffs form through wave erosion undercutting slope bases
« Continuous undercutting leads to cliff instability and collapse

« Cliff retreat rates vary based on rock resistance and wave energy
» Wave-cut platforms extend seaward from cliff bases

» Formed by continuous wave erosion and cliff retreat

* Platform width increases as cliffs recede landward

» Formation process progresses over time

« Cliffs retreat, platforms expand, and overall coastal profile evolves
+ Rate of formation depends on rock resistance, wave energy, and tidal range
« Cliff profiles and platform widths vary with local conditions

« Steep cliffs often indicate resistant rock or high wave energy

» Wide platforms suggest prolonged erosion or less resistant rock

Sea Arch and Stack Formation

» Sea arches develop when waves erode through headlands or weak zones
« Initial formation begins with sea cave development on opposite sides

+ Continued erosion eventually connects caves, forming an arch

* Arch collapse leads to stack or stump formation

* Isolated sea stacks remain as erosion-resistant rock pillars

* Further erosion reduces stacks to low-lying stumps

* Feature longevity depends on environmental factors

* Rock resistance influences the rate of arch and stack erosion

* Wave energy and storm frequency affect the speed of formation and destruction

Rock Type and Coastal Features

Lithological Influences on Erosion

* Rock type determines resistance to erosion
 Harder rocks (granite) form resistant headlands
« Softer rocks (shale) erode into bays

» Chemical composition affects weathering rates

« Carbonate rocks (limestone) susceptible to chemical dissolution
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« Silicate rocks (quartz) more resistant to chemical weathering
« Differential erosion of varying rock types creates complex landscapes
+ Alternating hard and soft rock layers form crenulated coastlines

* Resistant rock outcrops become isolated as sea stacks (Old Harry Rocks, UK)

Structural Controls on Coastal Morphology

« Joints, faults, and bedding planes create erosional weak zones

» Wave action exploits these weaknesses, forming sea caves and arches

+ Orientation of structural features influences the alignment of coastal landforms
* Dip and strike of rock layers affect cliff stability and platform development

» Seaward-dipping beds often result in more stable cliffs

 Landward-dipping beds can lead to increased rockfall and cliff retreat

* Geological structure controls feature scale and distribution

* Fold axes may determine the location of headlands and bays

« Fault lines can create linear coastal features or influence cliff orientation

Wave Energy and Landform Morphology
Energy Distribution and Landform Shaping

* Higher wave energy environments produce steeper cliffs and narrower platforms
* Increased erosional force concentrates wave impact at cliff base

* Examples include exposed Atlantic coastlines (Cliffs of Moher, Ireland)

* Wave approach angle influences erosion direction and intensity

+ Oblique wave approach can create asymmetrical headlands

* Longshore currents generated by angled waves transport eroded material

» Wave refraction concentrates energy around headlands

* Accelerated erosion in these areas forms sea caves and arches

* Examples include Durdle Door in Dorset, UK

Temporal and Spatial Variations in Wave Energy
» Seasonal wave energy variations create erosion and deposition cycles
» Winter storms often cause increased erosion
* Summer conditions may allow for temporary sediment accumulation
« Offshore bathymetry modifies wave energy distribution

» Submarine canyons can focus wave energy on specific coastal sections
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« Offshore islands or reefs may provide protection, reducing erosion rates
+ Long-term wave climate changes alter landform equilibrium

+ Climate change-induced sea-level rise may accelerate coastal retreat

» Changes in storm frequency or intensity can modify existing features

* Example: Increased erosion rates along vulnerable coastlines (East Anglia, UK)

10.2 Depositional coastal landforms

Coastal landforms are shaped by the constant interplay of water, wind, and sediment. Beaches, spits, and
tombolos form as waves and currents deposit materials along shorelines. These features are dynamic,
constantly evolving as environmental conditions change.

Longshore drift plays a crucial role in shaping coastal landscapes. This process moves sediment parallel to
the shore, creating and maintaining features like barrier islands. Coastal dunes form above the high tide
line, providing natural protection against storms and flooding.

Formation of Coastal Landforms

Beach Components and Formation

* Beaches accumulate sediment along the shoreline through wave action and longshore currents
* Deposited materials include sand, gravel, and shells

+ Beach profiles consist of distinct components

* Foreshore extends from low tide line to high tide line

» Backshore lies above high tide line, only affected by waves during storms

» Berm forms a raised platform above normal high tide level

» Beach cusps create crescentic patterns along the shoreline

» Form due to complex interactions between waves, currents, and sediment transport

* Typically spaced at regular intervals (10-100 meters apart)

Spits and Tombolos

+ Spits extend from the mainland into open water as elongated depositional features

+ Often form where coastline direction changes

» Growth depends on consistent sediment supply and longshore drift

* Examples include Spurn Point (England) and Sandy Hook (New Jersey)

» Tombolos connect islands to the mainland or other islands with sand or gravel bars

» Form when waves refract around islands and deposit sediment in their lee

« Size and stability influenced by wave energy, sediment supply, and island-mainland distance

* Notable examples include Chesil Beach (England) and Monte Argentario (ltaly)
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Longshore Drift and Deposition

Mechanics of Longshore Drift

* Longshore drift moves sediment parallel to the shoreline

« Driven by waves approaching coast at oblique angles and longshore currents
» Swash-backwash process contributes to net sediment movement

» Waves push sediment up beach at an angle

* Gravity pulls sediment back perpendicular to shore

+ Rate and direction influenced by various factors

» Wave energy

+ Coastal orientation

» Sediment characteristics (size, shape, density)

Impact on Coastal Landforms

« Longshore drift shapes depositional landforms

+ Crucial for formation and maintenance of spits, bars, and barrier islands

* Interruptions to drift patterns affect sediment distribution

* Groins or jetties cause accretion on updrift side

+ Erosion occurs on downdrift side of structures

+ Contributes to zetaform beach development

* Curved planform shape results from gradual changes in sediment transport rates
* Essential for coastal management strategies

* Informs beach nourishment projects

* Guides design of coastal protection structures (seawalls, breakwaters)

Types of Coastal Dunes

Primary Dune Formation

* Coastal dunes accumulate wind-blown sand above high tide line

* Serve as natural barriers against storm surges and coastal flooding

» Embryo dunes initiate dune formation

» Develop when sand traps around pioneer vegetation or obstacles on upper beach

» Examples of pioneer plants include sea rocket (Cakile maritima) and sand couch grass (Elytrigia
juncea)

* Foredunes form primary dune ridge parallel to shoreline
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» Sand accumulates around vegetation like marram grass (Ammophila) or sea oats (Uniola paniculata)

* Provide first line of defense against coastal erosion and storm impacts

Advanced Dune Systems

+ Parabolic dunes exhibit U-shaped formation

* Form when blowouts occur in established dunes

* Arms point upwind, often stabilized by vegetation

» Examples found in coastal regions of Australia and New Zealand
* Transgressive dune sheets create large, mobile sand masses

* Move inland over existing landscapes

* Form in areas with high wind energy and abundant sand supply
 Extensive examples in the Namib Desert coast and parts of coastal Brazil
» Backdunes represent older, more stabilized dunes

* Located further inland from foredunes

» Support diverse vegetation and ecosystems

+ Often found in coastal dune systems of the Netherlands and Denmark

Stability of Coastal Features

Natural Factors Affecting Stability
» Sediment supply balance critical for long-term maintenance
* Equilibrium between erosion and deposition required
» Sea-level changes impact coastal landform stability
* Rising sea levels potentially increase erosion and landward migration
» Wave energy and storm frequency shape depositional landforms
» Extreme events (hurricanes, nor'easters) can cause significant changes
* Vegetation cover contributes to dune and feature stability
* Traps sand and reduces wind erosion

» Examples include beach grass (Ammophila breviligulata) and sea grape (Coccoloba uvifera)

Anthropogenic and Climate Influences

* Human activities disrupt natural sediment transport processes
 Coastal development alters sediment pathways
» Sand mining reduces available sediment supply

+ Feature orientation relative to prevailing winds and waves affects stability
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+ Alignment with dominant forces can enhance or reduce erosion potential
+ Climate change impacts alter long-term stability of depositional systems
» Changes in storm patterns affect wave energy and frequency

* Altered precipitation regimes influence sediment supply from rivers

* Examples include increased erosion rates in Arctic coastal areas due to permafrost thaw

10.3 Barrier islands and coastal lagoons

Barrier islands and coastal lagoons are dynamic coastal features shaped by waves, tides, and sediment
transport. These landforms protect mainland coasts, provide crucial habitats, and respond to sea-level
changes. Understanding their formation and evolution is key to coastal management.

Human activities significantly impact these systems through development, engineering, and pollution.
Climate change further threatens their stability. Balancing human needs with natural processes is crucial
for preserving these vital coastal environments and their ecological and economic benefits.

Formation and Morphology of Barrier Islands

Barrier Island Characteristics and Formation

* Barrier islands form elongated, offshore landforms composed primarily of sand and sediment running
parallel to the mainland coast

* Longshore drift, wave action, and sea-level fluctuations over geological time scales contribute to
barrier island formation

« Barrier island chains extend for hundreds of kilometers along coastlines (Gulf Coast of the United
States)

« Individual islands vary in size and shape influenced by local conditions (wind patterns, wave energy)
» Width and elevation of barrier islands depend on factors such as:

* Wave energy

« Tidal range

» Sediment availability

» Formation process involves: 1. Sediment accumulation from longshore currents 2. Wave action
shaping the sediment into an elongated form 3. Vegetation establishment stabilizing the structure

Coastal Lagoon Features

* Coastal lagoons form shallow bodies of water separated from the open ocean by barrier islands or
spits

« Limited water exchange with the ocean characterizes lagoon environments

+ Lagoon formation occurs when: 1. Barrier islands or spits develop, enclosing a body of water 2. Sea
level rises, flooding low-lying coastal areas behind barriers

+ Lagoon water properties often differ from the open ocean (salinity, temperature, nutrient content)

* Ecological importance of lagoons includes:
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* Nursery grounds for marine species

« Habitat for unique plant and animal communities

Barrier Island Morphology Components

» Ocean-facing beaches shape the seaward side of barrier islands

* Dunes form wind-blown sand accumulations providing elevation and storm protection
* Washover fans develop from storm surge deposits on the island's landward side
 Back-barrier marshes or tidal flats occupy the area between the island and mainland
* Inlets create dynamic channels connecting lagoons to the open ocean, allowing for:
» Water exchange

» Sediment transport

» Marine organism movement

» Morphological features evolve over time due to:

+ Storms and hurricanes

» Sea-level changes

* Human interventions

Sea-Level Changes and Sediment Supply

Sea-Level Influence on Barrier Island Development

* Holocene epoch sea-level rise played a crucial role in forming many modern barrier island systems

* Transgressive barrier island model describes landward migration during sea-level rise: 1. Erosion of
seaward side 2. Overwash of sediment to landward side 3. Gradual landward movement of entire island

» Regressive barrier island model explains seaward growth during sea-level fall: 1. Exposure of
previously submerged areas 2. Seaward progradation of beach ridges 3. Expansion of island area

* Barrier islands may migrate landward through rollover process preserving form if sediment supply
suffices

« Sea-level fall can lead to barrier island progradation seaward, expanding area with adequate sediment

Sediment Supply Dynamics
» Sediment sources crucial for barrier island maintenance and growth include:
* Rivers (Mississippi River delta)
* Coastal erosion (cliff erosion along coastlines)
« Offshore deposits (continental shelf sediments)

» Balance between sea-level change rates and sediment supply determines barrier island and lagoon
evolution:
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* Growth

+ Shrinkage

+ Position maintenance

* Variations in sediment supply along a coastline result in:
« Differential rates of barrier island development

* Varying degrees of lagoon infilling

» Sediment budget factors affecting barrier island stability:
* Longshore transport rates

* Cross-shore transport

+ Aeolian (wind-driven) sand movement

Coastal System Responses to Environmental Changes

+ Barrier islands respond to sea-level rise through various mechanisms: 1. Vertical accretion (keeping
pace with rising water levels) 2. Landward migration (rollover process) 3. Drowning in place (insufficient
sediment supply)

» Sediment supply fluctuations impact coastal morphology:

* Increased supply leads to island growth and lagoon infilling

* Decreased supply results in erosion and potential barrier breaching
« Climate change affects barrier island-lagoon systems through:

* Accelerated sea-level rise

» Changes in storm frequency and intensity

* Alterations in sediment delivery from watersheds

Ecological Importance and Vulnerability of Barrier Islands

Biodiversity and Habitat Significance

« Barrier islands and lagoons provide critical habitats for diverse species:

* Migratory birds (piping plovers, least terns)

* Fish (flounder, red drum)

+ Shellfish (oysters, clams)

» Dynamic nature of barrier islands creates a habitat mosaic supporting high biodiversity:
*» Maritime forests

* Dune systems

* Inter-tidal zones

* Back-barrier marshes
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 Lagoons support extensive ecosystems:

» Seagrass beds (eelgrass, turtle grass)

+ Salt marshes (Spartina alterniflora)

*» These coastal ecosystems serve as:

* Highly productive environments

* Important carbon sinks (blue carbon storage)

* Nursery grounds for commercially important species

Coastal Protection and Ecosystem Services

« Barrier islands and lagoons act as natural buffers protecting mainland coasts from:
 Storm surges

* Wave energy

* Erosion

» These systems provide various ecosystem services:

» Water filtration

* Nutrient cycling

* Flood mitigation

* Recreational opportunities (fishing, birdwatching)

» Economic value of barrier island-lagoon systems includes:
* Tourism revenue

» Commercial fisheries support

» Natural disaster risk reduction

Vulnerability to Environmental Changes

« Barrier island and lagoon ecosystems face high vulnerability to climate change impacts:
*» Accelerated sea-level rise threatens to outpace vertical accretion

* Increased storm intensity may cause more frequent overwash and breaching

» Changes in temperature and precipitation patterns affect species distributions

* These systems show sensitivity to changes in sediment supply altered by:

» Dam construction on rivers

+ Coastal armoring

* Dredging activities

« Limited elevation of barrier islands increases susceptibility to:
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* Overwash during extreme weather events

* Breaching, potentially altering lagoon hydrology and ecology
« Climate change-induced shifts in species ranges may lead to:
* New predator-prey dynamics

* Changes in vegetation communities

* Altered ecosystem functioning

Human Impacts on Coastal Environments

Coastal Development Effects

+ Coastal development on barrier islands disrupts natural sand transport processes through:

* Construction of buildings and infrastructure

* Removal of native vegetation

* Alteration of dune systems

* Human activities limit the ability of barrier systems to migrate in response to sea-level changes:
* Hard structures (seawalls, revetments) prevent landward movement

* Urbanization reduces available space for natural coastal processes

* Beach nourishment projects:

» Temporarily maintain shorelines for recreation and property protection

* May alter natural sediment dynamics

* Impact local ecosystems (burial of benthic organisms)

Coastal Engineering Interventions

+ Construction of coastal structures affects barrier island systems:

« Jetties and groins interrupt longshore sediment transport

* Lead to downdrift erosion and changes in barrier island morphology

* Dredging of inlets for navigation purposes:

* Modifies tidal prisms

* Alters sediment transport patterns

« Affects barrier island stability and lagoon water quality

« Efforts to stabilize barrier islands through hard engineering structures often result in:
» Exacerbated erosion in adjacent areas

« Altered wave refraction patterns

» Reduced sediment supply to neighboring beaches
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Anthropogenic Stressors on Coastal Ecosystems

» Groundwater extraction on barrier islands accelerates land subsidence:
» Compounds effects of sea-level rise

* Increases flooding risk

* Alters freshwater-saltwater interface

* Pollution and nutrient runoff from human activities degrade lagoon water quality:
+ Leads to eutrophication (algal blooms, hypoxia)

* Results in loss of biodiversity

* Impacts commercially important species

» Coastal habitat destruction and fragmentation due to development:

» Reduces available nesting sites for sea turtles and shorebirds

+ Disrupts migration corridors for various species

« Alters the natural disturbance regime essential for some coastal ecosystems

10.4 Coastal management and protection strategies

Coastal management and protection strategies are crucial in addressing the challenges faced by
shorelines worldwide. From natural erosion to sea-level rise, these threats require a mix of hard and soft
engineering solutions, as well as adaptive management approaches.

Integrated Coastal Zone Management offers a holistic approach to balancing environmental protection with
economic development. By combining various strategies and engaging stakeholders, coastal communities
can better prepare for future challenges while preserving their unique ecosystems and resources.

Coastal Environment Threats

Natural Erosion and Flooding Processes

+ Coastal erosion wears away and removes sediment from shorelines through wave action, currents,
and other natural forces

* Leads to loss of land, infrastructure damage, and habitat destruction

» Exacerbated by factors like sea-level rise and increased storm intensity

* Coastal flooding inundates low-lying areas with seawater

+ Often worsened by storm surges, high tides, and extreme weather events
» Can cause property damage, saltwater contamination, and loss of life
 Storm surges pose significant threats to coastal areas

» Cause temporary sea-level rise and increased wave energy

« Intensified by climate change, leading to more frequent and severe coastal flooding
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Sea-Level Rise and Climate Change Impacts

» Sea-level rise increases water volumes in oceans globally

 Caused by thermal expansion of oceans and melting of land-based ice

» Rates vary regionally but average about 3.3 mm per year globally

« Saltwater intrusion degrades freshwater resources and alters ecosystems

* Affects coastal aquifers, reducing available freshwater for human use

» Changes salinity in estuaries, impacting flora and fauna (mangroves, fish species)
» Combined effects of multiple coastal threats accelerate shoreline retreat

* Increased erosion rates, more frequent flooding, and habitat loss

* Greater vulnerability of coastal communities to natural disasters

Human-Induced Coastal Threats

« Coastal development alters natural shoreline processes

* Construction of buildings and infrastructure in vulnerable areas

» Removal of natural barriers (sand dunes, mangroves) increases risk
* Alteration of sediment transport patterns disrupts coastal equilibrium
* Dams on rivers reduce sediment supply to coasts

* Dredging and channel modifications change longshore drift patterns
* Pollution and habitat destruction impact coastal ecosystems

* Nutrient runoff leads to eutrophication and algal blooms

« Plastic pollution harms marine life and degrades coastal environments

Coastal Protection Measures

Hard Engineering Solutions

» Seawalls protect coastal areas from wave action and erosion

* Vertical or near-vertical structures built parallel to shoreline

* Provide immediate protection but may cause scour at base

 Groynes trap longshore sediment transport to maintain beach width

+ Built perpendicular to shoreline, often in series

» Can cause downdrift erosion if not properly designed

* Revetments absorb wave energy and prevent erosion on banks or cliffs
« Sloping structures often made of rock, concrete, or gabions

* More natural appearance than vertical seawalls
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« Offshore breakwaters reduce wave energy reaching the coast
* Built parallel to shore in deeper water

+ Can create tombolos or salients, altering sediment transport patterns

Soft Engineering Approaches
» Beach nourishment restores eroded beaches by adding sand or sediment
» Widens beaches, providing natural protection and recreational areas
* Requires periodic replenishment, especially after storms
« Living shorelines incorporate natural elements to stabilize coastlines
» Use vegetation, oyster reefs, and other biogenic features
* Enhance ecosystem services while providing coastal protection
* Dune restoration and management strengthen natural coastal defenses
* Planting of native vegetation to stabilize dunes

* Installation of walkways and fencing to reduce human impact

Managed Retreat and Adaptation Strategies
* Managed retreat relocates coastal communities away from high-risk areas
* Planned relocation of buildings and infrastructure inland
« Can be controversial but effective long-term strategy
* Flood-proofing and elevation of structures reduce vulnerability
* Raising buildings above flood levels
* Installing flood barriers and waterproof materials
« Early warning systems and evacuation plans enhance community resilience
* Implementation of storm surge and tsunami warning networks

* Development of clear evacuation routes and procedures

Coastal Management Strategies

Effectiveness of Hard Engineering Solutions

* Immediate protection provided by structures like seawalls and groynes
« Can effectively reduce erosion and flooding in target areas

« Often favored for protecting high-value coastal assets

* Potential negative consequences of hard structures

» Downdrift erosion caused by interruption of sediment transport

+ Habitat loss and alteration of coastal ecosystems
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* Aesthetic impacts on natural coastal landscapes
* Long-term maintenance and adaptation challenges
« Structures may become inadequate with sea-level rise

* High costs associated with repair and upgrading

Benefits and Limitations of Soft Engineering Approaches

* Environmental friendliness of beach nourishment and living shorelines
» Maintain natural beach profiles and habitats

* Enhance recreational value and tourism potential

* Frequent maintenance and replenishment requirements

* Nourished beaches erode faster than natural ones

« Living shorelines may need time to establish and stabilize

« Variability in effectiveness based on local conditions

» Success depends on wave climate and sediment characteristics

* May not be suitable for high-energy coastal environments

Adaptive Management and Integrated Approaches

* Flexibility in response to changing environmental conditions

» Regular monitoring and assessment of strategy effectiveness

+ Adjustment of management plans based on new scientific understanding
» Combination of hard and soft engineering techniques

« Hybrid approaches tailored to specific coastal environments

» Example: Using groyne fields with beach nourishment

* Importance of public acceptance and stakeholder involvement

« Community engagement in decision-making processes

 Education and outreach to build support for management strategies

Integrated Coastal Zone Management

Holistic Approach to Coastal Planning

+ ICZM considers interconnections between land, sea, and human activities

» Addresses complex interactions in coastal systems

» Aims to balance environmental protection, economic development, and social well-being
* Cross-sectoral cooperation and coordination

* Involves various government agencies, NGOs, and local communities
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* Promotes integrated decision-making across different sectors (fisheries, tourism, urban planning)
* Long-term perspective in coastal management
* Develops strategies that consider future climate change scenarios

* Incorporates adaptive management principles to address uncertainties

Sustainable Resource Management and Ecosystem Services

* Promotion of sustainable use of coastal resources

* Implements fishing quotas and marine protected areas

» Encourages eco-tourism and sustainable aquaculture practices

» Maintenance of ecosystem services and biodiversity

* Protects key habitats (mangroves, seagrass beds, coral reefs)

» Recognizes economic value of natural coastal defenses

» Addressing complex challenges in coastal areas

+ Climate change adaptation strategies (coastal buffer zones, nature-based solutions)

« Sustainable tourism development (carrying capacity assessments, eco-certification programs)

Stakeholder Engagement and Adaptive Management

« Importance of diverse perspectives in decision-making

* Involves local communities, indigenous groups, and various industries

* Uses participatory mapping and community-based monitoring programs

* Implementation of monitoring and evaluation systems

* Regular assessment of environmental indicators and management outcomes
* Use of remote sensing and GIS technologies for coastal change detection

» Adaptive management to respond to changing conditions

* Periodic review and update of coastal management plans

* Flexibility to incorporate new scientific knowledge and technologies
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Unit 11 — Aeolian Processes: Desert
Landscapes

11.1 Wind erosion, transport, and deposition
Wind Erosion Mechanisms

Primary Erosion Processes

Wind erosion works through three distinct mechanisms, each removing and breaking down sediment in a
different way:

* Abrasion wears down rock surfaces through the impact of wind-blown particles. Think of it as natural
sandblasting: sand grains carried by wind strike exposed rock, gradually sculpting and polishing it over
time.

* Deflation is the direct removal of loose, fine-grained particles from the surface by wind. As the wind
sweeps away unprotected sediment, the land surface lowers. Over time, this can leave behind a desert
pavement, a lag surface of coarser pebbles and gravel too heavy for the wind to move.

« Attrition breaks particles down during transport. As grains collide with each other mid-flight and on
impact, they chip and fracture into smaller, more rounded pieces. Angular quartz grains, for instance,
become progressively smoother and more spherical through repeated collisions.

Factors Influencing Erosion Intensity

Wind velocity is the most direct control on erosion intensity. Higher speeds can entrain and transport larger
particles. The relationship isn't linear, though: the force wind exerts on a grain scales with the square of
velocity, so small increases in wind speed produce disproportionately greater erosion.

Surface roughness shapes the near-surface wind profile. Smooth surfaces like flat desert plains allow wind
to maintain speed close to the ground, making them highly susceptible to erosion. Rough surfaces with
boulders, ridges, or other obstacles create turbulence that disrupts the flow and can reduce net erosion.

Soil moisture significantly limits wind erosion. Capillary forces in moist soils bind particles together, raising
the threshold velocity needed to dislodge them. Dry, loose soils erode far more easily.

Vegetation cover protects against erosion in two ways: - It reduces wind velocity at the surface by
increasing aerodynamic roughness - Root systems physically bind soil particles together - Examples range
from grass cover on prairies to scattered shrubs in semi-arid regions

Wind Transport of Sediment

Modes of Sediment Transport
Wind moves sediment in three modes, distinguished mainly by particle size and how the grains travel:
1.

Suspension carries the finest particles (less than ~0.1 mm diameter) high into the atmosphere within
turbulent eddies. These grains can travel enormous distances. Saharan dust storms, for example, regularly
transport particles across the Atlantic Ocean to the Caribbean and Amazon Basin.
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2.

Saltation is the dominant mode of aeolian transport, accounting for roughly 75% of total sediment flux in
most systems. Sand-sized particles (0.1-0.5 mm) are lifted briefly by wind, travel in short parabolic hops,
and strike the surface on landing. Each impact can eject other grains, creating a chain reaction that
sustains the process.

3.

Creep (or surface creep) moves the largest particles (greater than ~0.5 mm) by rolling or sliding them along
the ground. These grains are too heavy for the wind to lift directly. Instead, they're pushed forward by the
impact of saltating grains hitting them from above.

Transport Characteristics and Dynamics

The boundaries between these three modes aren't rigid. Whether a given particle travels in suspension,
saltation, or creep depends on its size, the current wind velocity, and turbulence intensity. The Hjulstrém
curve, originally developed for fluvial systems, has been adapted to illustrate the critical wind velocities
needed to erode, transport, and deposit particles of different sizes.

Two related concepts describe what the wind can carry: - Competence refers to the maximum particle size
the wind can transport at a given velocity - Capacity refers to the total amount of sediment the wind can
carry

Both increase with wind velocity. Bagnold's equation formalizes this by relating sediment flux () to wind
shear velocity (Y *), showing that flux scales roughly with the cube of shear velocity.

The vertical distribution of sediment concentration follows a logarithmic profile: concentrations are highest
near the surface and decrease exponentially with height. Most saltation occurs within the first meter above
the ground.

Aeolian Landform Formation

Sand Dune Formation and Types

Sand dunes form where wind velocity drops or where obstacles cause transported sediment to
accumulate. The type of dune that develops depends on wind regime, sand supply, and local topography.

» Barchan dunes are crescent-shaped with horns pointing downwind. They form where sand supply is
limited and wind blows from a consistent direction. Common in the Sahara and coastal Peru.

* Transverse dunes are long, linear ridges oriented perpendicular to the prevailing wind. They require
abundant sand supply and a dominant wind direction. Found in the Namib Desert and parts of the
Sahara.

« Star dunes are complex, pyramidal forms with multiple arms radiating from a central peak. They
develop where winds blow from multiple directions and sand is plentiful. The Grand Erg Oriental of
Algeria contains striking examples.

Other Aeolian Depositional and Erosional Features

* Loess deposits are extensive blankets of wind-blown silt that accumulate into thick, relatively
homogeneous layers. China's Loess Plateau covers over 640,000 square kilometers and reaches
thicknesses exceeding 300 meters in places, making it one of the most significant aeolian deposits on
Earth.
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« Ventifacts are rocks sculpted and polished by wind abrasion. A classic form is the dreikanter, a
three-sided ventifact shaped by wind-driven sand striking the rock from a prevailing direction. The rock
may be periodically reoriented (by undermining or settling), exposing new faces to abrasion.

* Yardangs are streamlined, elongated ridges carved from bedrock by sustained wind erosion. They
form where bedrock is relatively soft and wind direction is consistent. The Lut Desert of Iran contains
some of the most spectacular examples, with yardangs reaching tens of meters in height.

Grain Properties in Aeolian Processes

Influence of Grain Characteristics

Grain size is the primary control on how a particle behaves in wind. It determines both the transport mode
and the threshold wind velocity needed for entrainment. The Udden-Wentworth scale classifies sediment
sizes; aeolian processes primarily affect the range from clay through coarse sand.

Particle shape influences aerodynamic behavior in ways that aren't always intuitive. Spherical grains
actually require higher wind velocities for entrainment than angular or platy particles, because flat or
irregular shapes generate more aerodynamic lift. Shape is quantified using metrics like the flatness ratio
and sphericity index.

Grain density affects the threshold shear velocity for movement. Denser particles need stronger winds. For
comparison, quartz sand has a density of ~2.65 g/cm?, while volcanic ash ranges from ~2.0 to 2.4 g/cm?,
meaning ash becomes airborne more readily at lower wind speeds.

Sediment Behavior and Analysis

The equivalent diameter concept accounts for variations in shape and density when predicting transport
behavior. It converts irregularly shaped or variably dense particles into a hypothetical sphere that would
behave the same way aerodynamically, allowing meaningful comparison across different sediment
compositions.

Sorting is a hallmark of aeolian deposits. Wind is highly effective at separating particles by size, shape, and
density during transport. This is why many desert sands are notably well-sorted compared to fluvial or
glacial sediments.

The Shields parameter (0) relates the fluid shear stress acting on a particle to the gravitational force
resisting motion. Originally developed for water flow, it has been adapted for aeolian systems to predict
when particle motion begins. The critical Shields parameter varies with the particle Reynolds number,
meaning the threshold for motion depends on both grain size and the flow conditions near the surface.

11.2 Desert landforms and dune types

Aeolian Landforms in Deserts

Desert landforms result from wind-driven erosion, transport, and deposition of sediment in arid
environments. Because deserts lack widespread vegetation and moisture, wind becomes the dominant
force shaping the landscape. This section covers the major erosional features, dune types, and the factors
that control how dunes form and migrate.
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Wind-Driven Processes and Formations

Aeolian processes act on desert surfaces through three main mechanisms: deflation (removal of loose
particles by wind), abrasion (sandblasting of rock surfaces), and deposition (accumulation of wind-carried
sediment). The balance between these processes determines what landforms develop in a given area.

» Sand seas (ergs) are vast expanses of sand dunes covering large portions of desert regions. The
Sahara's Grand Erg Oriental, for example, spans over 100,000 km?2.

+ Desert pavements are flat, stone-covered surfaces that form as wind selectively removes finer
particles (silt and sand), leaving a lag deposit of coarser pebbles and cobbles behind.

* Deflation basins are large depressions created when wind scours away loose sediment, sometimes
exposing bedrock or the water table. Egypt's Qattara Depression reaches 134 m below sea level and is
the largest such feature in the Sahara.

Distinctive Aeolian Erosional Features

Wind erosion sculpts bedrock into a range of recognizable forms, depending on rock type, structure, and
wind direction.

* Yardangs are streamlined, elongated ridges aligned parallel to the prevailing wind. They form through
differential abrasion of softer rock layers, leaving harder ridges standing. They can range from meters
to kilometers in length.

« Ventifacts are individual rocks that develop flat, polished facets and grooves on their windward side
from sustained sandblasting. A ventifact with three facets is called a dreikanter.

» Mushroom rocks and pedestal rocks form when abrasion is concentrated near the ground (where
sand transport is densest), undercutting the base of a rock column more than the top.

 Zeugen are tabular landforms where a resistant cap rock protects softer underlying material from
erosion, creating a flat-topped ridge with eroded flanks.

» Wind-carved arches and natural bridges can develop where jointed or layered rock allows selective
erosion to penetrate through a formation.

Dune Types and Formation

Dune morphology is controlled primarily by three factors: wind regime (direction and variability), sand
supply, and vegetation cover. Different combinations of these factors produce distinct dune types.
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Common Dune Morphologies

Dune Type Shape Wind Regime Sand Supply Key Feature

Barchan Crescent, horns point Unidirectional Limited Isolated, fast-moving
downwind

Transverse Long ridges Unidirectional Abundant Form in wide sand
perpendicular to wind sheets

Linear (seif) Straight to sinuous Bidirectional or Moderate Can extend for
ridges parallel to wind bimodal hundreds of km

Star Pyramidal with Multidirectional Abundant Relatively stationary
multiple radiating
arms

Parabolic U-shaped, arms point Unidirectional Moderate Partially anchored by
upwind vegetation

A few details worth noting:

* Barchan dunes are among the simplest dune forms. They develop where sand is scarce and wind
blows consistently from one direction. The crescent shape results from sand moving faster at the edges
(less sand to transport) than at the center.

* Transverse dunes are essentially connected barchans that merge when sand supply is high enough.
They form ridges that can stretch for kilometers.

* Linear dunes are common in the Australian and Namib deserts. Their formation under bidirectional
winds is still debated, but the prevailing model involves helical wind vortices that concentrate sand
along parallel axes.

« Star dunes grow vertically rather than migrating laterally, because winds shift direction frequently.
They're the tallest dune type and are prominent in the Grand Erg Oriental and the Namib Sand Sea.

« Parabolic dunes are the morphological inverse of barchans. Vegetation anchors the arms while the
central nose advances downwind, common in coastal and semi-arid settings.

Complex Dune Systems

Not all dunes fit neatly into one category. Larger and older dune fields often develop composite forms.

» Compound dunes result from smaller dunes of the same type superimposed on a larger dune (e.g.,
small barchans riding on a barchanoid ridge).

» Complex dunes involve the interaction of different dune types, such as star dunes forming on top of
linear dunes when wind regimes change.

* Draas are very large compound dune forms, often exceeding 100 m in height and spaced kilometers
apart. They represent long-term sand accumulation under relatively stable wind conditions.

+ Mega-dune fields can cover thousands of km?2. The Rub' al Khali in the Arabian Peninsula is the
world's largest continuous sand desert, spanning roughly 650,000 km?.

Fiveable archived study guides Page 160



Dune Morphology and Migration

Factors Influencing Dune Shape and Movement

The shape a dune takes is not random. It reflects the interplay of several variables:

» Wind regime is the single most important control. The number of dominant wind directions (one, two,
or many) largely determines whether barchans, linear dunes, or star dunes form.

» Sand supply affects dune size and spacing. With abundant sand, dunes merge into continuous ridges;
with limited sand, isolated dunes form with bare ground between them.

* Grain size matters because finer grains are easier to entrain and transport. Dunes composed of
well-sorted medium sand (around 0.25-0.5 mm) are the most mobile.

* Vegetation stabilizes dunes by reducing surface wind speed and trapping sand. Partially vegetated
surfaces produce nebkhas (coppice dunes), which are small mounds of sand accumulated around
shrubs.

» Topography and bedrock influence where sand accumulates and how wind is channeled across the
landscape.

Dune Migration Dynamics

Dunes migrate when sand is transported up the gentle windward slope (stoss side) and avalanches down
the steep lee slope (also called the slip face). The slip face maintains an angle near the angle of repose for
dry sand, typically around 30-34°.

Here's how the migration process works:
1. Wind carries sand grains up the stoss slope by saltation (bouncing) and creep.
2. Sand accumulates at the dune crest until the slope exceeds the angle of repose.
3. Gravity-driven avalanches (grainflows) cascade down the slip face.
4. Each avalanche deposits a thin layer, building the dune forward in the downwind direction.

5. Over time, these repeated avalanche layers create cross-bedding, the inclined internal stratification
preserved in the rock record.

Migration rates vary widely. Small barchans in areas with strong, consistent winds can move 10-30 m/year,
while large star dunes are nearly stationary. Seasonal wind reversals can cause dunes to oscillate or even
reverse direction. Over longer timescales, climate shifts between wetter and drier periods control whether
dune fields are active or become stabilized by vegetation.

Human activity (overgrazing, off-road vehicles, removal of vegetation) can reactivate stabilized dunes,
turning them into mobile hazards for infrastructure and agriculture.

Dunes and Other Desert Landforms

Interactions with Surrounding Environment

Dunes don't exist in isolation. They interact with other desert landforms in ways that reshape the broader
landscape.
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* When migrating dunes encounter bedrock outcrops, they can form echo dunes (dunes that develop on
the windward side of an obstacle, separated from it by an eddy zone) or climbing dunes/sand ramps
that drape over the obstacle.

» Dune movement can block or redirect ephemeral streams, altering drainage patterns and creating
temporary lakes or expanding playas.

+ Advancing dune fields can bury alluvial fans, desert pavements, and other pre-existing surfaces.

» Nebkhas form where individual shrubs trap windblown sand, creating small vegetated mounds that dot
otherwise bare surfaces.

+ Dune fields act as barriers to fine sediment transport. Silt and clay that bypass the dunes can be
carried far downwind and deposited as loess, which forms thick, fertile deposits (e.g., the Chinese
Loess Plateau).

Landscape Evolution and Microclimates

Over geological time, dune systems are dynamic features that grow, migrate, stabilize, and reactivate in
response to climate change.

» Migrating dunes progressively bury or expose other landforms, creating complex stratigraphic records.

* Large dune systems generate their own microclimates. The lee sides of tall dunes receive less wind
and can retain more moisture, supporting localized vegetation.

* Interdune areas (the low ground between dunes) often have access to shallow groundwater and
develop distinct ecosystems with specialized plants and animals.

» Sabkhas (salt flats) form in low-lying interdune depressions where groundwater reaches the surface
and evaporates, concentrating dissolved minerals into crusts of salt, gypsum, or carbonate.

» Where dune fields meet mountain ranges, sand ramps build against the slopes, and topographic
funneling of wind can intensify local erosion and deposition patterns.

11.3 Loess deposits and their significance

Loess: Definition and Properties

Loess deposits are wind-blown sediments made up of silt-sized particles. Found across mid-latitude
regions worldwide, they serve two major roles: they act as archives of past climate conditions, and they
form the basis of some of the most fertile agricultural soils on Earth. Understanding loess connects aeolian
transport processes to both paleoclimatology and modern land use.

Composition and Physical Characteristics

Loess is an aeolian sediment composed primarily of silt-sized particles, typically 10 to 50 micrometers in
diameter. Its mineral makeup includes quartz, feldspar, mica, and clay minerals, often with varying
amounts of calcium carbonate.

Several physical properties make loess distinctive:

» Homogeneous structure with high porosity (often 40-55%), giving it excellent water retention and
capillarity

» Angular particle shapes that interlock and create cohesion, allowing loess to hold steep vertical faces
(you'll often see dramatic vertical bluffs cut into loess deposits)
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* Low bulk density compared to most sediments, which matters for both engineering and agriculture

+ Color ranges from pale yellow to brown depending on source material and weathering history

Organic Content and Structural Features

Loess frequently preserves organic matter, including plant remains and microfossils. This organic content
makes loess sequences especially useful for paleoenvironmental reconstruction, since researchers can
extract biological and chemical signals from different layers.

The high porosity that gives loess its water-holding capacity also allows excellent root penetration, which
partly explains its agricultural value. However, that same porosity creates a vulnerability: once vegetation
cover is removed, loess erodes rapidly under both wind and water.

Formation and Distribution of Loess

Formation Processes

Loess forms through a three-step aeolian process:

1. Deflation: Wind erodes fine-grained sediment from unvegetated source areas. These sources include
glacial outwash plains, desert margins, and large river valleys that experience seasonal flooding and

drying.

2. Transport: Silt-sized particles are carried in suspension by wind, sometimes hundreds of kilometers
from the source.

3. Deposition: Particles settle out of the atmosphere, often trapped by vegetation or surface roughness.
Deposits thin and become finer-grained with increasing distance from the source.

Formation is closely linked to Pleistocene glacial-interglacial cycles. During glacial periods, glaciers ground
bedrock into fine sediment, outwash plains were extensive and sparsely vegetated, and stronger winds
transported large volumes of silt. This is why the thickest loess deposits correspond to regions downwind
of former ice sheets or arid zones.

Global Distribution

Major loess deposits occur in mid-latitude regions across several continents:

* Chinese Loess Plateau: The largest deposit globally, covering approximately 640,000 square
kilometers with sequences exceeding 300 meters thick in places. It records over 2.5 million years of
dust accumulation.

* North America: Significant deposits in the Mississippi River Valley, Great Plains, and Alaska, all
associated with Pleistocene glacial activity. The loess bluffs along the Mississippi in states like lowa
and lllinois can be tens of meters thick.

* Europe: A loess belt extends from France to Ukraine, with notable deposits in the Danube Basin and
the North European Plain.

Thickness varies from a few centimeters at the margins to over 300 meters in the thickest sequences,
reflecting both proximity to source areas and the duration of accumulation.
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Loess: Paleoclimatic Significance

Climate Change Indicators

Loess sequences are among the best terrestrial archives of Quaternary climate change. The key feature is
the alternation between loess layers and paleosols (buried soils):

* Loess layers accumulate during colder, drier glacial periods when source areas are exposed and wind
transport is strong.

* Paleosols develop during warmer, wetter interglacial periods when dust flux decreases and
soil-forming processes dominate.

This alternating pattern directly mirrors glacial-interglacial cycles and can be correlated with marine oxygen
isotope records. Magnetic susceptibility measurements are particularly useful here: paleosols formed
during warm, humid periods (especially under monsoon influence) show enhanced magnetic signals due to
pedogenic iron oxide formation. Tracking magnetic susceptibility through a loess profile gives a continuous
proxy for monsoon intensity and regional moisture availability.

Analytical Techniques and Environmental Reconstruction

Several techniques extract climate information from loess:

+ Grain size analysis reveals wind strength and direction during deposition. Coarser silt indicates
stronger winds; finer particles suggest weaker transport.

« Stable isotope analysis of organic matter and carbonates (613C and §180) provides information
about past vegetation types (C3 vs. C4 plants) and precipitation patterns.

* Tephra layers (volcanic ash) embedded within loess serve as chronological markers, allowing
researchers to correlate and date sequences across different regions.

Together, these proxies reconstruct not just temperature cycles but also shifts in atmospheric circulation,
aridity, and vegetation cover through geological time.

Loess in Soil Formation and Agriculture

Soil Properties and Agricultural Productivity

Loess-derived soils rank among the most productive on Earth. The North China Plain, the U.S. Midwest,
and parts of the Danube Basin all owe much of their agricultural output to underlying loess.

What makes these soils so fertile:

» Mineral composition provides naturally high levels of plant-available potassium and phosphorus,
reducing the need for heavy fertilization

+ High porosity and water-holding capacity create excellent soil structure for root growth and moisture
retention

+ Calcium carbonate content buffers soil pH in a range favorable for most crops

One trade-off: in highly calcareous loess soils, the elevated pH can limit micronutrient availability. Iron
chlorosis, where plants yellow due to iron deficiency, is a common issue in these settings.
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Land Management and Sustainability

Despite their fertility, loess-derived soils are fragile. Their fine-grained, porous structure makes them highly
susceptible to both wind and water erosion once vegetation is removed. The Chinese Loess Plateau is a
dramatic example: centuries of cultivation and deforestation have produced some of the highest erosion
rates on Earth, contributing massive sediment loads to the Yellow River.

Long-term cultivation also degrades loess soils through compaction, organic matter depletion, and nutrient
imbalances. Thicker deposits generally support more resilient and productive systems, but all loess soils
benefit from sustainable management:

+ Conservation tillage reduces surface disturbance and erosion
* Crop rotation maintains organic matter and nutrient balance

» Maintaining vegetation cover (cover crops, buffer strips) is the single most effective erosion control
measure

The depth of the loess deposit matters too. Thicker sequences allow deeper soil development and provide
a larger reservoir of weatherable minerals, supporting productivity over longer timescales.

11.4 Desertification and land degradation

Desertification and land degradation are processes that transform productive drylands into barren,
unproductive landscapes. They result from a tangle of natural drivers (drought, climate shifts) and human
pressures (overgrazing, poor irrigation), and they matter for this unit because they directly control where
and how aeolian processes operate: strip away vegetation and soil structure, and you've created the
conditions for wind erosion, dust storms, and dune migration.

This section covers how desertification happens, how to recognize it, what damage it causes, and what
can be done about it.

Desertification: Definition and Causes

Understanding Desertification

Desertification is the degradation of land in arid, semi-arid, and dry sub-humid areas, resulting in a
sustained loss of biological productivity and economic potential. It's not the natural expansion of existing
deserts; it's the creation of desert-like conditions in areas that were previously more productive.

« Affects roughly 25% of Earth's land surface and over 1 billion people
« Driven by interacting natural and human factors, rarely by one cause alone

» Once underway, feedback loops can make it self-reinforcing and very difficult to reverse

Natural Causes

* Prolonged drought reduces vegetation cover and soil moisture, leaving surfaces exposed to wind and
water erosion. The Sahel drought of the 1970s-80s is a classic example.

« Climate change shifts temperature and precipitation patterns toward greater aridity. Rising
temperatures increase evapotranspiration, drying soils even without a drop in rainfall.

« Shifts in atmospheric circulation (e.g., El Nifio Southern Oscillation) can redirect moisture away from
vulnerable regions for years at a time.
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Anthropogenic Causes

» Overgrazing strips protective vegetation, compacts soil, and exposes bare ground to erosion. The
Mongolian steppes have experienced widespread degradation from livestock pressure.

+ Deforestation for agriculture or fuelwood removes root networks that hold soil together and disrupts
local water cycling.

* Poor irrigation practices cause soil salinization (salt buildup) and waterlogging. The Aral Sea basin is a
dramatic case: diversion of river water for cotton irrigation collapsed the lake and left behind
salt-crusted, wind-erodible plains.

* Unsustainable farming depletes soil nutrients and organic matter, reducing the soil's ability to support
vegetation and resist erosion.

* Urban and industrial expansion in arid regions fragments ecosystems and draws down already scarce
water resources.

Feedback Mechanisms

Desertification tends to accelerate itself through positive feedback loops:

1. Vegetation loss exposes bare soil to wind and water erosion, removing the topsoil that plants need to
reestablish.

2. Less vegetation means less carbon sequestration, contributing to atmospheric CO> and further
climate warming.

3. Bare, light-colored soil has higher albedo (reflectivity), which can suppress local convection and
reduce rainfall.

4. Wind erosion of degraded surfaces generates dust plumes that affect atmospheric processes and
can degrade air quality hundreds of kilometers downwind.

These loops mean that early intervention matters enormously. Once feedback cycles are well established,
reversing degradation becomes far more expensive and uncertain.

Land Degradation in Arid Environments

Recognizing degradation early is critical. Scientists and land managers track several categories of
indicators.

Soil Degradation Indicators

« Salinization: white salt crusts on the surface, caused by poor drainage or excessive irrigation drawing
salts upward through capillary action

» Compaction and crusting: from trampling by livestock or heavy machinery, which reduces water
infiltration and increases runoff

* Gully and rill formation: channels carved by concentrated water flow on slopes, signaling advanced
erosion

» Wind erosion features: deflation hollows, migrating sand sheets, and dust storms all point to severe
surface degradation
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Vegetation and Ecological Indicators

* A shift from deep-rooted perennial species to shallow-rooted annual species signals that the
ecosystem is under stress and losing its ability to stabilize soil year-round.

* Invasion by non-native or opportunistic species displaces native communities and often provides less
ground cover.

* Overall decreases in vegetation cover and biomass production are straightforward signs of declining
productivity.

Hydrological Indicators

« Falling water tables from groundwater overexploitation
* Springs and oases drying up
* Increased surface runoff paired with reduced infiltration (a sign of soil crusting or compaction)

» Changes in stream sediment loads, often increasing as upstream erosion worsens

Monitoring and Assessment Techniques

Remote sensing is the primary tool for tracking desertification across large areas:

* NDVI (Normalized Difference Vegetation Index) measures vegetation greenness from satellite
imagery. A declining NDVI trend over years signals degradation.

» SAVI (Soil Adjusted Vegetation Index) works like NDVI but corrects for the reflectance of bare soil,
making it more accurate in sparsely vegetated drylands.

Ground-based methods complement remote sensing: soil sampling quantifies nutrient loss and
salinization, while long-term ecological monitoring sites track ecosystem changes over decades.

Impacts of Desertification

Ecological Impacts

« Biodiversity loss through habitat destruction and fragmentation; species adapted to specific dryland
conditions may have nowhere to relocate

« Disruption of nutrient cycling and water regulation as soil organic matter and microbial communities
decline

« Altered food webs as foundational plant species disappear

* Greater vulnerability to further disturbance from invasive species or climate extremes

Socioeconomic Impacts

* Food security threats: crop yields can drop by up to 50% in severely affected areas, and rangeland
degradation reduces livestock productivity

» Human migration and displacement, which can trigger social conflict over remaining productive land
and water
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» Economic instability from declining land value, rising costs for water and soil management, and lost
tourism revenue

» These impacts fall hardest on subsistence farmers and pastoralists who have the fewest resources to
adapt

Climate and Environmental Impacts

» Degraded lands sequester less carbon, contributing to rising atmospheric CO2
» Changed surface albedo and roughness alter regional energy budgets and can suppress local rainfall

* Increased atmospheric dust affects air quality, solar radiation balance, and even ocean nutrient inputs
far from the source

* These effects can modify precipitation patterns well beyond the immediately degraded area

Human Health Impacts

+ Dust storms worsen respiratory conditions (asthma, silicosis) and reduce visibility
+ Declining water quality and availability raise the risk of waterborne diseases
* Reduced agricultural output increases malnutrition risk, particularly for children

» Degraded environments can expand the range of disease-carrying vectors like mosquitoes

Combating Desertification and Sustainable Land Management

Ecosystem Restoration Strategies

« Afforestation and reforestation using drought-resistant native species (e.g., Acacia, Prosopis)
stabilizes soils, increases biodiversity, and improves local microclimates. The Great Green Wall
initiative across the Sahel is a large-scale example.

» Rangeland restoration through managed grazing and targeted revegetation of degraded pastures

» Wetland and oasis restoration to recover water resources and reconnect fragmented habitats

Sustainable Agricultural Practices

Water management is often the highest priority:

« Drip irrigation delivers water directly to plant roots and can reduce water consumption by up to 70%
compared to flood irrigation.

» Water harvesting systems capture and store rainwater for use during dry periods.
Grazing management protects vegetation:
* Rotational grazing moves livestock between pastures, giving each area time to recover.
* Appropriate stocking rates prevent the overgrazing that triggers erosion.
Soil conservation techniques reduce erosion directly:
« Contour plowing follows the natural contours of slopes to slow runoff.

* Terracing creates level planting surfaces on hillsides.

Fiveable archived study guides Page 168



* Cover crops protect bare soil between main crop cycles and add organic matter.

Community-Based Approaches

« Participatory land use planning gives local communities a role in decisions that affect their land

« Integrating traditional ecological knowledge often reveals locally adapted strategies that outside
experts miss

+ Alternative livelihoods (ecotourism, sustainable harvesting of non-timber forest products) reduce
pressure on degraded land by diversifying income sources

Policy and Governance

» The United Nations Convention to Combat Desertification (UNCCD), adopted in 1994, is the main
international framework coordinating action across affected countries.

+ National action plans link desertification mitigation to broader sustainable development goals.

« Land tenure reforms give communities secure rights over their land, which incentivizes long-term
stewardship rather than short-term extraction.

» Payment for ecosystem services programs financially reward landholders who maintain or restore
ecosystem functions like carbon storage and watershed protection.

Technological Solutions

* Precision agriculture uses GPS, soil sensors, and satellite data to optimize water and fertilizer
application, reducing waste

+ Drought-resistant crop varieties developed through breeding or biotechnology improve yields under
water stress

» Renewable energy adoption (solar, wind) reduces demand for fuelwood, one of the major drivers of
deforestation in drylands

« Early warning systems for drought and land degradation allow proactive responses before feedback
loops take hold
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Unit 12 — Karst Landscapes and
Groundwater Systems

12.1 Karst processes and dissolution chemistry

Karst formation processes

Karst landscapes form when slightly acidic water dissolves carbonate rocks like limestone and dolomite.
Over time, this chemical dissolution produces distinctive features: caves, sinkholes, underground drainage
networks, and surface depressions. Because the process is fundamentally chemical rather than
mechanical, understanding the dissolution reactions and the factors that control them is central to
interpreting how karst landscapes evolve.

Chemical reactions in carbonate dissolution

The core reaction in karst formation is straightforward: carbonic acid (H2CO3) reacts with calcium
carbonate (CaCO3) to produce dissolved calcium ions (CaZ*) and bicarbonate ions (HCO3 )

CaCOs + H,CO3 > Ca’* + 2HCO;

This reaction is reversible. When conditions change (rising temperature, dropping CO> pressure, or
evaporation), the reaction can run backward, precipitating CaCO3 out of solution. That reversal is what
builds speleothems like stalactites and stalagmites inside caves.

A few details that matter for how dissolution plays out in real rock:

+ Calcite vs. dolomite: Calcite (CaCO3) dissolves more readily than dolomite (CaMg(CO3)2) because
of differences in crystal structure and the presence of magnesium. Pure limestone karst tends to
develop faster than dolomite karst.

« Impurities: Clay minerals, silica, and other non-carbonate material within the rock slow dissolution and
leave behind insoluble residues that can clog fractures or form residual soils.

« Kinetics: The rate at which dissolution and precipitation occur depends on CO3> partial pressure,
temperature, water flow rate, and the concentration of ions already in solution. These kinetics determine
whether a given water body is still aggressive enough to dissolve rock or has reached saturation.

Factors affecting dissolution rates

Several variables control how fast carbonate rock dissolves:

+ CO; partial pressure: Higher CO> in the water means more carbonic acid and a more aggressive
solution. This is the single most important chemical driver.

» Soil CO>: Soil air typically contains 10 to 100 times more CO> than the open atmosphere, thanks to
root respiration and microbial decomposition. Water percolating through soil picks up this extra CO2,
which is why infiltrating water dissolves far more rock than rainwater alone.

 Temperature: Warmer temperatures speed up reaction kinetics but also reduce CO> solubility in
water. These two effects partially offset each other, though in most natural settings the net result favors
faster dissolution in warmer climates.

Fiveable archived study guides Page 170



« Common ion effect: If the water already contains elevated Ca®* or HCO3™ from upstream
dissolution, it becomes less aggressive toward fresh rock downstream.

« Contact time: Water that moves slowly through tight fractures has longer contact with the rock surface
and dissolves more material. Fast-flowing conduit water may remain undersaturated but moves through
too quickly to dissolve much per unit area.

Carbon dioxide's role in karst

CO: in karst dissolution

Carbon dioxide is the engine of karst chemistry. When CO: dissolves in water, it forms carbonic acid,
which then dissociates in a series of equilibrium steps:

CO; + H.0=2H,CO3=HY + HCO; =2H™ + CO3~

This carbonate equilibrium system governs the entire dissolution process. The position of the equilibrium
shifts depending on CO> concentration, temperature, and pressure. As water moves from soil (high CO>)
into bedrock fractures and eventually into open cave passages (lower CO3), the equilibrium shifts, creating
alternating zones of dissolution and precipitation along the flow path.

€02 dynamics and karst features

When karst water reaches an open cave or emerges at a spring, CO> degasses into the cave atmosphere
or the open air. This loss of CO> pushes the equilibrium toward precipitation, depositing CaCO3.

That degassing process builds recognizable features:

« Cave speleothems: Stalactites (hanging from the ceiling), stalagmites (growing from the floor), and
flowstone form as thin films of water lose CO: in cave passages.

» Travertine and tufa: At springs and stream sites, rapid CO> loss produces layered carbonate deposits
on the surface.

CO; levels in caves and soils also fluctuate on seasonal and even daily cycles. In summer, high biological
activity raises soil CO>, increasing dissolution. In winter, lower soil CO> can shift conditions toward
precipitation. These fluctuations leave chemical signatures in speleothems that researchers use to
reconstruct past climate conditions, since growth rate and trace element composition of speleothem layers
reflect the CO> and temperature conditions at the time of deposition.

Factors influencing karst development

Lithological influences

Not all carbonate rocks develop karst equally. The most susceptible rocks are pure, massive limestones
with high calcite content and low primary porosity. Because these rocks have few pore spaces, water is
forced to flow along fractures and bedding planes, concentrating dissolution along those pathways and
eventually enlarging them into conduits and caves.

+ Fractures and bedding planes act as preferential flow paths. Karst drainage networks typically follow
the geometry of these structural features.

* Rock texture and grain size affect how dissolution proceeds at the surface of the rock. Fine-grained
micrite dissolves differently than coarse-grained sparite.
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« Stratigraphic context: The thickness of the carbonate unit matters. Thin limestone beds sandwiched
between shale layers develop differently from thick, continuous carbonate sequences. Non-carbonate
layers like shale or sandstone can act as aquitards, creating perched water tables and redirecting flow.

Climate and hydrological factors

Climate sets the pace of karstification. Warm, humid climates generally produce the most developed karst

because they combine high rainfall (more water to drive dissolution) with high biological productivity (more
soil CO3).

* Precipitation: Regions with higher rainfall develop more extensive karst. Intense rainfall events can
also flush aggressive water deep into the system quickly.

» Water table position: The depth of the water table divides the karst system into two zones with
different feature types. The vadose zone (above the water table) is characterized by vertical shafts and
downward-draining passages. The phreatic zone (below the water table) produces horizontal,
tube-shaped passages because water fills the rock completely and dissolves in all directions.

» Topography: Relief and drainage patterns control where water enters the carbonate rock and how fast
it moves through. Steeper terrain promotes faster throughflow; flatter terrain allows longer contact
times.

Epigenic vs. hypogenic karst

Formation processes and characteristics

Karst systems are classified by where their dissolving fluids originate. This distinction has major
implications for the geometry, chemistry, and age of the resulting features.

Epigenic karst forms from the top down. Meteoric water (rain and snowmelt) picks up CO2 from the
atmosphere and soil, becomes mildly acidic, and percolates downward into carbonate bedrock. The
primary acid is carbonic acid. This produces:

« Sinkholes and dolines at the surface
« Vertical shafts in the vadose zone

* Dendritic (branching, tree-like) cave networks that converge downstream, mirroring surface drainage
patterns

Hypogenic karst forms from the bottom up. Fluids rise from depth, driven by hydrostatic pressure or
thermal convection. These fluids can carry a wider range of aggressive agents beyond carbonic acid,
including sulfuric acid (H2504) generated by oxidation of hydrogen sulfide (H25), or simply hot water with
elevated CO> from deep sources. This produces:

» Complex, maze-like cave patterns with no clear dendritic organization
* Cupolas (dome-shaped cavities dissolved upward into ceilings)

» Feeder and outlet structures connecting deep source zones to shallower levels

Landscape features and implications

The surface expression of these two karst types differs significantly:

* Epigenic karst landscapes show a strong correlation with surface topography and drainage. Sinkholes
cluster along valleys; cave passages follow the water table.
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* Hypogenic karst may show little or no relationship to the current surface. Caves can appear in
unexpected locations because they formed under a completely different hydrological regime,
sometimes millions of years ago.

Hypogenic karst is often relict, meaning the deep fluid source that created it is no longer active. Epigenic
karst, by contrast, is typically ongoing wherever rainfall continues to infiltrate carbonate rock.

Recognizing which type you're dealing with matters for practical reasons: it affects predictions about
groundwater flow paths, aquifer vulnerability, and the distribution of mineral deposits. In some systems,
both processes have operated at different times or even simultaneously, adding complexity to the karst
record.

12.2 Surface and subsurface karst landforms

Karst landscapes form through the dissolution of soluble rocks, primarily limestone and dolomite, by
slightly acidic groundwater. The result is a distinctive set of surface and subsurface features: sinkholes,
caves, underground rivers, and sculpted rock surfaces that look unlike anything found in non-karst terrain.

These landscapes matter beyond geology. Karst aquifers supply drinking water to roughly 25% of the
world's population, yet they're among the most contamination-prone groundwater systems on Earth.
Understanding how surface and subsurface karst processes connect is essential for managing water
resources, predicting land-surface hazards, and protecting fragile karst ecosystems.

Surface Karst Landforms

Sinkholes and Depressions

Sinkholes are closed depressions that form when surface material collapses into underground voids or
when bedrock slowly dissolves away. They're the most recognizable karst feature, and they come in three
main types:

+ Solution sinkholes develop from slow, steady dissolution of exposed bedrock at the surface. These
tend to be bowl-shaped and form over long timescales.

* Collapse sinkholes form suddenly when the roof of an underground cavern gives way. These can
appear without warning and pose serious hazards to infrastructure.

+ Subsidence sinkholes occur gradually as unconsolidated sediment (soil, sand, clay) settles or is
washed downward into voids in the underlying bedrock. They're common where a thick soil mantle
overlies cavernous limestone.

Poljes are much larger features: broad, flat-floored depressions with steep bounding walls and internal
drainage (meaning water doesn't flow out via a surface stream). They can stretch for kilometers. Three
subtypes exist based on their geologic setting:

* Border poljes form along the contact between soluble karst rock and insoluble non-karst rock
« Structural poljes develop along faults or between tectonic ridges
* Baselevel poljes sit near the regional water table in lowland areas and frequently flood

Karst windows are spots where an underground stream or cave passage is briefly exposed at the surface,
giving you a direct view into the subsurface drainage system. Mammoth Cave in Kentucky has well-known
examples.
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Exposed Rock Features

Karren refers to small-scale dissolution sculptures on exposed limestone surfaces, ranging from
millimeter-wide grooves to meter-scale channels. Different types reflect different formation conditions:

* Rillenkarren: parallel, straight grooves on steep rock faces, carved by thin sheets of rainwater flowing
downslope

* Rinnenkarren: larger, often meandering channels that collect more water and cut deeper than
rillenkarren

» Kamenitzas: shallow, pan-shaped depressions on flat or gently sloping surfaces that hold standing
water, which accelerates further dissolution

At a much larger scale, karst dissolution can produce dramatic hill-and-depression topography:

» Tower karst (fenglin) consists of isolated, steep-sided limestone towers rising abruptly from flat alluvial
plains. The iconic landscape around Guilin, China, is the classic example. Towers form in advanced
stages of karst evolution where most of the surrounding rock has been dissolved or eroded away.

+ Cone karst (fengcong) features closely spaced conical hills with rounded summits and star-shaped
depressions between them. The Chocolate Hills of the Philippines illustrate this morphology. Cone karst
represents an earlier evolutionary stage than tower karst, where hills still share a connected limestone
base.

Subsurface Karst Features

Cave Formation and Types

A cave is a natural underground void large enough for a person to enter. In karst, caves form primarily
through rock dissolution by chemically aggressive groundwater. The process of cave formation, called
speleogenesis, depends on the interaction between rock chemistry (mineralogy, solubility), hydrology
(water flow paths, pressure), and geological structure (bedding planes, joints, faults).

Two fundamental cave types correspond to their position relative to the water table:

* Phreatic caves develop below the water table, fully submerged in the saturated zone. Water moves
slowly under hydrostatic pressure, dissolving rock in all directions. This produces rounded, tubular
cross-sections and complex, anastomosing (braided) passage networks. Carlsbad Caverns in New
Mexico formed largely under phreatic conditions.

 Vadose caves develop above the water table, in the unsaturated zone where air fills the upper part of
passages. Water flows downward under gravity, cutting narrow, canyon-like passages and vertical
shafts. Mammoth Cave in Kentucky has extensive vadose-zone passages.

Many real cave systems contain both phreatic and vadose elements, reflecting changes in water table
position over geologic time.

Cave Features and Hydrology

Caverns are large underground chambers, sometimes interconnected by narrower passages. Conduits are
the underground channels that carry water through karst systems, ranging from tight fractures only
millimeters wide to passages large enough to kayak through.

Speleothems are secondary mineral deposits that form inside caves after the cave void already exists.
They develop when water carrying dissolved calcium carbonate enters a cave, loses CO> to the cave
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atmosphere (degassing), and precipitates calcite. The key reaction is the reverse of the dissolution
equation:

Ca’* +2HCO; - CaCOs + H20 + CO,

Common speleothem types include:
« Stalactites: grow downward from cave ceilings as water drips and deposits calcite ring by ring
+ Stalagmites: build upward from cave floors where drip water lands and spreads
* Flowstones: sheet-like calcite deposits on walls and floors formed by thin films of flowing water

* Helictites: twisted, seemingly gravity-defying formations that grow in multiple directions, likely driven
by capillary forces and crystal growth pressures rather than dripping water

Groundwater's Role in Karst

Dissolution Processes

Groundwater is the primary agent shaping karst. The process starts when rainwater absorbs CO> from the
atmosphere and, more significantly, from soil (where biological respiration produces CO2 concentrations
10 to 100 times higher than in the atmosphere). This creates a weak carbonic acid solution that attacks
carbonate minerals.

The fundamental dissolution reaction for limestone is:

CaCOs + H,0 + CO; = Ca’* + 2HCO;

This reaction is reversible, which is why speleothems can form when conditions shift to favor precipitation.
Several factors control the rate of dissolution:

« Temperature: colder water holds more dissolved CO»>, increasing its aggressiveness, but warmer
temperatures speed up reaction kinetics. The net effect depends on the specific setting.

» Pressure: higher CO> partial pressure (as found in soil zones) keeps more carbonic acid in solution.

« Other acids: in some systems, sulfuric acid (H2504) from oxidation of sulfide minerals drives
dissolution. Carlsbad Caverns and Lechuguilla Cave formed partly through this mechanism.

The epikarst is the highly weathered, fractured zone at the very top of the bedrock surface. It acts as a
sponge, temporarily storing infiltrating water and funneling it into deeper fractures and conduits. The
epikarst is a critical zone for both recharge and contaminant transport.

Karst Hydrology

Groundwater flow in karst aquifers is fundamentally different from flow in most other aquifer types. Instead
of moving uniformly through pore spaces, water travels along two very different pathways simultaneously:

« Diffuse flow through the rock matrix and small fractures (slow, like a typical aquifer)

» Conduit flow through enlarged fractures, solution channels, and cave passages (fast, sometimes
reaching velocities of kilometers per day)

This dual-flow nature means karst aquifers behave unpredictably. Spring discharge can spike rapidly after
storms, and contaminants can travel long distances with minimal filtration.
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Water table fluctuations over time create multi-level cave systems, where older, higher passages were
abandoned as the water table dropped (often in response to river incision or tectonic uplift), and new
passages formed at lower levels.

Karst springs show distinctive behavior:
* Discharge can be highly variable, surging after rainfall

« Estavelles are features that function as springs during high water and as sinks (swallowing surface
water) during low water, reversing flow direction seasonally

Because water moves so quickly through conduits with little natural filtration, karst aquifers are extremely
vulnerable to contamination. A pollutant entering a sinkhole can reach a drinking-water spring kilometers
away within hours or days.

Surface vs Subsurface Karst Impacts

Landscape Evolution

Surface and subsurface karst features don't develop independently. They form interconnected
three-dimensional drainage networks where what happens at the surface directly affects the subsurface,
and vice versa. For example, a sinkhole captures surface runoff and funnels it underground, accelerating
conduit enlargement below; that enlarged conduit then draws down the water table, promoting further
sinkhole development above.

This feedback loop means karst landscapes evolve as coupled systems. Over time, climate, tectonics, and
base level changes (the elevation of the lowest drainage outlet) steer the style of karst that develops:

+ Tropical karst tends toward tower and cone karst morphologies, driven by intense rainfall and high
biological CO2> production in soils (Southeast Asia, Caribbean)

» Temperate karst more commonly develops extensive horizontal cave systems with well-defined
sinkhole plains (Appalachian Mountains, the Dinaric Alps)

Hydrological and Environmental Impacts

Karst systems reshape surface water hydrology in ways that can seem counterintuitive:

« Sinking streams disappear entirely underground at discrete points, called swallow holes (Lost River,
Indiana, vanishes and re-emerges 8 km away)

* Losing rivers gradually diminish in flow as water seeps into the streambed along their course

» Underground piracy occurs when subsurface conduits capture flow that previously belonged to a
surface drainage basin, rerouting water across topographic divides

Subsurface void collapse continually creates new surface features like sinkholes and collapse dolines,
meaning the karst landscape is always actively reshaping itself.

The high spatial variability of karst terrain presents real challenges:

+ Land use planning must account for sinkhole hazards, uneven bedrock depth, and unpredictable
subsurface drainage

» Water resource management requires specialized techniques like dye tracing to map underground
flow paths
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» Groundwater protection demands strict controls on surface activities near sinkholes and recharge
zones, since the natural filtration capacity of karst is minimal

12.3 Groundwater flow in karst systems

Groundwater flow in karst systems operates under fundamentally different rules than flow in typical
porous-media aquifers. Because water dissolves the bedrock itself (limestone, dolomite), it carves out
conduits, caves, and sinkholes that act as underground highways. Understanding these flow dynamics
matters for water resource management and contamination prevention, since karst aquifers supply drinking
water to roughly 25% of the world's population yet are exceptionally vulnerable to pollution.

Groundwater Flow in Karst Aquifers

Characteristics of Karst Aquifers

Karst aquifers develop in soluble rocks through chemical dissolution, producing complex networks of
conduits, caves, and sinkholes over geologic time. The result is a system where groundwater flow
velocities range from meters to kilometers per day, far faster than the centimeters per year typical of
porous-media aquifers.

A defining feature is the dual flow system that operates simultaneously:

* Slow flow through the rock matrix and small fractures, where water moves at rates similar to
conventional aquifers

+ Rapid flow through conduits and cave passages, where water behaves more like an underground river

Turbulent flow dominates in the conduit network, producing non-linear flow behavior that can't be described
by standard Darcy's Law (which assumes laminar flow). Hydraulic properties also vary enormously in both
space and time: flow paths can shift depending on whether conditions are wet or dry, and a borehole drilled
ten meters from a conduit may show completely different hydraulic behavior than one that intersects it.

This combination of rapid infiltration through sinkholes and minimal natural filtration makes karst aquifers
highly vulnerable to contamination. Pollutants entering a sinkhole can reach a spring kilometers away
within hours or days.

Comparison to Non-Karst Aquifers

Property Karst Aquifer Porous-Media Aquifer

Flow velocity m/day to km/day cm/day to m/year

Flow regime Turbulent in conduits Laminar (Darcian)
Heterogeneity Extreme Relatively uniform
Contaminant transport Rapid, minimal attenuation Slow, significant attenuation
Recharge Diffuse and concentrated (sinkholes) Primarily diffuse infiltration

The orders-of-magnitude difference in flow velocity is the single most important distinction. In a
porous-media aquifer, slow flow through tiny pore spaces filters and dilutes contaminants. In karst, water
can travel through open conduits with almost no contact with the surrounding rock, so pollutants arrive at
discharge points largely unfiltered.
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Epikarst and Vadose Zones in Karst

Epikarst Structure and Function

The epikarst is the uppermost weathered layer of karst bedrock, typically a few meters to tens of meters
thick. Intense dissolution and fracturing near the surface give it much higher porosity (up to 10-30%) and
permeability than the rock below.

Its main hydrologic role is temporary water storage. Infiltrating rainwater collects in the epikarst before
slowly draining downward, which smooths out the pulses of recharge reaching the deeper aquifer. You can
see this effect in spring hydrographs: even after a storm ends, springs continue discharging because the
epikarst releases stored water gradually.

The epikarst also supports unique subsurface ecosystems, providing habitat for specialized cave-dwelling
organisms (troglobites) that depend on the moisture and nutrients concentrated in this zone.

Vadose Zone Characteristics

Below the epikarst and above the water table sits the vadose zone (unsaturated zone). Its thickness varies
dramatically, from just a few meters in lowland karst to hundreds of meters in mountainous terrain.

Two types of flow coexist here:

« Vertical shafts and open conduits allow rapid transfer of water from the surface straight down to the
phreatic (saturated) zone, essentially bypassing the slower matrix

 Matrix and small-fracture flow moves water more slowly, sometimes creating perched aquifers where
impermeable layers trap water above the main water table

Seasonal patterns strongly influence vadose zone behavior. During wet seasons, storage fills and conduit
flow activates, increasing recharge rates. During dry seasons, stored water depletes and flow slows to a
trickle through the matrix. These shifting dynamics make karst recharge patterns far more complex than
simple "rain goes in, water comes out" models suggest.

Triple Porosity in Karst Systems

Components of Triple Porosity
The triple porosity concept captures the three distinct void types that store and transmit water in karst:
1.

Matrix (primary) porosity: the tiny pore spaces within the rock fabric itself. Permeability is very low (1072 to
10° m/s), so water moves through the matrix slowly. Think of this as the rock acting like a dense sponge.

2.

Fracture (secondary) porosity: cracks and joints in the rock mass that provide preferential flow paths at
intermediate rates (107® to 10~ m/s). These form along bedding planes, faults, and tectonic fractures.

3.

Conduit (tertiary) porosity: large, interconnected dissolution channels and cave passages where flow is
rapid and often turbulent (1073 to 101 m/s). These are the "pipes" of the karst plumbing system.
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Interactions and Implications

These three porosity domains don't operate in isolation. Water exchanges between them constantly, and
the relative contribution of each shifts with hydrologic conditions:

» The matrix acts as a long-term storage reservoir, slowly releasing water to fractures and conduits
during dry periods

* Fractures serve as intermediate pathways, connecting matrix storage to the conduit network
+ Conduits provide the rapid transport routes that dominate during storm events

This exchange matters enormously for contamination. A pollutant might travel quickly through conduits,

then diffuse into the matrix where it gets trapped. Later, that stored contamination slowly leaches back out,

creating a long tail of low-level pollution that persists long after the original source is removed.

The triple porosity framework also explains why karst aquifers require more complex numerical models
than standard porous-media approaches. Simulating three interacting flow domains with vastly different
properties is computationally demanding but necessary for realistic predictions.

Modeling Groundwater Flow in Karst Systems

Challenges in Karst Modeling

Standard groundwater models assume relatively uniform properties and laminar (Darcian) flow. Karst
systems violate both assumptions, creating several specific challenges:

» Extreme heterogeneity: permeability can jump by several orders of magnitude over distances of
meters, making representative sampling very difficult

« Inadequacy of Darcy's Law: the standard equation Q = —KA% assumes laminar flow, which breaks

down in turbulent conduit flow. Non-linear flow equations (such as the Darcy-Weisbach equation) are
needed instead.

 Scale dependence: hydraulic properties measured at the borehole scale may not represent behavior

at the catchment scale, requiring multi-scale modeling approaches

* Anisotropy: preferential flow along bedding planes and major fracture sets means permeability
depends strongly on direction

» Temporal variability: the system's behavior changes with hydrologic conditions. During high-recharge

events, flow reversals can occur and overflow conduits activate, fundamentally altering flow paths

Karst-Specific Modeling Techniques

Several approaches have been developed to handle these challenges:

* Discrete conduit network models explicitly define the geometry of major conduits and simulate flow
through them. These work well when conduit locations are known (from cave surveys or tracer tests)
but require detailed geometric data.

+ Coupled continuum-discrete models combine a porous-media continuum (for matrix and fracture flow)

with discrete conduit elements. This is currently the most widely used approach for research-grade
karst modeling.

* Distributed parameter models account for spatial variability by assigning different hydraulic properties

across a grid, capturing some heterogeneity without explicitly modeling every conduit.
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« Stochastic methods address the inherent uncertainty in karst parameterization by running many model
realizations with statistically varied inputs.

Model calibration and validation rely heavily on field data:

* Tracer tests (injecting dye or dissolved tracers at one point and monitoring arrival at springs) provide
direct evidence of flow paths, velocities, and conduit connectivity

» Geophysical surveys such as electrical resistivity tomography and ground-penetrating radar help map
subsurface voids and conduit locations without drilling

» Machine learning algorithms are increasingly used to predict spring discharge and water quality from
meteorological inputs, especially where physical models are too data-hungry to calibrate reliably

12.4 Environmental issues in karst regions

Environmental Vulnerabilities of Karst Regions

Karst landscapes present some of the most difficult environmental management challenges in
geomorphology. Because soluble bedrock (limestone, dolomite, gypsum) dissolves into networks of caves,
conduits, and sinkholes, surface water can reach the water table in hours rather than the weeks or months
typical of porous-media aquifers. That rapid connection between the surface and subsurface is what
makes karst regions so productive as water sources and so vulnerable to contamination.

Human activities like urbanization, agriculture, and resource extraction compound these natural
vulnerabilities. Karst aquifers supply drinking water to roughly 25% of the global population, so
understanding and managing these risks has real consequences.

Unique Geological Features and Contamination Risks

Karst terrain develops through the chemical dissolution of soluble rock by slightly acidic water, producing
an interconnected underground drainage system. Several features of this system create environmental
problems:

+ Rapid infiltration through sinkholes and fractures. Surface water enters the subsurface with little or no
passage through soil, which means the natural filtration that protects most aquifers is largely absent.

« Conduit flow. Unlike slow seepage through pore spaces, water in karst moves through open channels
at velocities that can reach hundreds of meters per day. A contaminant spill near a sinkhole can reach a
spring or well kilometers away within days.

* Thin or patchy soil cover. Many karst surfaces have minimal soil development, reducing both filtration
capacity and the ability of vegetation to buffer erosion.

* Interconnected drainage networks. Pollution introduced at a single point can spread across an entire
aquifer system because conduits link distant parts of the landscape underground.

Hazards and Ecosystem Impacts

« Sinkhole collapse is triggered by changes in groundwater level, soil erosion above cavities, or added
surface loading from construction and water extraction. Cover-collapse sinkholes, where an overlying
soil arch fails suddenly, pose the greatest risk to infrastructure and human safety.

+ Land subsidence occurs more gradually as rock dissolves or underground voids compact, deforming
the surface and damaging buildings, roads, and pipelines.
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* Biodiversity loss. Karst caves host highly specialized organisms (troglobites) adapted to stable, dark,
nutrient-poor conditions. Even small changes in water chemistry, sediment load, or temperature can
devastate these communities, many of which are endemic to a single cave system.

Human Impact on Karst Systems

Urbanization and Infrastructure Development

Expanding cities over karst terrain creates a feedback loop of increasing hazard:

1. Impervious surfaces (roads, parking lots, rooftops) concentrate stormwater runoff into fewer
infiltration points, accelerating sinkhole formation at those locations.

2. Construction loading and vibration can destabilize soil arches over subsurface voids, triggering
cover-collapse sinkholes.

3. Altered drainage from grading and stormwater pipes redirects water into parts of the karst system
that may not have handled large volumes before, changing dissolution rates and flow paths.

4. Landfills and waste disposal sites are especially dangerous in karst because leachate can bypass
engineered liners through fractures and reach groundwater with minimal attenuation.

Agricultural and Resource Extraction Activities

* Fertilizers and pesticides applied at the surface enter karst aquifers rapidly through sinkholes and thin
soils. Nitrate contamination from fertilizers is one of the most widespread groundwater quality problems
in agricultural karst regions.

+ Limestone quarrying physically removes the rock that defines the karst system, destroying caves,
disrupting hydrological connections, and permanently altering the landscape.

» Groundwater over-extraction lowers the water table in karst aquifers. This can trigger sinkhole
formation (the loss of buoyant support on cavity roofs), cause land subsidence, and in coastal areas
allow saltwater intrusion into freshwater supplies.

» Deforestation and land-use conversion increase soil erosion, which sends sediment into cave
systems, clogs conduits, and smothers cave-adapted organisms.

Karst Aquifers: A Critical Resource

Importance and Characteristics

Karst aquifers are among the most productive groundwater sources on Earth. They supply drinking water
to major population centers across Europe, Southeast Asia, the Caribbean, and parts of North America and
China.

Their high productivity comes from the same features that make them vulnerable: large conduits transmit
water quickly and in high volumes. This also means karst aquifers respond rapidly to rainfall. Spring
discharge and water quality can fluctuate dramatically over hours to days, with turbidity and contaminant
concentrations spiking after storms. This "flashy" behavior contrasts sharply with the slow, buffered
response of granular aquifers in sand or gravel.
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Management Challenges

* Delineating protection zones is difficult because groundwater flow paths in karst are controlled by
conduit geometry rather than simple hydraulic gradients. Dye-tracing studies are often the only reliable
way to map where water actually goes underground.

« Far-reaching consequences of local actions. Because conduits connect distant points, pollution or
over-pumping in one area can affect springs, wells, and ecosystems kilometers away, sometimes
across political boundaries.

« Climate change alters precipitation intensity and seasonality, which directly affects recharge rates and
flood risk in karst systems. Sea-level rise threatens coastal karst aquifers with saltwater intrusion.

« Interdisciplinary complexity. Effective karst management requires integrating hydrogeology,
geomorphology, ecology, engineering, and land-use policy, which makes governance and coordination
genuinely difficult.

Sustainable Management of Karst Landscapes

Land Use Planning and Regulation

« Karst-specific zoning should restrict high-risk activities (waste disposal, intensive agriculture, heavy
construction) in areas with known sinkholes, thin soil cover, or direct connections to the aquifer.

« Strict waste management guidelines are essential. Standard containment designs that work in
non-karst settings may fail where fractures and conduits bypass barriers.

* Protected area networks can preserve significant cave systems, endemic species, and recharge
zones while supporting low-impact uses like ecotourism and scientific research.

Monitoring and Conservation Strategies

» Groundwater monitoring networks should track water quality (nitrates, bacteria, turbidity), water levels,
and spring discharge at high temporal resolution to catch the rapid fluctuations characteristic of karst.

+ Surface deformation monitoring using techniques like INSAR (Interferometric Synthetic Aperture
Radar) can detect early signs of subsidence before catastrophic collapse.

« Sustainable water use practices, including demand management, rainwater harvesting, and
conjunctive use of surface and groundwater, reduce stress on karst aquifers.

* Public education matters because many karst hazards stem from everyday actions: dumping waste in
sinkholes, over-irrigating fields, or paving over recharge areas. Communities that understand the
surface-to-subsurface connection are better equipped to protect their water supply.

Research and International Cooperation

» Advanced modeling of karst hydrology (combining conduit-flow and diffuse-flow models) improves
predictions of contaminant transport and aquifer response to pumping or climate shifts.

» Remediation research is critical because cleaning up a contaminated karst aquifer is far harder than in
porous-media systems; contaminants can persist in fractures and low-flow zones for decades.

* International cooperation is necessary where karst aquifers cross national borders. The Dinaric Karst
system in southeastern Europe, for example, spans multiple countries and requires coordinated
management.
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« Sustainable agriculture techniques like precision fertilizer application, buffer strips around sinkholes,
and organic farming reduce the chemical load reaching karst groundwater.
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Unit 13 — Tectonics Shaping Landscapes

13.1 Plate tectonics and landscape development

Plate Tectonics and Landscape Development

Plate tectonics shapes Earth's surface through massive forces that create mountains, valleys, and ocean
basins. This process drives landscape evolution by influencing erosion, sedimentation, and climate
patterns over millions of years.

Understanding plate tectonics is key to grasping how landscapes form and change. It explains why
mountains rise, continents drift, and earthquakes occur, connecting Earth's deep interior to the ground
beneath your feet.

Plate Tectonics and Earth's Surface

Fundamentals of Plate Tectonics

Plate tectonics is the unifying theory of geology. It explains large-scale motions of Earth's lithosphere, the
rigid outer shell made up of the crust and uppermost mantle. These motions are driven by mantle
convection currents, where heat from Earth's interior causes slow circulation in the mantle below.

The lithosphere is divided into several tectonic plates that move relative to one another. These movements
create, destroy, and deform Earth's crust over millions of years. The Wilson Cycle describes how
supercontinents (like Pangea, ~335-200 Ma) assemble and then break apart, repeatedly reshaping the
configuration of continents and oceans.

Three main types of plate boundaries produce distinct patterns of crustal deformation:
* Divergent boundaries — plates move apart
» Convergent boundaries — plates collide

* Transform boundaries — plates slide laterally past each other

Global Impacts of Plate Tectonics

Plate tectonics doesn't just build mountains. It influences global climate patterns by altering:
* Ocean currents (e.g., the Gulf Stream, which depends on the geometry of the Atlantic basin)
» Atmospheric circulation (e.g., the Indian monsoon, intensified by Himalayan uplift)
« Distribution of land masses, which shifts as continents drift to different latitudes

Tectonic activity also controls where you find earthquakes (concentrated along the Ring of Fire), volcanoes
(both at plate margins and at hotspots like Hawaii), and mineral resources (e.g., porphyry copper deposits
at subduction zones).

The surface topography you see at any given time reflects a dynamic equilibrium between tectonic uplift
building relief and erosional processes wearing it down.

Plate tectonics also plays a role in the global carbon cycle:

« Volcanic outgassing releases CO- into the atmosphere
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» Subduction carries carbonate sediments back into the mantle

» Mountain building exposes fresh rock, increasing chemical weathering rates that draw down
atmospheric CO>

Plate Boundaries and Landforms

Divergent Boundaries

At divergent boundaries, plates pull apart and new crust forms in the gap. In the oceans, this process is
called seafloor spreading, and it builds mid-ocean ridges like the Mid-Atlantic Ridge, which is a continuous
underwater mountain chain running the length of the Atlantic.

On continents, divergent forces produce rift valleys. The East African Rift System is a classic example: the
African plate is slowly splitting, creating a series of deep valleys, volcanic centers, and elongated lakes. If
rifting continues long enough, a new ocean basin forms. The Red Sea represents a rift that has already
progressed to this stage.

Divergent boundaries are characterized by:
+ Shallow earthquakes (brittle crust is thin here)
* Basalltic volcanism (partial melting of the rising mantle)

* Thin lithosphere and high heat flow

Convergent Boundaries

Convergent boundaries produce some of Earth's most dramatic topography. The specific landforms
depend on what type of crust is involved in the collision.

Oceanic-oceanic convergence: One oceanic plate subducts beneath the other, creating a deep ocean
trench (the Mariana Trench reaches ~11 km depth) and a curved chain of volcanic islands called an island
arc (e.g., the Aleutian Islands).

Oceanic-continental convergence: The denser oceanic plate subducts beneath the continent. This builds
coastal mountain ranges with active volcanism, like the Andes. Forearc basins form between the trench
and the volcanic arc, while backarc basins can develop behind it.

Continental-continental collision: Neither plate subducts easily because continental crust is too buoyant.
Instead, the crust crumples and thickens, producing massive fold-and-thrust belt mountain ranges. The
Himalayas and Alps formed this way. The Tibetan Plateau, with an average elevation above 4,500 m, is a
product of the extreme crustal thickening from the ongoing India-Eurasia collision.

Transform Boundaries

Transform boundaries involve lateral sliding along strike-slip faults. They don't typically build large
mountain ranges, but they do create distinctive landforms:

* Linear valleys along the fault trace
+ Offset streams where drainage is displaced by fault movement
» Sag ponds that form in small depressions along the fault zone

* Pull-apart basins where the fault geometry creates local extension (the Dead Sea sits in one of these,
~430 m below sea level)
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The San Andreas Fault in California is the most well-known example, producing a complex zone of
deformed topography and shallow but sometimes powerful earthquakes.

Plate Tectonics and Geomorphic Features

Mountain Building and Orogenesis

Orogenesis refers to the process of mountain building. Plate tectonics drives it through three main
mechanisms:

1. Compression at convergent boundaries — crustal shortening folds and faults rock into mountain belts
2. Uplift of crustal blocks — large-scale vertical movements raise terrain

3. Volcanic activity at subduction zones — magma generated by the descending plate builds volcanic
peaks

Continental collisions produce fold-and-thrust belts with intense deformation and metamorphism of crustal
rocks. These collisions also create foreland basins on the side facing the approaching plate (where eroded
sediment accumulates) and hinterland basins behind the mountain belt.

Subduction-related volcanism creates linear chains of volcanoes. On continents, these are continental
volcanic arcs (the Cascade Range, with peaks like Mt. Rainier and Mt. St. Helens). In the ocean, they form
island arcs (the Mariana Islands).

Rift Valleys and Extensional Features

Rift valleys form where extensional forces stretch and thin the lithosphere. As the crust pulls apart, blocks
of rock drop down along normal faults, creating elongated depressions called grabens.

These rift zones are characterized by:
* Elevated heat flow and volcanism (magma rises as the crust thins)

* Development of deep lake systems in the down-dropped blocks (Lake Tanganyika in the East African
Rift is over 1,470 m deep)

» Thick accumulations of sediment in the rift basin

If rifting eventually stops, the thinned crust cools and subsides, evolving into a passive continental margin.
The Atlantic coast of North America is a good example: it was once an active rift zone when the Atlantic
Ocean first opened, but now it's a quiet, sediment-covered margin.

Plate Tectonics and Sedimentary Basins

Tectonic setting controls where sedimentary basins form, how fast they subside, and what kinds of
sediment fill them. This matters for understanding landscape development and also for locating
hydrocarbon resources.

Key types of tectonically controlled basins:

* Foreland basins — form adjacent to mountain belts due to the weight of the mountains flexing the
crust downward (e.g., the Western Interior Seaway, a shallow sea that once covered central North
America during the Cretaceous)

* Rift basins — form in extensional settings where the crust is pulling apart (e.g., the North Sea basin)
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* Pull-apart basins — form at releasing bends along transform faults (e.g., the Salton Sea area in
southern California)

Each basin type has distinct sedimentation patterns and subsidence rates that influence the resulting
landscape.

Plate Motions and Landscape Evolution

Drainage Pattern Development

Tectonic activity shapes continental-scale drainage divides and river systems. When mountain ranges are
uplifted, they reorganize where water flows, sometimes dramatically.

Uplift can lead to:
» Reorganization of drainage networks as new topographic barriers redirect rivers

* River capture events, where one stream erodes headward and "captures" the flow of another (e.g., the
Wind River system in Wyoming)

» Antecedent streams that maintain their course by cutting down through rising rock. The Colorado
River carving through the uplifting Colorado Plateau to form the Grand Canyon is a classic example.

Changes in base level (the lowest elevation to which a river can erode) also reshape landscapes. Base
level shifts when sea level rises or falls due to plate motions, or when tectonic uplift or subsidence raises or
lowers coastal regions.

Long-term Landscape Changes

Over tens to hundreds of millions of years, the formation and breakup of supercontinents drives sweeping
changes:

* Global ocean circulation patterns shift as seaways open and close (affecting thermohaline circulation
and heat transport)

« Continental weathering rates change as land masses move to different climate zones

Isostatic adjustment is another important long-term process. The lithosphere "floats" on the denser
asthenosphere below. When mountains erode and lose mass, the crust slowly rebounds upward. When
sediment accumulates in a basin, the crust subsides. These adjustments modify regional topography and
drainage patterns over millions of years.

Tectonic subsidence also creates accommodation space, the room available for sediment to accumulate.
This controls the development of large river deltas like the Mississippi Delta, where ongoing subsidence
allows thick sediment sequences to build up.

Tectonic-Climate Interactions

The relationship between tectonics and climate is one of the most important feedback loops in Earth
surface processes.

Orographic effects: When plate tectonics uplifts a mountain range, it forces moist air upward on the
windward side, causing heavy orographic precipitation. The leeward side receives much less moisture,
creating a rain shadow. The contrast between the wet western slopes and dry eastern side of the
Cascades or the Andes illustrates this clearly.
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Weathering feedbacks: Mountain building exposes fresh silicate rock to the atmosphere. Silicate
weathering consumes atmospheric CO>, so periods of major mountain building (like the Himalayan
orogeny) may contribute to long-term global cooling. This is a negative feedback: tectonics builds
mountains, weathering draws down CO>, climate cools, and glacial erosion then modifies the uplifted
landscape.

Ocean circulation: As plates move and continents shift position, ocean current patterns change. The
opening of Drake Passage (~34 Ma) allowed the Antarctic Circumpolar Current to form, thermally isolating
Antarctica and contributing to its glaciation. Closer to the present, the geometry of the Atlantic basin
sustains the Gulf Stream, which redistributes heat northward and influences European climate. Coastal
upwelling zones, like the one driven by the Peru Current off South America, are also tied to the
configuration of coastlines set by plate tectonics.

13.2 Tectonic geomorphology and active faulting

Tectonic geomorphology explores how Earth's surface changes due to tectonic forces and erosion. It's
crucial for understanding landscape evolution, revealing how mountains form, rivers change course, and
landforms develop over time.

Active faulting plays a key role in shaping topography. Fault scarps, offset streams, and unique drainage
patterns are telltale signs of tectonic activity. These features help geologists piece together Earth's
dynamic history and predict future changes.

Tectonic Geomorphology: Landscape Evolution

Defining Tectonic Geomorphology

Tectonic geomorphology studies the interaction between tectonic processes (forces from within the Earth)
and surface processes (erosion, weathering, deposition) that together shape landscapes over time. It pulls
from structural geology, geophysics, and geomorphology to build a complete picture of how tectonics drive
landform development.

Why does this matter? By analyzing geomorphic features and their spatial relationships, you can
reconstruct past tectonic events and estimate rates of crustal deformation. That's directly useful for
assessing seismic hazards and predicting how landscapes will continue to evolve.

The field relies on several key techniques to quantify landscape change:
» Remote sensing for mapping landforms and detecting surface deformation over large areas
* Field observations for ground-truthing and detailed structural measurements

» Geochronology (e.g., cosmogenic nuclide dating, luminescence dating) for determining when surfaces
were created or modified

* Numerical modeling for simulating landscape evolution under different tectonic and erosional
scenarios

At its core, tectonic geomorphology tracks the competition between endogenic processes (tectonic uplift,
faulting, volcanism) that build topography and exogenic processes (weathering, erosion, sediment
transport) that wear it down.
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Significance in Landscape Evolution

* Reveals how internal (tectonic) and external (climatic/erosional) Earth processes interact to produce
the landscapes we see

* Helps identify areas of active tectonism and potential seismic hazards by recognizing geomorphic
signatures of recent faulting

» Enables reconstruction of past tectonic events, such as the uplift history of mountain ranges like the
Himalayas or the Alps

* Provides insights into sediment transport and deposition in tectonically active regions, which matters
for understanding basin stratigraphy

+ Supports natural resource exploration by revealing structural controls on mineral deposits and
groundwater flow

* Informs land-use planning and infrastructure development in tectonically active areas, where
fault-related hazards must be accounted for

Active Faulting Indicators

Topographic Features

Several distinctive landforms signal active faulting. Recognizing these in the field or on imagery is a core
skill in tectonic geomorphology.

Fault scarps are steep, linear breaks in topography created by vertical displacement along a fault plane.
They indicate recent or ongoing tectonic activity. The height and morphology of a scarp can reveal the
fault's slip history: a tall, sharp scarp suggests recent large-magnitude displacement, while a degraded,
rounded scarp indicates an older event modified by erosion.

Triangular facets are triangular-shaped hillslopes that develop at the base of mountain fronts due to normal
faulting. As the footwall is uplifted and the hanging wall drops, erosion carves V-shaped valleys into the
escarpment, leaving triangular remnants between them. Their size and steepness relate to the balance
between fault activity rate and erosion rate.

Shutter ridges are elongated hills produced by lateral movement along strike-slip faults. A ridge on one
side of the fault slides across and blocks or deflects drainage on the other side. The Carrizo Plain along the
San Andreas Fault in California has classic examples.

Pressure ridges and sag ponds form along strike-slip faults where the fault trace bends or steps:
* Pressure ridges develop at restraining bends where compression uplifts the surface

» Sag ponds develop at releasing bends where extension creates depressions that often fill with water
or sediment

Drainage System Indicators

Rivers and streams are sensitive recorders of tectonic activity because they respond to changes in
gradient, base level, and rock resistance.

Offset streams show abrupt lateral shifts where they cross an active fault. Wallace Creek along the San
Andreas Fault is a textbook example: the stream channel is displaced roughly 130 meters to the right,
recording cumulative strike-slip motion.
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Knickpoints are abrupt changes in a river's longitudinal profile caused by tectonic uplift. When a fault uplifts
a block, the river steepens locally, and this steep reach migrates upstream over time as the river erodes
through the uplifted zone.

Linear valleys and aligned drainage often trace active faults because erosion preferentially exploits the
fractured, weakened rock along fault zones.

Wind gaps and water gaps develop where rivers interact with uplifting terrain:

» A water gap is an active river course that has maintained its path by cutting through a rising structure
(e.g., the Delaware Water Gap through the Appalachian ridges)

» A wind gap is an abandoned water gap where the river was defeated by uplift or captured by another
stream, leaving a dry notch in the ridge

Active Faulting: Shaping Topography

Regional Landform Development

Active faulting creates and maintains topographic relief by offsetting rock units and generating zones of
weakness that erosion exploits. Over geologic time, fault systems control the development of major
landforms:

» Mountain ranges like the Sierra Nevada, uplifted along a major normal fault on its eastern side

» Extensional basins in the Basin and Range Province, where alternating horsts and grabens create
parallel mountain ranges separated by flat valleys

* Rift valleys like the East African Rift, where continental crust is being pulled apart

The morphology of mountainous terrain reflects the ongoing competition between fault-driven uplift and
erosion. Where uplift outpaces erosion, relief grows. Where erosion dominates, mountains are worn down.

Fault activity also drives sedimentary basin formation through subsidence of the hanging wall. The San
Joaquin Valley in California, for instance, is a tectonically controlled basin where subsidence has created
accommodation space for thick sedimentary sequences, directly shaping the regional landscape.

Drainage Network Influence

Active faulting reshapes drainage networks in several ways:
+ Creating topographic barriers that block or redirect rivers
» Changing base levels, which forces rivers to incise or aggrade
* Altering channel gradients, triggering knickpoint migration

Faults can cause river capture (also called stream piracy), where one river system steals flow from another
due to tectonic tilting or barrier creation. The Gunnison River capture in Colorado is a well-known example.

Localized zones of high erosion along faults produce distinctive features like wind gaps and water gaps. In
fault-bounded basins, tectonic activity controls where sediment accumulates and how thick deposits
become. In some cases, faulting causes drainage reversals or creates endorheic basins (internally drained
basins with no outlet to the ocean), common in tectonically active continental interiors.
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Fault Type, Slip Rate, and Landforms

Fault Types and Associated Landforms

Different fault types produce different landscape signatures:

Normal faults create asymmetric mountain ranges with a steep, faulted escarpment on one side and a
gentler dip slope on the other. Tilted fault blocks are characteristic. The Wasatch Range in Utah is a classic
example, with its dramatic western escarpment rising above the Salt Lake Valley.

Reverse (thrust) faults tend to produce more symmetrical mountain ranges with thrust-related folding. The
San Gabriel Mountains in southern California are bounded by reverse faults that accommodate
compression at a bend in the San Andreas system.

Strike-slip faults generate a distinctive suite of features: offset drainages, shutter ridges, and pull-apart
basins that form at releasing stepovers. The Dead Sea Basin is a pull-apart basin along the Dead Sea
Transform fault. The degree of offset on any feature relates to the fault's slip rate and the age of the
feature.

Slip Rate and Landscape Evolution

The slip rate of a fault (how fast the two sides move relative to each other) controls how rapidly the
landscape changes. Higher slip rates generally produce more pronounced, rapidly evolving geomorphic
features.

The key relationship to understand is the balance between fault slip rate and erosion rate:
» When slip rate exceeds erosion rate, tectonic landforms accumulate and relief grows
* When erosion rate exceeds slip rate, tectonic features are degraded and eventually erased
* The persistence of any fault-related landform depends on this balance

Variations in slip rate along the length of a single fault create differential uplift or subsidence. This produces
complex topographic patterns and influences how drainage networks develop along the fault zone.

Fault slip rates can be estimated by measuring the displacement of geomorphic markers (offset terraces,
alluvial fans, stream channels) and dating them with techniques like cosmogenic nuclide exposure dating
or radiocarbon dating. These measurements allow you to quantify long-term rates of landscape evolution
and compare them across different tectonic settings.

13.3 Uplift, subsidence, and their geomorphic effects

Uplift and subsidence shape Earth's surface, creating diverse landscapes. These processes, driven by
plate tectonics, alter elevation and relief, influencing erosion rates, river systems, and coastal features.
Understanding their effects is crucial for grasping landscape evolution.

Tectonic forces cause vertical movements that interact with erosion, sedimentation, and sea-level
changes. This dynamic interplay creates landforms like mountains, valleys, and coastal plains. Isostatic
adjustments further complicate the picture, adding another layer to Earth's ever-changing surface.
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Tectonic Uplift vs Subsidence

Vertical Displacement and Tectonic Settings

« Tectonic uplift vertically displaces Earth's surface upward due to plate tectonic forces, increasing
elevation

» Subsidence moves Earth's surface downward, decreasing elevation
« Uplift typically occurs in compressional tectonic settings (convergent plate boundaries)
* Subsidence often happens in extensional settings or sedimentary basins

» Rate and duration of uplift or subsidence determine resulting landforms and geomorphic processes

Geomorphic Consequences

« Uplift increases relief, steepens slopes, and enhances erosion rates

» Forms deeply incised valleys, gorges, and rejuvenated landscapes

 Subsidence creates sedimentary basins, coastal plains, and submerges land areas
* Develops accommodation space for sediment accumulation

* Both processes change base level, affecting river systems

» Alters erosional and depositional patterns

» Examples of uplift-induced landforms (Rocky Mountains, Andes)

» Examples of subsidence-induced features (North Sea Basin, Mississippi Delta)

Uplift and Subsidence Impacts on Erosion

Erosion Rates and Sediment Transport

« Uplift increases erosion rates by steepening slopes and increasing stream gradients

* Enhances stream power and sediment transport efficiency

» Subsidence decreases erosion rates in subsiding areas

* Increases erosion in adjacent uplifted regions

* Creates accommodation space for sediment deposition

* Interaction between uplift/subsidence rates and erosion rates determines landscape equilibrium state
» Dynamic equilibrium vs. disequilibrium

+ Alters sediment transport patterns from source to sink

* Affects sediment distribution across landscapes

River Systems and Drainage Patterns

* Uplift causes river incision and terrace formation

+ Subsidence leads to river aggradation and alluvial plain development
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+ Base level changes shift erosional and depositional zones within drainage basins
* Influences drainage pattern development

» Antecedent streams (Colorado River through Grand Canyon)

* Drainage reversals (Amazon River)

* Examples of uplift-induced river changes (Yangtze River gorges)

» Examples of subsidence-induced river changes (Mississippi River delta)

Coastal Landscapes: Uplift vs Subsidence

Coastal Landform Development

« Coastal uplift forms marine terraces

* Flat, elevated surfaces representing former sea levels

* Record past sea-level changes and tectonic activity

« Uplift causes emergence of wave-cut platforms and sea cliff formation

» Subsidence develops extensive coastal plains

» Submerges former land surfaces

* Creates estuaries and drowned river valleys

+ Subsidence leads to drowning of coastal features and barrier island development

« Interplay between uplift/subsidence rates and sea-level changes determines coastline transgression
or regression

» Examples of uplifted coasts (California coast)

» Examples of subsiding coasts (Louisiana Gulf Coast)

Preservation and Abrupt Changes

+ Uplift/subsidence rate relative to sea-level change influences coastal landform preservation
* Tectonic activity causes abrupt coastal landscape changes

+ Coseismic uplift events create new land

» Sudden subsidence submerges coastal areas

* Impact varies based on rock type, sediment supply, and wave energy

» Examples of preserved uplifted coastlines (Napier, New Zealand)

» Examples of rapidly subsiding coastlines (Venice, Italy)

Isostatic Adjustments in Response to Tectonics

Isostatic Principles and Tectonic Influences

* Isostasy maintains gravitational equilibrium between Earth's crust and mantle
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* Crust "floats" on denser mantle

* Isostatic adjustments occur to maintain equilibrium when crustal loading or unloading changes
» Tectonic processes cause isostatic adjustments as crust thickens or thins

* Mountain building or rifting leads to vertical surface movements

+ Adjustment rate depends on mantle viscosity and load change magnitude

* Results in delayed landscape responses to tectonic or erosional events

Erosional and Glacial Isostatic Adjustments
« Erosional unloading of mountain ranges triggers isostatic uplift (isostatic rebound)
* Prolongs mountain range lifespan
* Influences geomorphic evolution
* Glacial isostatic adjustment responds to ice sheet loading and unloading
+ Causes vertical surface movements continuing long after ice melts
* Isostatic adjustments influence regional drainage patterns and sediment transport pathways
* Redistributes erosional and depositional zones
» Examples of erosional isostatic rebound (Appalachian Mountains)

» Examples of glacial isostatic adjustment (Scandinavia)

13.4 Earthquakes and their impact on landscapes

Earthquake Generation Mechanisms

Earthquakes reshape landscapes in seconds, triggering landslides, altering rivers, and shifting coastlines.
These sudden changes set off a chain of geomorphic responses that influence long-term landscape
evolution and sediment dynamics. Understanding how earthquakes originate and propagate is the
foundation for interpreting the surface processes they drive.

Tectonic Stress and Elastic Rebound

Tectonic forces slowly deform rocks along fault lines, storing energy as elastic strain. When the
accumulated stress exceeds the frictional strength of the fault, the rock snaps back to its undeformed
shape and releases that stored energy as seismic waves. This is elastic rebound theory, and it explains
why earthquakes are sudden rather than gradual.

 Focal mechanism describes the orientation of the fault plane and the direction of slip. It tells you what
type of faulting occurred (normal, reverse, or strike-slip) and reveals the tectonic forces at work.

+ Magnitude scales quantify the energy released. The moment magnitude scale (Mw) is the standard for
large earthquakes because it doesn't saturate at high magnitudes the way the older Richter scale does.

* Intensity scales like the Modified Mercalli Intensity (MMI) measure observed surface effects, from
barely felt shaking (MMI 1) to total destruction (MMI XIlI). Intensity depends on distance from the
epicenter, local geology, and building construction.
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Plate Boundary Earthquakes

Most earthquakes occur at plate boundaries, and the type of boundary controls earthquake depth,
magnitude, and landscape impact.

» Convergent boundaries produce the widest range of earthquake depths. In subduction zones,
earthquakes can be deep-focus (up to ~700 km), tracing the path of the descending slab along the
Wadati-Benioff zone. In continental collision zones (e.g., the Himalayas), earthquakes are shallower but
can still be very large.

« Divergent boundaries generate shallow earthquakes of low to moderate magnitude, driven by
extensional stress during rifting and seafloor spreading. The Mid-Atlantic Ridge is a classic example.

* Transform boundaries produce shallow, high-magnitude strike-slip earthquakes. The San Andreas
Fault is the textbook case, where the Pacific and North American plates slide past each other.

Intraplate Seismicity

Not all earthquakes happen at plate boundaries. Intraplate earthquakes occur within the interior of tectonic
plates, often from reactivation of ancient faults or far-field stress transfer from distant plate boundaries.

These events are less frequent, but they can be highly destructive because the crust in plate interiors
transmits seismic energy more efficiently over long distances. The New Madrid Seismic Zone in the central
United States produced a series of My ~7.0+ earthquakes in 1811-1812 that were felt across much of
eastern North America.

Earthquake Geomorphic Effects

Mass Movements and Ground Deformation

Seismic shaking destabilizes slopes and deforms the ground surface in several ways:

» Mass movements: Shaking triggers rockfalls, debris flows, and large-scale landslides, particularly on
steep or already-unstable hillslopes. The intensity of shaking and local slope conditions determine
which types dominate.

« Surface rupture: When a fault breaks through to the surface, it creates fault scarps (small cliffs) and
offsets features like streams, roads, and ridgelines. These offsets are direct markers of coseismic
displacement.

+ Regional uplift or subsidence: Large earthquakes can raise or lower entire blocks of crust by meters.
This changes coastlines, shifts drainage divides, and resets local base levels for erosion. The 1964
Alaska earthquake (Mw 9.2) uplifted parts of the coast by up to 10 m and dropped other areas by 2 m.

+ Soil compaction and fissuring: Seismic waves compact loose soils, causing localized subsidence and
opening ground cracks, especially in areas with thick, unconsolidated sediment.

Liquefaction and Hydrological Impacts

Liquefaction happens when seismic shaking causes water-saturated, loosely packed sediments to lose
their strength and behave like a fluid. The grain contacts break down, pore water pressure spikes, and the
ground can no longer support structures. This is why buildings on reclaimed land or river deltas are
especially vulnerable.

Earthquakes also trigger major hydrological changes:
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» Tsunamis generated by large undersea earthquakes (especially at subduction zones) rework
coastlines through intense erosion, sediment transport, and redeposition. The 2004 Indian Ocean
tsunami dramatically reshaped shorelines across multiple countries.

+ Secondary effects include dam failures, changes in spring discharge, and shifts in groundwater levels.
Landslide dams (discussed below) can impound rivers and later fail catastrophically, causing
downstream flooding that further reshapes the landscape.

Earthquakes and Landscape Change

Immediate Geomorphic Responses

Earthquakes accomplish in seconds what normal surface processes take years or centuries to achieve.

» Coseismic landslides instantly reshape hillslopes, stripping material from ridges and filling valleys with
debris. This changes local relief and disrupts drainage networks.

* Landslide dams form when debris blocks river channels, impounding water to create new lakes. These
dams alter the longitudinal profile of the stream, creating a local base level upstream and starving the
channel of sediment downstream.

+ Coastal uplift or subsidence creates new marine terraces (where the coast rises) or submerges
coastal plains (where it drops). Either scenario initiates a new cycle of erosion or deposition as the
landscape adjusts to its new elevation relative to sea level.

Long-term Landscape Evolution

The effects of a single earthquake don't end when the shaking stops. Each event triggers a cascade of
adjustments that ripple through the landscape system:

1. Initial disruption: Landslides, surface rupture, and elevation changes alter slopes, channels, and base
levels.

2. Geomorphic response: Rivers adjust to new sediment loads and altered gradients. Hillslopes begin to
stabilize or continue failing.

3. Post-seismic relaxation: Afterslip on faults and viscoelastic relaxation of the crust continue to modify
surface elevations for years to decades.

4. |sostatic adjustment: Over longer timescales, the crust adjusts to redistributed mass (e.g., eroded
mountain material deposited in basins).

The frequency and magnitude of earthquakes in a region control the long-term balance between tectonic
uplift and erosion. In highly seismic orogens, repeated earthquakes supply enormous volumes of sediment
that keep erosion rates high, maintaining steep, dynamic landscapes.

Earthquake-Induced Landslides and Landscape Evolution

Sediment Dynamics and River System Impacts

Earthquake-triggered landslides are among the most important sediment sources in tectonically active
mountain belts. A single large earthquake can mobilize enough material to overwhelm a river's normal
sediment transport capacity for years.

» Aggradation: The sudden influx of landslide debris causes river channels to fill with sediment, raising
bed elevations and reducing channel gradients. This can shift rivers from incising to depositing,
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fundamentally changing their behavior.

* Landslide dams and base level: Dams created by landslide debris act as temporary local base levels.
Upstream, rivers deposit sediment behind the dam. Downstream, reduced sediment supply can trigger
channel incision.

» Dam breaching: When a landslide dam fails, the resulting outburst flood causes rapid incision through
the dam material and catastrophic flooding downstream. This reshapes valley floors and floodplains in
hours.

Long-term Geomorphic Consequences

The sediment pulse from a major earthquake can take decades to work through a river system. This has
several important implications:

* Elevated denudation rates: Catchments affected by earthquake-induced landslides export sediment at
rates far above background levels for 10-100+ years. Studies of the 2008 Wenchuan earthquake (Mw
7.9) in China showed that landslide-derived sediment dominated river loads for well over a decade.

+ Spatial variability: Not all catchments respond equally. The distribution of landslides depends on
shaking intensity, slope steepness, rock type, and moisture conditions. Some valleys are buried in
debris while neighboring ones are barely affected.

« Climate-tectonic interaction: The rate at which earthquake-derived sediment is flushed from hillslopes
and transported through rivers depends on rainfall and runoff. In monsoon-dominated settings like the
Taiwan orogen, typhoons remobilize coseismic landslide debris, creating complex, non-linear sediment
pulses that shape landscape evolution over decades to centuries.
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Unit 14 — Human Impacts on Earth
Processes

14.1 Land use changes and their geomorphic consequences

Land use changes dramatically impact Earth's surface processes. Deforestation, agriculture, and
urbanization alter soil stability, erosion rates, and watershed dynamics. These human activities can
increase erosion, trigger landslides, and modify river systems, leading to long-term landscape changes.

Mitigating these impacts requires careful planning and management. Regulatory approaches, best
practices in agriculture and construction, and restoration efforts can help balance development with
geomorphic sustainability. Understanding these processes is crucial for managing human-environment
interactions and preserving landscape resilience.

Deforestation and Erosion

Impact on Soil Stability and Erosion Processes

+ Deforestation removes protective canopy and root systems stabilizing soil
* Increases soil exposure and vulnerability to erosion

» Reduces rainfall interception enhancing splash erosion

» Deforested areas experience higher rates of surface runoff

* Increases potential for sheet, rill, and gully erosion

» Sediment yield in deforested watersheds can increase by orders of magnitude (100-1000 times
higher)

* Loss of organic matter input from trees alters soil structure
+ Reduces soil cohesion and resistance to erosive forces

» Changes soil aggregate stability and porosity

Slope Stability and Long-term Effects
* Deforestation on steep slopes can trigger mass wasting events
+ Landslides and debris flows become more likely
» Reduced soil stability and increased pore water pressure contribute to slope failure
* Timescale of erosional response to deforestation varies
» Some effects occur immediately (increased surface runoff)
» Others manifest over decades or centuries (changes in soil structure)
* Long-term consequences of deforestation on erosion
« Altered watershed hydrology (reduced water storage capacity)

* Impacts on downstream ecosystems (sedimentation in rivers and lakes)
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* Potential for desertification in susceptible areas

Agriculture and Soil Properties

Tillage and Soil Structure

« Tillage practices disrupt soil structure

* Plowing and harrowing increase soil erodibility

+ Can lead to formation of compaction layers (plow pans)
* Use of heavy machinery causes soil compaction

* Reduces infiltration rates

* Increases surface runoff and erosion potential

* Impacts on soil physical properties

* Alters soil bulk density and porosity

» Changes soil water retention characteristics

Crop Management and Soil Health

* Crop rotation and cover cropping influence soil properties

* Affects soil organic matter content (typically increases with diverse rotations)
« Impacts nutrient cycling and soil aggregate stability

» Enhances erosion resistance (root systems of cover crops)

» Monoculture farming practices impact soil health

* May deplete specific soil nutrients (nitrogen in corn monocultures)

* Reduces biodiversity, affecting long-term landscape resilience

« Irrigation methods alter soil moisture regimes

+ Can lead to salinization (accumulation of salts in soil)

* Potential for soil crusting or enhanced erosion in poorly managed systems

Chemical Inputs and Landscape Modification

* Application of fertilizers and pesticides affects soil chemistry
* Impacts microbial activity and soil fauna

* Influences water quality through runoff and leaching

* Terracing and contour farming modify hillslope profiles

* Alters natural erosion and deposition patterns

* Can reduce overall soil loss on steep slopes

* Long-term effects of agricultural practices on landscape evolution
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» Changes in soil depth and distribution across landscapes

« Alteration of natural drainage patterns and watershed characteristics

Land Use and Watersheds

Urbanization and Hydrological Changes

* Urbanization increases impervious surface area

* Reduces infiltration and groundwater recharge

* Increases surface runoff and alters peak flow characteristics

» Changes in vegetation cover affect water balance

« Alters evapotranspiration rates (typically decreases in urban areas)
* Impacts overall water yield from watersheds

+ Urban heat island effect influences local climate

+ Can alter precipitation patterns and intensity

* Potentially increases erosion during high-intensity storm events

River System Modifications

» Stream channelization and bank stabilization alter natural dynamics
» Modifies sediment transport processes

» Changes channel migration patterns and floodplain development

+ Construction of dams and reservoirs disrupts river continuity

* Alters flow regimes (reduced peak flows, changed seasonality)

* Impacts sediment budgets and channel morphology downstream

* Riparian zone modification affects river-land interactions

* Influences bank stability and erosion rates

* Alters exchange of water and nutrients between terrestrial and aquatic systems

Cumulative Watershed Effects

* Land use changes lead to channel adjustments

+ Can result in channel incision or aggradation

» Depends on balance between sediment supply and transport capacity
» Cumulative effects across watersheds create complex responses

* Non-linear changes in channel morphology and floodplain development
* Potential for threshold behavior and regime shifts in river systems

* Long-term impacts on watershed hydrology and geomorphology
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» Changes in flood frequency and magnitude

« Alterations to sediment delivery to coastal areas and deltas

Land Use Planning for Mitigation

Regulatory Approaches
 Zoning regulations restrict development in sensitive areas
* Floodplains, steep slopes, coastal erosion zones protected
* Reduces risk of property damage and loss of life
* Building codes incorporate geomorphic considerations
» Foundation requirements in areas prone to soil movement
* Setback distances from active geomorphic features (cliffs, rivers)
* Environmental impact assessments for large projects
« Evaluate potential geomorphic consequences before development

* Require mitigation measures to minimize impacts

Best Management Practices and Green Infrastructure

* Implementation of BMPs in agriculture and construction

* Erosion control measures (silt fences, mulching)

» Sediment basins to reduce sediment delivery to water bodies

+ Green infrastructure in urban planning mitigates hydrologic alterations
* Permeable pavements increase infiltration

* Bioswales and rain gardens promote natural water retention

» Low impact development techniques

* Cluster development to preserve open spaces

* Green roofs reduce runoff from buildings

Restoration and Adaptive Management

* Restoration of degraded landscapes mitigates past impacts

+ Reforestation programs to stabilize hillslopes

» Wetland reconstruction to improve water quality and flood control

» Watershed-scale planning approaches consider cumulative impacts

* Recognizes connectivity of geomorphic processes across landscapes
« Coordinates land use decisions across jurisdictional boundaries

* Incorporation of climate change scenarios in planning
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* Anticipates potential geomorphic consequences of changing climate

+ Develops adaptive strategies for long-term landscape resilience

+ Balancing development with geomorphic sustainability

* Requires interdisciplinary collaboration (geomorphologists, engineers, planners)

* Implements adaptive management strategies to respond to changing conditions

14.2 Urbanization and its effects on surface processes

Urbanization drastically alters Earth's surface processes, transforming natural landscapes into built
environments dominated by impervious cover. Cities reshape hydrology, sediment dynamics, and local
climates, leading to increased runoff, altered stream morphology, and urban heat islands.

These changes have far-reaching consequences for both ecosystems and human communities.
Understanding how urbanization modifies surface processes is central to developing sustainable cities and
mitigating environmental degradation as global urban populations continue to grow.

Impervious Surfaces and Runoff

Characteristics and Effects of Impervious Surfaces

Impervious surfaces are materials that prevent water from infiltrating into the soil: concrete, asphalt,
rooftops, and compacted ground. The percentage of impervious cover in a watershed is one of the single
best predictors of hydrologic change.

These surfaces alter the natural hydrologic cycle in several connected ways:
* Reduced infiltration means less water percolates into the ground, lowering groundwater recharge.

* Reduced evapotranspiration occurs because vegetation is replaced by hard surfaces that don't
release moisture.

* Increased volume and velocity of surface runoff results from water having nowhere to go but overland.

A critical metric here is time of concentration, which is the time it takes water to travel from the most distant
point in a watershed to the outlet. Impervious surfaces shorten this dramatically, so rainfall reaches
streams much faster than in natural landscapes.

The relationship between impervious cover and runoff is non-linear. Significant increases in runoff begin at
relatively low levels of imperviousness, around 10-20% cover. This means even moderate suburban
development can meaningfully alter a watershed's hydrology.

Hydrological Impacts in Urban Watersheds

Comparing the hydrograph (a plot of streamflow over time) for an urban watershed versus a natural one
reveals clear differences:

* Higher peak flows because more water reaches the channel faster
« Shorter lag times between rainfall and peak discharge
« Steeper rising and falling limbs, indicating rapid runoff generation and recession

These hydrograph changes translate directly into increased flash flood risk. Beyond flooding, the
consequences cascade through the system:
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* Reduced groundwater recharge lowers water tables, which in turn reduces baseflow (the steady trickle
of groundwater that sustains streams during dry periods).

« Stream flow regimes shift toward more frequent high-flow events punctuated by abnormally low flows
between storms.

» Water quality degrades because runoff picks up pollutants from roads, parking lots, and lawns (oils,
heavy metals, nutrients, sediment) and delivers them rapidly to streams.

Urban Infrastructure Impact on Sediment Dynamics

Alterations to Sediment Transport Processes

Urban infrastructure like storm sewer systems and channelized streams fundamentally modifies how
sediment moves through a watershed. The increased runoff from impervious surfaces generates higher
stream power, which drives accelerated erosion and channel incision in urban streams.

Sediment supply from urban areas follows a distinctive temporal pattern:
1. During construction, exposed soil produces a large pulse of sediment delivery to streams.

2. Once development is complete, surfaces are stabilized with pavement, buildings, and landscaping,
leading to a long-term decrease in sediment supply.

This mismatch matters because streams adjust their geometry based on both water and sediment inputs.
When you increase water discharge but reduce sediment supply, streams erode their beds and banks to
compensate.

Urban infrastructure also creates distinct sediment sinks (like stormwater detention basins that trap
material) and sediment sources (like active construction sites). This produces high spatial variability in
sediment dynamics, even within a single urban watershed.

Channel Stability and Urban Stream Syndrome

The combined effects of increased runoff and altered sediment supply produce a well-documented pattern
called urban stream syndrome. Affected channels typically show:

» Widening as banks erode from higher peak flows
» Deepening (incision) as the stream cuts down into its bed
« Straightening as meanders are cut off or engineered out

Channelization and flood control structures disconnect streams from their floodplains, eliminating natural
areas for sediment storage and energy dissipation during floods. This further destabilizes the channel.

Other characteristic changes include:

« Coarsening of bed material, because fine sediments get washed out by frequent high flows while
coarser gravels and cobbles remain

+ Loss of natural pool-riffle sequences and meander patterns that provide habitat diversity

* Increased bank erosion, which becomes a major sediment source even as upland sediment supply
decreases
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Green Infrastructure for Mitigation

Types and Functions of Green Infrastructure

Green infrastructure refers to engineered systems that mimic natural processes to manage stormwater and
improve water quality. The core idea is to restore some of the infiltration, storage, and evapotranspiration
capacity that impervious surfaces eliminate.

* Bioretention systems (rain gardens, bioswales) capture and filter runoff, reducing both peak flows and
total runoff volume. They help restore more natural hydrologic conditions at the site scale.

» Permeable pavements allow stormwater to infiltrate through the surface, reducing runoff while
promoting groundwater recharge. They're especially useful for parking lots and low-traffic areas.

» Green roofs absorb and store rainfall on building surfaces, significantly reducing rooftop runoff. They
also mitigate the urban heat island effect by replacing dark, heat-absorbing surfaces with vegetation.

* Constructed wetlands and retention ponds act as sediment traps, reducing sediment loads to urban
streams and improving water quality through biological and physical filtering.

Effectiveness and Implementation Considerations

When implemented at sufficient scale, green infrastructure helps restore more natural flow regimes and
sediment dynamics, promoting channel stability and ecological health in urban streams.

Effectiveness depends on several factors:
* Design of individual installations (sizing, materials, plant selection)

« Scale of implementation across the watershed (scattered rain gardens won't fix a heavily urbanized
catchment)

* Integration with existing gray infrastructure (storm sewers, detention basins, engineered channels)

Implementation faces real challenges, including high upfront costs, ongoing maintenance requirements,
and space limitations in dense urban areas. Despite these constraints, green infrastructure provides
co-benefits beyond stormwater management: improved air quality, enhanced biodiversity, and increased
property values in surrounding areas.

Long-term monitoring and adaptive management are necessary to ensure these systems continue
performing as designed, since sediment accumulation, plant die-off, and clogging can reduce effectiveness
over time.

Urban Heat Islands and Soil Formation

Urban Heat Island Effects on Weathering

The urban heat island (UHI) effect occurs when cities are significantly warmer than surrounding rural
areas, driven by heat absorption by dark surfaces, waste heat from buildings and vehicles, and reduced
evaporative cooling from less vegetation. Temperature differences of 1-3°C are common, and can exceed
5°C on calm, clear nights.

These elevated temperatures accelerate chemical weathering processes, particularly affecting building
materials and urban infrastructure (stone facades, concrete, metal structures). Higher temperatures
increase reaction rates, so materials degrade faster in UHI zones.
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UHIs also alter local precipitation patterns. Warmer urban air can trigger more frequent and intense
convective rainfall events, which in turn affect erosion rates and soil formation. Modified local climate
changes soil moisture regimes, influencing both physical and chemical weathering as well as soil biological
activity.

Impacts on Soil Properties and Formation

Urban soils in heat island areas differ substantially from their rural counterparts:

* Accelerated organic matter decomposition occurs because higher temperatures speed up microbial
activity, which alters soil structure and nutrient cycling.

* Increased evaporation from elevated surface temperatures can cause soil desiccation, changing soil
structure and reducing water availability for plants.

+ Altered soil pH results from higher CO2 concentrations and acid deposition in urban atmospheres.
« Shifts in soil microbial communities and fauna affect nutrient cycling and soil aggregation processes.

These effects vary spatially within cities depending on building density, vegetation cover, and proximity to
water bodies.

A distinctive product of urbanization is the formation of Technosols, anthropogenic soils that contain
artificial materials (concrete fragments, brick, ash, industrial waste) and often carry elevated levels of
contaminants like heavy metals. Technosols have unique physical and chemical properties that don't fit
neatly into natural soil classification systems, and they're increasingly recognized as a significant
component of the urban landscape.

14.3 Mining and quarrying impacts on landscapes

Mining and quarrying dramatically reshape landscapes, altering topography and accelerating erosion.
These activities create massive excavations, waste piles, and artificial slopes that increase sediment
transport and trigger slope instability. The impacts extend well beyond the mine site itself, propagating
through river systems and degrading ecosystems downstream.

Reclamation efforts aim to restore mined lands, but the challenges are significant. Geomorphic design
principles and revegetation strategies can produce more stable, natural-looking landforms. Even so,
long-term effects on hydrology, sediment budgets, and water quality often persist for decades or longer,
making careful management and monitoring essential.

Geomorphic Impacts of Mining

Landscape Alteration and Topographic Changes

Mining and quarrying physically remove rock and soil, replacing natural landforms with engineered or
chaotic ones. The scale of alteration depends on the extraction method, but every approach leaves a
distinct geomorphic signature.

» Open-pit mining creates large, deep excavations with steep pit walls and extensive waste rock piles.
Both features are prone to instability and erosion because they far exceed the angles and material
properties of the original terrain.

« Strip mining and mountaintop removal go further, eliminating entire hilltops and filling adjacent valleys
with overburden. This fundamentally rewrites local topography and buries pre-existing drainage
networks.
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+ Quarrying for dimension stone or aggregates produces large geometric cuts into bedrock, disrupting
local drainage patterns and intercepting groundwater flow paths.

* Spoil heaps and tailings piles are entirely new, unconsolidated landforms. They lack the internal
structure and vegetation of natural slopes, making them highly susceptible to mass wasting and surface
erosion.

Mining also accelerates weathering by exposing fresh rock surfaces that were previously shielded
underground. Fracturing during extraction increases surface area, promoting faster chemical weathering.
Changes in temperature and moisture at newly exposed surfaces can also enhance physical weathering,
particularly through freeze-thaw cycling in colder climates.

Erosion and Sediment Transport

Stripping vegetation and soil is one of the most immediate geomorphic consequences of mining. Without
plant cover, bare surfaces are directly exposed to raindrop impact and surface runoff, and the loss of root
networks reduces soil cohesion.

The resulting erosion operates at multiple scales:

* On-site: Rills and gullies form rapidly on exposed slopes, especially on the steep faces of open pits
and waste piles where runoff concentrates.

« Off-site: Eroded sediment enters streams and rivers, increasing turbidity, degrading water quality, and
smothering aquatic habitats.

Altered topography compounds the problem. Mining reshapes drainage so that runoff concentrates in new
locations, often on slopes steeper than anything in the pre-mining landscape. Wind erosion matters too:
fine particulate matter, such as coal dust from open-pit coal mines, can travel significant distances,
affecting air quality and depositing material across surrounding communities.

Mine Waste and Slope Stability

Geotechnical Challenges of Mine Waste

Mine waste disposal creates artificial slopes built from unconsolidated or poorly consolidated material.
Understanding why these slopes fail requires attention to a few key physical properties:

* Particle size distribution controls internal friction and how well the material drains. Coarse, well-graded
waste drains freely and develops higher friction angles; fine-grained tailings retain water and are
weaker.

* Cohesion reflects the strength of inter-particle bonds. Most waste rock has very low cohesion,
behaving more like loose gravel than intact rock.

» Angle of repose sets the steepest angle at which loose material can sit without sliding. Waste piles
built steeper than this threshold will fail.

Tailings dams pose especially serious risks. These impoundments hold fine-grained, water-saturated
waste behind engineered embankments. Failure modes include:

1. Liquefaction during seismic events or when pore water pressures build too high, causing the tailings
to behave as a fluid.

2. Overtopping during extreme rainfall, which can breach the dam and release a catastrophic flow of
tailings downstream.
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Chemical processes add another layer of instability. When sulfide-bearing minerals in waste rock oxidize
and generate acid mine drainage (AMD), the acidic water weakens rock structures, accelerates mineral
dissolution, and can create internal voids that reduce overall slope stability.

Erosion and Sediment Yield from Mine Waste

Waste rock dumps and overburden piles erode through predictable mechanisms, especially during heavy
rainfall:

* Sheet erosion strips material from the broad upper surfaces of waste piles.

* Rill and gully erosion carves channels into steep side slopes, delivering large pulses of sediment to
nearby watercourses.

This sediment increases suspended loads in streams and accumulates in lakes and reservoirs, reducing
their storage capacity over time.

The geometry and construction of waste facilities strongly influence their long-term behavior. Bench height
affects local slope stability, overall slope angle determines global stability, and compaction during
placement improves material strength while reducing infiltration. Revegetation can significantly reduce
erosion rates, but establishing plants on mine waste is difficult. Soils are often nutrient-poor, compacted, or
chemically hostile, so species selection must account for site-specific toxicity and drainage conditions.

Reclamation of Mined Landscapes

Landform Reconstruction and Ecosystem Rehabilitation

Reclamation aims to return disturbed land to a stable, productive, and ecologically viable state. Modern
approaches go beyond simply re-grading slopes; they apply geomorphic landform design principles that
mimic natural terrain.

The core idea is to shape reclaimed surfaces so they resemble the surrounding undisturbed landscape in
form and drainage behavior. This reduces visual impact and, more importantly, improves long-term erosion
resistance because the landforms shed water the way natural hillslopes do.

Soil reconstruction is critical for supporting vegetation:
1. Salvage and stockpile topsoil before mining begins.
2. Replace topsoil over re-graded surfaces during reclamation.
3. Amend with organic matter to rebuild soil structure and nutrient content.
4. Adjust pH where acid-generating materials are present.
Hydrologic restoration re-establishes the drainage networks that mining destroyed:
« Construct stream channels with appropriate dimensions and sinuosity to handle expected flows.
* Build retention ponds to manage surface runoff and trap sediment.

+ Develop wetlands to improve water quality through natural filtration and to provide habitat.
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Revegetation and Monitoring Strategies

Revegetation follows a successional approach. Pioneer species go in first to stabilize soil and improve
growing conditions. Over time, climax species are introduced to promote ecosystem succession toward a
self-sustaining plant community. Species selection should reflect native flora and account for site
conditions, including potential long-term climate shifts.

Monitoring programs track whether reclamation is actually working:
* Erosion rates measured with erosion pins or sediment traps
» Vegetation cover surveys to track plant establishment and species diversity
» Water quality sampling to evaluate changes in runoff chemistry over time

Several factors limit reclamation effectiveness. Soil compaction restricts root penetration and can be
addressed through deep ripping. Acid mine drainage requires active treatment, such as limestone drains or
bioreactors, to neutralize acidity. Toxic metal concentrations may call for phytoremediation, using
metal-accumulating plants to gradually extract contaminants from the substrate.

Mining's Impact on River Systems

Hydrological and Morphological Changes

Mining alters watershed hydrology by rerouting both surface and subsurface flow paths. Typical
consequences include increased peak flows (because impervious or compacted surfaces shed water
faster) and reduced baseflow (because groundwater recharge pathways are disrupted).

The excess sediment delivered from mining areas causes aggradation in river channels. As sediment
accumulates, channels widen and shallow, reducing their capacity to convey flood flows and increasing
downstream flood risk.

Where sediment supply is cut off rather than increased, the opposite occurs. Reaches downstream of
mining operations that trap sediment (in pit lakes or tailings impoundments) become sediment-starved,
leading to channel incision. Rivers may also respond to altered sediment loads through increased lateral
migration and bank erosion as they adjust toward a new equilibrium.

At a regional scale, large mining operations reshape entire sediment budgets by creating new sinks (pit
lakes, tailings impoundments) and new sources (waste dumps, exposed hillslopes). In coastal mining
regions, these changes can propagate all the way to the shoreline, affecting beach sediment supply and
coastal morphology.

Long-term Ecological and Water Quality Impacts

Fine sediment from mining degrades aquatic ecosystems in several ways. Increased turbidity reduces light
penetration, limiting photosynthesis by aquatic plants. Deposited sediment smothers benthic habitats and
buries fish spawning gravels. Over time, species composition shifts toward sediment-tolerant organisms at
the expense of sensitive species.

Contaminants associated with mine waste compound these effects. Heavy metals and other pollutants can
persist in river sediments for decades or centuries, and they bioaccumulate through aquatic food webs,
concentrating at higher trophic levels.

Legacy effects from historical mining remain a major concern for modern river management. Contaminated
sediments stored in floodplains can be remobilized during floods, reintroducing pollutants long after mining
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has ceased. Abandoned mines continue to generate acid drainage indefinitely if left untreated.
Two well-documented examples illustrate these legacy impacts:

* The Clark Fork River in Montana carries contamination from over a century of copper mining and
smelting near Butte. It hosts one of the largest Superfund cleanup efforts in the United States.

» The Rhine River in Germany has been affected by centuries of coal and metal mining in its watershed,
with contaminated sediments still influencing water quality and floodplain management today.

These cases underscore that mining's geomorphic and chemical footprint often outlasts the mining
operation itself by generations.

14.4 Climate change and its influence on geomorphic systems
Sea-level rise and coastal change

Causes and mechanisms of sea-level rise

Sea-level rise is driven by two main factors tied to global warming: thermal expansion of ocean water and
melting of land-based ice. Thermal expansion happens because water molecules physically spread apart
as they warm, increasing the ocean's volume even without adding new water. Melting of glaciers, ice caps,
and the major ice sheets (Greenland and Antarctica) adds water mass directly to the ocean.

Global mean sea level is rising at an accelerating rate, currently about 3.6 mm/year. Projections for 2100
range from roughly 0.3 to 2.5 meters depending on emissions scenarios. That wide range matters for
geomorphology because even the low end significantly changes how waves, tides, and storms interact with
coastlines.

Impacts on coastal geomorphology

Coastal landforms are shaped by the interplay of marine processes (waves, tides, currents) and terrestrial
sediment supply. Higher sea levels shift this balance toward erosion in several ways:

* Enhanced coastal erosion, especially in soft-sediment coastlines. Sandy beaches and barrier islands
are highly vulnerable, and cliff retreat accelerates where rock types are easily eroded.

» Amplified storm surge impacts. Higher baseline water levels mean storm surges reach farther inland,
causing more severe flooding and erosion. On barrier islands, increased overwash drives landward
migration.

« Saltwater intrusion into coastal aquifers and estuaries. This shifts vegetation zones (salt marshes
migrate inland), changes sediment cohesion, and reduces erosion resistance in affected areas.

The Bruun Rule provides a simple model for this: as sea level rises, the shoreline retreats landward and
the beach profile shifts upward, with the retreat distance proportional to the rise. Real coastlines are more
complex, but the principle captures the core dynamic.

Ecosystem responses and human interventions

Coastal ecosystems like salt marshes and mangroves can survive gradual sea-level rise by building up
sediment vertically (vertical accretion). But if the rate of rise outpaces accretion, these systems drown, and
with them go critical ecosystem services like storm buffering and carbon sequestration.

Human interventions create their own geomorphic consequences:
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» Seawalls protect the land directly behind them but often cause beach narrowing and increased
erosion downdrift, since they block natural sediment supply.

» Beach nourishment adds sand to eroding beaches, temporarily offsetting erosion. However, it alters
natural sediment transport pathways and requires repeated application.

» Managed retreat allows natural coastal processes to operate freely but demands significant planning
and relocation of infrastructure.

Each approach trades one set of geomorphic outcomes for another, which is why coastal management
increasingly combines multiple strategies.

Precipitation patterns and hillslope processes

Changes in precipitation patterns

Climate change doesn't just increase or decrease total rainfall; it changes the intensity, duration, and
seasonality of precipitation events. Some regions get wetter, others drier, and nearly everywhere sees
more extreme events.

For hillslope geomorphology, rainfall intensity matters most. Higher-intensity storms generate more surface
runoff, which carries more energy for eroding and transporting sediment. This increases the risk of gully
formation and expansion. Changes in soil moisture also play a direct role: wetter conditions raise pore
water pressure, reducing soil strength, while prolonged dry conditions cause desiccation cracks that later
allow rapid water infiltration during storms.

Impacts on hillslope stability

More frequent extreme precipitation events are increasing the occurrence of shallow landslides and debris
flows. The mechanism works like this:

1. Intense rainfall rapidly saturates the soil.
2. Rising pore water pressure reduces friction between soil particles.
3. The soil loses cohesion and the slope fails, often as a shallow translational slide or debris flow.

This pattern has been documented in places like the Seattle area and mountainous Taiwan, where intense
storms now trigger landslide clusters more frequently.

A particularly dangerous sequence is an extended dry period followed by intense rain. Drought reduces
vegetation cover (weakening root reinforcement) and causes soil cracking. When heavy rain arrives, water
infiltrates rapidly through those cracks, saturating the soil from within rather than just from the surface.

In colder regions, altered freeze-thaw cycles add another layer. More frequent cycling accelerates rock
breakdown through frost weathering, and thawing of frozen ground reduces slope stability, especially
where permafrost is involved.

Compound effects and risk factors
Precipitation changes rarely act alone. They combine with land use changes to amplify hillslope instability:
* Deforestation removes root reinforcement and increases surface runoff.

* Urbanization alters drainage patterns and concentrates water flow into channels that weren't designed
for it.
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« Wildfire (increasingly frequent with warming) strips vegetation and creates hydrophobic soil layers,
setting the stage for post-fire debris flows.

Antecedent moisture is a critical concept here. A single storm rarely triggers a landslide on its own.
Cumulative rainfall over weeks or months raises the background soil moisture, predisposing slopes to
failure. The triggering storm is just the final push. This is why effective landslide hazard assessment
requires monitoring long-term precipitation trends, not just individual events.

Glacial retreat and fluvial systems

Glacial retreat and sediment dynamics

Glaciers worldwide are retreating at accelerating rates, exposing landscapes that have been ice-covered
for centuries or millennia. This deglaciation fundamentally changes sediment dynamics in these regions.

As ice retreats, it leaves behind moraines, till, and other glacial deposits that are now exposed to erosion
by frost action, rainfall, and mass wasting. The result is a large pulse of sediment becoming available for
transport.

Proglacial lakes often form in the basins left behind by retreating glaciers. These lakes serve two
geomorphic roles:

* They act as sediment traps, intercepting material that would otherwise reach downstream rivers. This
modifies the sediment flux that fluvial systems receive.

» They can pose outburst flood hazards (called jokulhlaups) if their moraine or ice dams fail, releasing
large volumes of water and sediment suddenly.

Paraglacial processes and sediment yield

Paraglacial processes are the landscape adjustments that occur after glacial ice retreats. When a glacier
disappears, slopes that were buttressed by ice become unsupported, leading to rockfalls, landslides, and
other mass wasting events.

Sediment yield in recently deglaciated basins follows a characteristic non-linear pattern:
1. An initial pulse of very high sediment yield as unstable deposits are mobilized.
2. A gradual decline over time as slopes stabilize and sediment sources become exhausted.
3. The full adjustment can take decades to millennia, depending on basin size and geology.

Glacial meltwater discharge patterns also shift. As glaciers shrink, the seasonal timing of peak discharge
changes, and the long-term meltwater contribution declines. This reduces stream power in glacially fed
rivers, affecting their capacity to transport the available sediment.

Fluvial system adjustments

Rivers downstream of retreating glaciers often experience aggradation (building up of the channel bed) as
they receive more sediment than they can transport. This triggers several adjustments:

» Channels widen and shift toward braided patterns to accommodate the sediment load.
* Floodplain deposition rates increase.

» Over longer timescales, as sediment supply eventually decreases, channels may transition from
braided to meandering patterns.
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These changes cascade downstream. Altered sediment delivery affects deltas and estuaries, modifies
flood frequency and magnitude, and reshapes riparian habitats. A retreating glacier in the headwaters can
ultimately influence coastal geomorphology hundreds of kilometers away.

Permafrost degradation and landscape stability

Permafrost characteristics and degradation processes

Permafrost is ground that remains at or below 0°C for at least two consecutive years. It covers roughly
24% of Northern Hemisphere land area, with depths ranging from a few meters to over 1,000 meters in
Siberia. This frozen ground is highly sensitive to temperature increases.

When permafrost thaws, the ice within it melts and the ground loses structural support, causing
subsidence. This process creates thermokarst terrain, characterized by irregular, hummocky landscapes
dotted with thermokarst lakes and collapse features called alases.

The active layer (the seasonally thawed surface layer above the permafrost) is thickening as temperatures
rise. A deeper active layer changes hydrological pathways: more groundwater reaches surface water
systems, soil moisture regimes shift, and vegetation patterns change in response.

Geomorphic impacts of permafrost degradation

Arctic coastal erosion is especially dramatic because permafrost thaw and sea-level rise act together.
Ice-rich coastal bluffs lose their structural integrity as they thaw, and wave action removes the weakened
material. Erosion rates exceed 20 meters per year in some locations along the Alaskan coast, destroying
infrastructure and culturally significant sites.

Retrogressive thaw slumps are a characteristic mass wasting process in permafrost terrain. These features
form when thermal erosion exposes ice-rich permafrost along a coastline or riverbank, and the headwall
progressively retreats as it thaws. They can mobilize large volumes of sediment and organic matter,
significantly affecting local sediment budgets.

Vegetation shifts compound these effects. As permafrost thaws, tundra gives way to shrub or forest
ecosystems, which alter the surface energy balance. Darker vegetation absorbs more solar radiation,
potentially accelerating thaw in a local feedback loop.

Biogeochemical and climate feedbacks

Permafrost stores an estimated 1,700 gigatons of carbon in frozen organic matter. As it thaws, microbial
decomposition releases this carbon as COz and CH4 (methane). This creates a positive feedback loop:
warming thaws permafrost, which releases greenhouse gases, which drives further warming.

Methane deserves special attention because its global warming potential is roughly 80 times that of CO>
over a 20-year period. Thermokarst lakes and newly formed wetlands are significant methane sources,
contributing to accelerated warming in Arctic regions.

Thawing permafrost also reorganizes surface hydrology. New drainage networks and wetlands form,
altering biogeochemical cycling of carbon and nutrients. These hydrological changes affect ecosystem
productivity and further modify the rate and pattern of landscape change across vast Arctic regions.
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Unit 15 — Remote Sensing in
Geomorphology

15.1 Principles of remote sensing in geomorphology

Remote sensing for geomorphology

Remote sensing allows geomorphologists to study Earth's surface without being physically present. By
measuring electromagnetic radiation that's reflected or emitted from the ground, researchers can map
landforms, track surface processes, and detect changes across scales ranging from individual boulders to
entire mountain ranges.

Fundamentals of remote sensing

The core idea is straightforward: a sensor (on a satellite, aircraft, or drone) detects electromagnetic energy
coming from Earth's surface, and that energy carries information about what's down there.

Different parts of the electromagnetic spectrum reveal different things:
« Visible light detects surface features, colors, and textures
* Infrared radiation measures surface temperature and vegetation health

» Microwave radiation penetrates clouds and vegetation canopy, making it useful for terrain mapping in
any weather

Spectral signatures are what make identification possible. Every surface material (rock, soil, water,
vegetation) reflects and emits radiation in a characteristic pattern across wavelengths. By analyzing these
patterns, you can distinguish limestone from sandstone, healthy vegetation from stressed vegetation, or
dry soil from saturated soil.

Spatial resolution determines the smallest feature you can actually see in an image:
* High resolution (< 1 m): Individual boulders, small gullies, building-scale features
* Medium resolution (10-30 m): River channels, glacial moraines, landslide scars

* Low resolution (> 250 m): Regional landform analysis like mountain ranges or coastal plains

Remote sensing parameters and systems

Beyond spatial resolution, two other resolution types matter:

» Temporal resolution is how often a sensor revisits the same area. Daily observations can track rapid
events like landslides or volcanic eruptions, while monthly or yearly revisits suit slower processes like
coastal erosion or glacier retreat.

» Radiometric resolution describes how finely a sensor distinguishes differences in energy. A 12-bit
sensor records 4,096 brightness levels per band, while a 16-bit sensor records 65,536. Higher
radiometric resolution helps detect subtle variations in surface moisture or mineral composition.

Remote sensing systems fall into two categories based on their energy source:
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Active systems generate their own energy and measure what returns. - LiDAR (Light Detection and
Ranging) fires laser pulses and measures return time to calculate precise surface elevations. - Radar (e.g.,
SAR) transmits microwave pulses, enabling terrain mapping through clouds and darkness.

Passive systems rely on naturally available energy, either reflected sunlight or emitted thermal radiation. -
Optical sensors capture visible and near-infrared imagery during daylight. - Thermal sensors detect emitted
heat, useful for mapping geothermal activity or surface temperature contrasts.

Remote sensing platforms and sensors

Satellite-based platforms

Earth observation satellites provide global coverage with regular repeat cycles:

* The Landsat series has been collecting multispectral imagery since 1972, giving researchers over 50
years of continuous data for change detection studies.

+ Sentinel missions (part of the EU's Copernicus programme) provide free, open-access data for land
monitoring, maritime surveillance, and atmospheric studies.

High-resolution commercial satellites push spatial detail further. WorldView-3 achieves 31 cm
panchromatic resolution, fine enough to map individual rock outcrops. IKONOS was the first commercial
satellite to offer sub-meter resolution imagery for civilian use.

Synthetic Aperture Radar (SAR) satellites operate in the microwave region. They penetrate cloud cover
and work day or night, and they can measure surface deformation (subsidence, tectonic movement) with
millimeter-scale accuracy using a technique called interferometry.

Airborne and ground-based platforms

Manned aircraft offer flexible data collection. Aerial photography provides high-resolution imagery for
detailed mapping, and airborne LiDAR generates digital elevation models with 1-10 cm vertical accuracy,
which is precise enough to detect subtle fault scarps or floodplain microtopography.

Unmanned Aerial Vehicles (UAVs/drones) have transformed small-area surveys. Structure-from-Motion
(SfM) photogrammetry uses overlapping drone photos to build detailed 3D surface models without
expensive LIDAR equipment. Thermal cameras mounted on drones can map temperature variations in
geothermal areas or track water seepage.

Ground-based platforms fill in the gaps:

* Terrestrial LIDAR scanners capture extremely detailed 3D point clouds of cliff faces, outcrops, or
active landslides, often at centimeter or sub-centimeter resolution.

» Ground-penetrating radar (GPR) sends radar pulses into the subsurface to image buried structures
and stratigraphy, one of the few remote sensing tools that looks below the surface.

Specialized sensors for geomorphology

Multispectral sensors capture data in several discrete wavelength bands. Landsat 8's OLI sensor has 11
spectral bands spanning visible through thermal infrared. ASTER provides 14 bands, with strong thermal
infrared coverage that's particularly useful for geological and mineral mapping.

Hyperspectral sensors take this much further, collecting data across hundreds of narrow, contiguous
bands. The airborne AVIRIS sensor, for example, records 224 bands. This density of spectral information
enables detailed analysis of surface mineralogy and soil properties that multispectral sensors can't resolve.
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Photogrammetric techniques use overlapping imagery to reconstruct 3D surface geometry. Digital
photogrammetry processes satellite or aerial stereo pairs, while Structure-from-Motion (SfM) achieves
similar results using multiple overlapping photos from consumer-grade cameras, making 3D modeling far
more accessible.

Interpreting remote sensing data

Digital image processing and enhancement

Raw remote sensing data needs correction and enhancement before analysis. The main processing steps
are:

1. Radiometric correction adjusts for atmospheric effects and sensor calibration. Dark object subtraction
removes atmospheric scattering, and converting raw digital numbers to reflectance values enables
quantitative comparison across dates and sensors.

2. Geometric correction fixes spatial distortions. Orthorectification uses a DEM to remove
terrain-induced distortions, and image registration aligns multi-temporal datasets so you can compare
them pixel by pixel.

3. Image enhancement improves feature visibility. Contrast stretching expands the range of displayed
pixel values, and band ratioing highlights spectral differences between materials (e.g., vegetation
indices like NDVI, or mineral ratios for lithological mapping).

4. Spectral analysis extracts deeper information from multiple bands. Principal Component Analysis
(PCA) reduces data dimensionality while enhancing subtle features. Spectral unmixing estimates the
proportions of different materials within a single mixed pixel.

Classification and feature extraction

Once data is corrected and enhanced, you classify it to turn continuous spectral data into meaningful
categories.

Supervised classification requires you to provide training samples (pixels you've already identified). The
algorithm then assigns all remaining pixels based on those examples:

» Maximum Likelihood classifiers assign pixels based on statistical probability distributions.

« Support Vector Machine (SVM) classifiers handle complex, non-linear class boundaries more
effectively.

Unsupervised classification groups pixels into spectral clusters without prior training data:
» K-means iteratively refines cluster centers until stable groups emerge.
* ISODATA adjusts the number of clusters during processing, splitting and merging as needed.

Object-Based Image Analysis (OBIA) takes a different approach. Instead of classifying individual pixels, it
first segments the image into meaningful objects (groups of similar pixels), then classifies those objects
using spectral, spatial, and contextual rules. This often produces cleaner results for landform mapping.

Machine learning methods are increasingly common. Random Forest classifiers handle high-dimensional
data well and resist overfitting. Convolutional Neural Networks (CNNs) excel at recognizing spatial
patterns, making them effective for automated landform identification in imagery.

Fiveable archived study guides Page 215



Geomorphological analysis and integration

Change detection monitors how landscapes evolve over time. Image differencing quantifies pixel-level
changes between two dates, while post-classification comparison identifies specific land cover transitions
(e.g., vegetated slope to bare landslide scar).

DEM analysis extracts terrain parameters that are fundamental to geomorphology:
* Slope and aspect calculations reveal topographic characteristics
* Flow accumulation algorithms delineate drainage networks and watershed boundaries

GIS integration enhances interpretation by combining remote sensing data with other spatial datasets.
Overlay analysis can merge satellite imagery with geological maps or soil data, and spatial statistics
quantify patterns in geomorphological features.

Multi-sensor data fusion combines the strengths of different systems. For example, pairing a
LiDAR-derived DEM (precise elevation) with multispectral imagery (surface composition) produces richer
landform classifications than either dataset alone. Similarly, integrating SAR data with optical imagery
provides both all-weather capability and spectral detail.

Advantages vs limitations of remote sensing

Advantages in geomorphological studies

* Large spatial coverage enables regional to global-scale analysis. A single satellite scene can cover an
entire mountain range, and consistent methodology allows comparison across different regions.

» Repeated observations facilitate monitoring over time. Time series analysis reveals long-term trends
like glacial retreat or desertification, and rapid response imaging captures the aftermath of extreme
events like floods or earthquakes.

* Access to remote or dangerous areas expands what's possible. Active volcanoes, polar ice sheets,
and vast desert regions can all be studied without physical presence.

* Non-invasive data collection minimizes disturbance to sensitive environments like coral reefs,
permafrost regions, or protected habitats.

 Multi-scale analysis links fine-scale processes (soil erosion on a single hillslope) to broad landscape
patterns (tectonic uplift across a region) within a single analytical framework.

Limitations and challenges

+ Spatial resolution constraints mean small features like minor sinkholes or subtle fault scarps may go
undetected. Mixed pixels in coarser imagery can also lead to misclassification.

» Temporal resolution gaps can miss rapid events. If a satellite revisits every 16 days, a flash flood that
occurs between passes won't be captured. Cloud cover can also block optical sensors during critical
moments.

» Atmospheric and environmental interference affects data quality. Atmospheric correction methods
introduce their own uncertainties, and dense vegetation canopy can obscure the underlying terrain.

+ Limited subsurface capability is a significant constraint. Most remote sensing techniques observe only
the surface or very near-surface. Deeper structural investigation requires integration with geophysical
methods like seismic surveys.
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* Processing complexity demands specialized expertise. Big datasets require advanced software and
computing resources, and accurate interpretation draws on knowledge spanning physics, geology, and
computer science.

Practical considerations

« Cost varies widely. High-resolution commercial satellite imagery can be expensive for large areas, and
airborne LiDAR surveys require significant investment. However, free data from Landsat and Sentinel
has made many applications accessible.

« Validation and ground-truthing are essential. Field surveys provide in-situ measurements for
calibrating and verifying remote sensing results. Combining traditional fieldwork with remote sensing
consistently produces the most reliable outcomes.

« Ethical and legal issues include privacy concerns with high-resolution imagery of populated areas and
international regulations governing satellite data distribution.

» Technological advancement continues to expand what's possible. Sensor technology keeps improving
spatial and spectral resolution, while cloud computing and Al are transforming how large datasets are
processed and analyzed.

15.2 GIS applications in landscape analysis

GIS applications in landscape analysis give geomorphologists the ability to map, measure, and model
landforms with high spatial precision. By layering multiple datasets in a single environment, GIS transforms
raw spatial data into quantitative insights about surface processes. This topic covers the core GIS
workflows, analytical techniques, remote sensing integration, and applied hazard assessment used in
modern geomorphological research.

GIS for Geomorphological Analysis

Fundamentals of GIS in Geomorphology

A Geographic Information System (GIS) stores, manages, analyzes, and visualizes spatial data tied to
geomorphological features and processes. Its real power comes from integration: you can stack data
layers for topography, geology, hydrology, and land cover into a single comprehensive landscape model,
then query relationships between them.

Core capabilities include:

« Creating high-resolution Digital Elevation Models (DEMs) and derived products like slope maps,
aspect maps, and curvature maps

« Visualizing complex geomorphological data in both 2D and 3D, which makes interpretation and
communication far more effective

* Running temporal analyses to track landscape changes over time, such as erosion rates, sediment
transport volumes, and landform development

Advanced GIS Techniques for Landscape Analysis

Beyond basic mapping, GIS supports quantitative study of landforms through several categories of spatial
analysis:
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Terrain and watershed analysis includes watershed delineation (automatically defining drainage basins
from a DEM), slope stability assessment, and morphometric characterization of landforms.

Geostatistical methods let you predict values at unsampled locations and detect spatial patterns:

* Kriging uses statistical models of spatial correlation to produce best-estimate surfaces with uncertainty
measures

* Inverse Distance Weighting (IDW) estimates values based on proximity to known points, with closer
points weighted more heavily

« Spatial autocorrelation statistics like Moran's | and Getis-Ord G* identify whether geomorphological
features cluster, disperse, or distribute randomly

Interpolation methods improve how you model continuous surfaces from point data. Spline interpolation
produces smooth surfaces and works well for gently varying terrain, while natural neighbor interpolation
handles irregularly spaced point data without requiring you to set search parameters.

GIS Techniques in Geomorphology

Data Preparation and Management

Before any analysis, geospatial data needs to be cleaned and organized. This preparation phase matters
because errors here propagate through every downstream result.

Key preprocessing steps:

1. Georeferencing aligns spatial data to a known coordinate system so that different datasets overlay
correctly

2. Coordinate system transformation ensures compatibility when combining data from different sources
(e.g., converting between UTM zones or from geographic to projected coordinates)

3. Data cleaning removes errors, fills gaps, and resolves inconsistencies in attribute tables or geometry
GIS represents geomorphological features using two fundamental data models:

« Vector data (points, lines, polygons) represents discrete features like river channels, ridgelines, or
mapped landslide boundaries

* Raster data represents continuous surfaces as grids of cells, each holding a value. Elevation, slope,
and land cover are typical raster datasets

For large projects, spatial database management systems (geodatabases) organize both spatial geometry
and attribute data together. Spatial indexing within these databases dramatically speeds up queries on
large datasets.

Analytical Tools and Techniques
Terrain analysis tools quantify landform characteristics directly from DEMs:

* Hillshade simulates illumination from a light source to visualize topographic relief and reveal subtle
surface features

» Contour mapping connects points of equal elevation to represent terrain shape

» Hypsometric analysis plots the distribution of elevation within a basin, which helps evaluate what
stage of landscape evolution a watershed is in (young, mature, or old)
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Hydrological modeling reconstructs drainage patterns from elevation data in a logical sequence:
1. Calculate flow direction for each cell (which neighboring cell would water flow to?)

2. Run flow accumulation to count how many upstream cells drain through each point, revealing
potential stream networks

3. Use accumulation thresholds and pour points to delineate watersheds that define drainage basin
boundaries

Multi-criteria decision analysis (MCDA) combines multiple spatial factors into a single assessment.
Weighted overlay analysis, for example, stacks reclassified layers (slope, soil type, land cover) with
user-defined weights to produce suitability or susceptibility maps. The Analytical Hierarchy Process (AHP)
provides a structured method for assigning those weights by comparing factors pairwise.

Spatial statistics and geoprocessing round out the analytical toolkit:
« Cluster analysis (hot spot analysis) identifies statistically significant spatial concentrations of features
« Buffer analysis creates distance zones around features for proximity studies

« Overlay analysis combines multiple layers through operations like intersection, union, or erase

Remote Sensing and GIS Integration

Remote Sensing Data Sources and Processing

Remote sensing feeds GIS with the raw observations that drive geomorphological analysis. The main data
sources each serve different purposes:

« Satellite imagery (Landsat at 30 m resolution, Sentinel-2 at 10 m) covers broad areas and is ideal for
regional-scale landscape mapping with repeat coverage

« Aerial photographs provide higher resolution for local studies and, when collected over decades, offer
a historical record of landscape change

* LiDAR (Light Detection and Ranging) uses laser pulses to measure surface elevation with
centimeter-level vertical accuracy, making it the gold standard for precise terrain modeling

To extract useful information from imagery, image classification assigns land cover or landform categories
to pixels:

« Supervised classification requires you to define training areas for each class, then the algorithm
assigns remaining pixels based on spectral similarity

» Unsupervised classification groups pixels into clusters automatically based on spectral properties,
which you then label

* Object-based image analysis (OBIA) segments the image into meaningful objects first, then classifies
those objects using shape, texture, and context in addition to spectral values

Multispectral and hyperspectral imagery add further analytical depth. Vegetation indices like NDVI
(Normalized Difference Vegetation Index) use the ratio of near-infrared to red reflectance to map plant
health and distribution. Spectral unmixing decomposes mixed pixels to estimate the proportion of different
surface materials within a single cell.
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Advanced Remote Sensing and GIS Fusion

LiDAR integration is particularly valuable because it produces multiple elevation products from a single
dataset:

* Digital Surface Models (DSMs) represent the top of all surface features, including buildings and
vegetation canopy

* Digital Terrain Models (DTMs) represent bare-earth topography with vegetation and structures filtered

out

* The difference between DSM and DTM yields a canopy height model, useful for analyzing vegetation
structure and its influence on surface processes

Change detection monitors landscape evolution by comparing datasets from different times:

* Post-classification comparison detects categorical changes (e.g., forest converted to bare soil after a
landslide)

+ Image differencing on continuous variables (elevation surfaces, vegetation indices) quantifies how
much change occurred and where

Optical-radar fusion combines complementary strengths. Optical sensors capture spectral information for
visual interpretation and land cover mapping, while synthetic aperture radar (SAR) penetrates clouds and
provides data on surface roughness and soil moisture content.

Photogrammetric techniques within GIS create 3D landscape models from overlapping imagery. Structure
from Motion (SfM) reconstructs 3D surfaces from multiple photographs taken at different angles, often from

drones. Stereo image processing of aerial photograph pairs also generates DEMs, though typically at
lower resolution than LiDAR.

GIS Applications in Geomorphology

Geomorphological Hazard Assessment and Management

Hazard mapping is one of the most impactful applications of GIS in geomorphology because it directly
supports land-use planning and disaster preparedness.

« Landslide susceptibility mapping overlays slope angle, geological substrate, land cover, and rainfall
data to identify areas most prone to failure

* Flood risk assessment integrates topography, channel geometry, hydrological flow models, and
precipitation records to delineate flood-prone zones

« Coastal erosion modeling combines historical shoreline position data with sea-level rise projections to

forecast future retreat
Predictive modeling extends these assessments into the future:

+ Sediment transport models simulate how material moves through river systems under different flow
regimes

+ Coastal morphodynamics simulations forecast shoreline response to storms and long-term wave
climate changes

* Glacial retreat models project ice loss in alpine environments under warming scenarios
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Scenario analysis in GIS lets planners compare outcomes of different management strategies, such as
how land-use changes affect erosion rates, how climate projections alter flood frequency, or how
restoration projects might recover degraded landscapes.

Advanced Geomorphological Analysis and Research

GIS becomes even more powerful when coupled with specialized process models:

* Hydrological models like SWAT (Soil and Water Assessment Tool) and HEC-RAS simulate
watershed-scale water and sediment dynamics

* Erosion models like RUSLE (Revised Universal Soil Loss Equation) and WEPP (Water Erosion
Prediction Project) estimate soil loss under different land management scenarios

+ Landscape evolution models simulate geomorphic change over thousands to millions of years

Web-based GIS platforms have expanded collaborative research through online mapping services for data
sharing, cloud-based processing for handling large datasets, and participatory GIS tools that engage
stakeholders in landscape management decisions.

Several geomorphological indices quantify landscape characteristics and are routinely computed in GIS:

* Topographic Position Index (TPI) compares a cell's elevation to its neighbors, enabling automated
landform classification (ridges, valleys, slopes, plains)

» Stream Power Index (SPI) estimates the erosive power of flowing water by combining slope and
upstream contributing area

 Connectivity Index measures how efficiently sediment moves between landscape compartments

Finally, critical evaluation of GIS limitations keeps results reliable. You should always assess data quality
(accuracy, precision, completeness), consider scale dependency (patterns visible at one scale may
disappear at another), and account for uncertainty propagation as errors compound through multi-step GIS
workflows. Ignoring these issues can produce maps that look authoritative but misrepresent actual
conditions on the ground.

15.3 Digital elevation models and terrain analysis
Digital Elevation Models for Geomorphology

Fundamentals and Applications of DEMs

A Digital Elevation Model (DEM) is a raster grid where each cell stores an elevation value, creating a
continuous 3D representation of a terrain surface. DEMs give geomorphologists the ability to quantify
landscape features and processes across areas far too large to survey on foot.

DEM resolution (the size of each grid cell) controls how much terrain detail you can capture. A 1-meter
DEM reveals individual gullies and terrace scarps; a 30-meter DEM (like SRTM) is better suited for regional
drainage patterns. Higher resolution means finer detail, but also larger file sizes and heavier processing
demands.

From a single DEM, you can extract several topographic attributes that drive surface processes:
+ Slope: steepness of the terrain surface, controlling flow velocity and erosion potential

* Aspect: compass direction a slope faces, which affects solar radiation receipt and moisture availability
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« Curvature: whether the surface is convex (diverging flow) or concave (converging flow)

These attributes form the foundation for nearly every geomorphic analysis described below.

DEM Applications in Geomorphology

» Watershed delineation traces drainage basin boundaries and extracts stream networks directly from
flow-routing algorithms

+ Slope stability analysis identifies areas prone to landslides by combining slope, curvature, and
material properties

* Flood modeling simulates inundation extents and depths for different discharge scenarios

+ Landform classification automatically categorizes terrain into geomorphic units such as ridges, valleys,
and plains

» Sediment transport modeling estimates spatially distributed erosion rates and sediment flux

* Tectonic geomorphology examines how landscapes respond to active faulting and differential uplift,
using metrics like channel steepness and knickpoint distributions

Limitations and Considerations

DEMs are not perfect representations of the real surface. Several sources of error and limitation affect
every analysis you run:

+ Data collection errors stem from instrument accuracy and point density. Sparse survey points in
rugged terrain produce less reliable elevations.

* Interpolation artifacts can smooth out real features (like narrow channels) or introduce false ones,
depending on the algorithm used.

* Surface vs. subsurface: DEMs represent only the ground surface (or, in some cases, the canopy
surface). They tell you nothing about bedrock depth or subsurface structure.

» Temporal resolution is limited. A DEM is a snapshot. Rapid changes from landslides or volcanic
eruptions won't appear unless you acquire new data afterward.

« Vertical accuracy varies with terrain type and collection method. Steep, forested slopes typically have
larger elevation errors than flat, open ground.

+ Edge effects at dataset boundaries can introduce discontinuities, requiring careful mosaicking and
blending when merging adjacent DEMs.

DEM Generation and Processing

Data Acquisition Methods

LiDAR (Light Detection and Ranging) fires laser pulses from an aircraft or drone and measures return
times to calculate elevation. Because laser pulses can penetrate gaps in vegetation canopy, LiDAR is
especially valuable for producing bare-earth models in forested areas. Under ideal conditions, vertical
accuracy reaches sub-meter levels.

Photogrammetry constructs DEMs by matching features across overlapping images and triangulating their
3D positions.
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« Structure from Motion (SfM) uses many overlapping photos from drones or handheld cameras to build
detailed 3D models, often at centimeter-scale resolution for small study sites.

« Satellite stereo imagery enables global-scale DEM generation. Products like ASTER GDEM (~30 m)
and SRTM (~30 m) are freely available and widely used.

Interferometric Synthetic Aperture Radar (INSAR) measures phase differences between radar signals to
derive surface elevation. It works through cloud cover and at night, making it useful for large-scale mapping
in persistently cloudy regions. INSAR also detects subtle surface deformation (millimeter-scale), which is
valuable for monitoring volcanic inflation or fault creep.

Traditional field surveying provides high-accuracy point data for smaller study areas:
+ Total station measurements
« Differential GPS surveys

* Terrestrial laser scanning (TLS) for high-resolution local DEMs

DEM Creation Process

Raw elevation data requires several processing steps before it becomes a usable DEM:

1. Noise removal: Filter out erroneous points and outliers caused by sensor errors, birds, or other
non-ground returns.

2. Georeferencing: Align all data to a common coordinate system and datum so that points from
different sources register correctly.

3. Point classification (for LIDAR): Separate ground returns from vegetation, buildings, and other
above-ground objects. This step is what makes bare-earth DEMs possible.

Once you have clean, classified ground points, interpolation creates a continuous surface from those
discrete measurements:

* Inverse Distance Weighting (IDW) estimates unknown elevations by averaging nearby known points,
weighted by their distance. Closer points have more influence.

* Kriging uses geostatistical models of spatial autocorrelation to produce statistically optimal estimates,
along with uncertainty maps.

* Triangulated Irregular Network (TIN) connects input points into a mesh of non-overlapping triangles.
TINs preserve original data values and adapt triangle density to terrain complexity.

Finally, resampling adjusts the DEM to a target resolution. Bilinear interpolation produces smoother
transitions between cells, while nearest-neighbor resampling preserves original cell values (useful when
you need to avoid altering the data).

Quality Assessment and Error Correction

Before running any analysis, assess DEM quality:

+ Visual inspection using hillshade and contour overlays reveals obvious artifacts like striping, pits, or
flat areas that shouldn't be flat.

« Statistical analysis of elevation distributions and derivatives (slope histograms, for example) can flag
systematic biases.
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» Comparison with reference data, such as GPS checkpoints or higher-accuracy DEMs, quantifies
absolute vertical error.

Common corrections include:
« Stripe removal for sensor-related banding artifacts
+ Void filling using interpolation or auxiliary datasets (e.g., filling SRTM voids with ASTER data)

+ Hydrological conditioning ensures water flows correctly across the DEM by filling spurious sinks and
enforcing drainage through flat areas

Uncertainty assessment is critical for any derived product. Error propagation analysis tracks how DEM
errors affect calculated slopes, volumes, or flow paths. Monte Carlo simulations repeatedly perturb the
DEM within its error bounds to quantify how sensitive your results are to elevation uncertainty.

Terrain Analysis with DEMs
Topographic Attribute Extraction

Slope quantifies terrain steepness, typically calculated using finite difference methods that compare a cell's
elevation to its neighbors. It's expressed in degrees or as percent rise. Slope is fundamental to
understanding erosion potential, mass wasting susceptibility, and overland flow velocity.

Aspect identifies the compass direction each slope faces. South-facing slopes in the Northern Hemisphere
receive more solar radiation, affecting soil moisture, vegetation patterns, and weathering rates. Aspect is
usually represented as an azimuth (0°-360°) or grouped into cardinal/intercardinal directions.

Curvature describes how the surface bends:

* Profile curvature measures curvature in the downslope direction (parallel to flow). Positive profile
curvature indicates a convexity where flow accelerates; negative indicates a concavity where flow
decelerates.

* Plan curvature measures curvature perpendicular to the slope. It controls whether flow converges
(hollows) or diverges (noses/spurs).

Together, these curvature types help delineate ridges, valleys, and zones of erosion versus deposition.

Hydrological Modeling

Flow direction algorithms determine where water moves from each cell. The simplest is the D8 algorithm,
which routes all flow from a cell to whichever of its eight neighbors has the steepest descent. This works
well for channelized flow but forces all water into a single path. Multiple flow direction (MFD) algorithms
distribute flow proportionally among downslope neighbors, better representing diffuse hillslope runoff.

Flow accumulation counts how many upstream cells drain through each cell. Cells with high accumulation
values correspond to stream channels. You define channel initiation by setting a contributing-area
threshold (e.g., all cells with accumulation > 1000 cells become part of the stream network).

The Topographic Wetness Index (TWI) predicts where soil moisture accumulates:

TWI=In (ﬁ)

where @ is the specific upslope contributing area (area per unit contour length) and B is the local slope
angle. High TWI values occur where large contributing areas drain onto gentle slopes, indicating
saturation-prone zones. TWI is widely used in soil mapping and hydrological modeling.
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Advanced Terrain Analysis

Roughness indices quantify terrain complexity at various scales:

* Terrain Ruggedness Index (TRI) calculates the mean absolute elevation difference between a cell and
its neighbors. Simple to compute and interpret.

* Vector Ruggedness Measure (VRM) uses the dispersion of 3D surface normal vectors. It captures
both slope and aspect variability, making it more sensitive to complex terrain than TRI alone.

Roughness metrics are useful for distinguishing geomorphic surfaces (e.g., smooth alluvial fans vs. rough
lava flows) and for ecological habitat modeling.

Geomorphon classification identifies landform elements using pattern recognition based on local ternary
patterns. The algorithm compares each cell's elevation to points at a specified search distance in eight
directions, classifying terrain into 10 common landform types: flat, peak, ridge, shoulder, spur, slope,
hollow, footslope, valley, and pit.

The Topographic Position Index (TPI) compares each cell's elevation to the mean elevation of a
surrounding neighborhood. Positive TPI values indicate ridges or hilltops; negative values indicate valleys
or depressions; values near zero indicate flat areas or mid-slopes. Varying the neighborhood radius lets
you detect landforms at different scales.

Interpreting DEM-Derived Products

Visualization Techniques

Hillshade rendering simulates how sunlight would illuminate the terrain from a specified angle and
elevation. The resulting shaded relief map makes subtle landforms (fault scarps, fluvial terraces, levees)
visually obvious. Adjusting the light source direction can highlight features with different orientations.

Contour maps remain useful for identifying elevation gradients and landform boundaries. Choosing the
right contour interval matters: too fine and the map becomes cluttered, too coarse and you lose important
detail.

3D visualization techniques include draping satellite imagery or thematic layers over a DEM surface,
creating virtual fly-throughs, and using augmented reality in the field. These approaches are especially
helpful for communicating results to non-specialist audiences.

Quantitative Landscape Analysis

Hypsometric analysis examines the distribution of elevation within a drainage basin. The hypsometric
curve plots the proportion of total basin area at or above each relative elevation. The hypsometric integral
(HIl) summarizes the curve as a single value between 0 and 1. High HI values (~0.6+) suggest a youthful,
tectonically active landscape with much of its mass intact. Low values (~0.3 or below) indicate a more
eroded, mature landscape.

Cross-sectional profiles extract elevation along a transect, revealing valley shapes, terrace levels, and
knickpoints. Stacking multiple parallel profiles creates a swath profile, which shows the range of elevations
across a corridor and is useful for detecting broad tectonic tilting or regional erosion patterns.

Slope-area analysis plots local channel slope against upstream drainage area on log-log axes. In bedrock
rivers, this relationship follows a power law: S = ksA ™~ where Ks is the steepness index and 6 is the
concavity index. Breaks in this scaling relationship help identify transitions between hillslope and fluvial
process domains, or the locations of knickpoints related to base-level change.
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Multi-temporal and Integrated Analysis

Change detection compares DEMs from different time periods to quantify surface changes. This requires
that both DEMs have consistent resolution, coordinate systems, and comparable accuracy. Applications
include estimating landslide volumes, tracking glacier mass balance, and monitoring coastal retreat rates.

DEM differencing subtracts one DEM from another to produce a map of elevation change. Positive values
indicate deposition or uplift; negative values indicate erosion or subsidence. Careful error propagation is
essential here: if your DEM uncertainty is £0.5 m, you can't confidently interpret a 0.3 m elevation change
as real. Significance testing helps distinguish genuine surface change from noise.

GIS integration combines DEM-derived products with other spatial datasets to address complex
geomorphic questions:

+ Overlaying slope and geology maps to assess landslide susceptibility
» Combining TWI with land cover data to model habitat suitability or runoff generation

* Merging terrain attributes with climate data (rainfall intensity, temperature) for spatially distributed soil
erosion modeling (e.g., RUSLE)

15.4 Emerging technologies in geomorphological research

Emerging technologies are revolutionizing geomorphological research. LiDAR, UAVs, and advanced
satellite imagery provide unprecedented detail in mapping and monitoring Earth's surface. These tools
offer high-resolution data capture, specialized sensing capabilities, and powerful data processing
techniques.

These technologies enable researchers to study landscapes at multiple scales, from microscale surface
roughness to regional landform patterns. They're transforming how we understand and analyze fluvial,
coastal, glacial, and tectonic geomorphology, while also raising important ethical considerations in data
collection and use.

Emerging Technologies in Geomorphology

LiDAR and UAV Technologies

+ LiDAR (Light Detection and Ranging) creates high-precision 3D maps of Earth's surface features
using laser pulses

» Enables detailed topographic analysis and change detection in geomorphology
» Excels in producing highly accurate elevation data
* Penetrates vegetation cover effectively

Can be costly and may have limited coverage areas compared to satellite imagery

Unmanned Aerial Vehicles (UAVs) or drones provide flexible and cost-effective platforms for data
collection

* Collect high-resolution imagery for creating digital elevation models (DEMs) of geomorphological
features at various scales
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« Offer flexibility in data collection timing and resolution
« Constrained by battery life, payload capacity, and regulatory restrictions

Limited use for large-scale surveys
Structure-from-Motion (SfM) photogrammetry often used with UAV imagery
* Provides a cost-effective method for creating 3D models

» May have lower accuracy in areas with homogeneous texture or vegetation

Satellite and Radar Technologies

« High-resolution satellite imagery offers global coverage and frequent revisit times
+ Allows for large-scale geomorphological mapping and monitoring of landscape changes over time
* Provides extensive spatial coverage and temporal frequency

May be limited by cloud cover and lower spatial resolution compared to LiDAR or UAV-based imagery
Interferometric Synthetic Aperture Radar (INSAR) measures surface deformation
* Achieves millimeter-scale precision over large areas

« Limited by temporal decorrelation and atmospheric effects

Advanced Data Processing Techniques

» Machine learning and artificial intelligence analyze vast amounts of data generated by emerging
technologies

* Lead to new insights in geomorphological research

Enable automatic classification and mapping of geomorphological features across large regions

Integration of multiple emerging technologies allows for multi-scale analysis
» Ranges from microscale surface roughness to regional landform patterns

* Enhances ability to study complex geomorphological systems

Capabilities of Emerging Technologies

High-Resolution Data Capture

* LiDAR produces highly accurate elevation data
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» Generates point clouds with centimeter-level precision

Effective in penetrating vegetation cover to reveal ground surface
UAVs capture flexible, high-resolution imagery
* Collect data at various altitudes and angles

Achieve sub-centimeter resolution for small study areas
High-resolution satellite imagery provides extensive coverage
« Offers resolutions down to 30 cm for commercial satellites (WorldView-3)
» Enables monitoring of large-scale geomorphological processes
Specialized Sensing Capabilities
* Terrestrial laser scanning (TLS) creates extremely high-resolution point clouds
+ Ideal for small-scale geomorphological features (rock faces, river banks)

Limited in spatial coverage compared to airborne or satellite-based technologies
UAV-based thermal imaging investigates spatial distribution of soil moisture
* Influences geomorphological processes (landslides, soil erosion)

Provides insights into surface temperature variations

INSAR detects subtle ground deformations
* Measures millimeter-scale changes over time

« Useful for monitoring tectonic activity or anthropogenic influences on geomorphology

Data Processing and Analysis

+ Advanced algorithms process vast amounts of remote sensing data

» Machine learning classifies landforms and detects changes automatically

Artificial intelligence extracts patterns and predicts geomorphological evolution
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Multi-temporal analysis enables change detection
» Compares datasets from different time periods

Quantifies rates of erosion, deposition, and landscape evolution
3D modeling and visualization enhance understanding of geomorphological processes
* Create detailed digital terrain models

» Simulate and predict landscape changes over time

Applications of Emerging Technologies

Fluvial Geomorphology
+ LiDAR data quantifies erosion rates and sediment transport in fluvial systems
» Compares multi-temporal high-resolution digital elevation models

Measures channel migration and floodplain evolution
UAV imagery monitors river morphology changes
* Tracks meandering patterns and bank erosion

» Assesses impacts of flood events on river systems

Coastal and Glacial Geomorphology

* Terrestrial laser scanning monitors rock face stability
 Quantifies volumetric changes in coastal cliff erosion studies

Detects precursors to coastal landslides

Structure-from-Motion photogrammetry creates time-series 3D models of glacial retreat

» Measures ice volume loss and associated geomorphological changes in alpine environments

* Tracks formation and evolution of proglacial lakes

Tectonic Geomorphology

* InSAR techniques detect and measure subtle ground deformations

* Related to tectonic activity or anthropogenic influences on geomorphology
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Monitors slow-moving landslides and fault creep
High-resolution satellite imagery maps active fault traces
« Identifies geomorphic markers of recent tectonic activity

+ Assesses seismic hazards in tectonically active regions

Large-Scale Landscape Analysis

* Integration of satellite imagery with machine learning algorithms
» Automatically classifies and maps geomorphological features across large regions

Identifies patterns in landscape evolution at continental scales
Multi-sensor data fusion enhances landscape characterization
» Combines optical, radar, and topographic data

* Improves accuracy of landform classification and change detection

Ethical Considerations of Emerging Technologies

Privacy and Data Security

* High-resolution imagery from UAVs and satellites raises privacy concerns
* Necessitates careful consideration of data collection in populated areas

Requires secure data storage and controlled access to sensitive information
Data ownership and sharing policies need establishment
+ Balances open scientific collaboration with protection of sensitive information

+ Addresses intellectual property rights for derived products and analyses

Environmental and Social Impacts

» Environmental impact of using emerging technologies must be assessed
* UAV disturbance to wildlife in sensitive habitats

Carbon footprint of extensive field campaigns and data processing
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Digital divide in access to emerging technologies may exacerbate inequalities
» Research capabilities differ between institutions and countries

* Potential for bias in global geomorphological studies

Methodological Considerations

* Rapid technological advancement requires continuous training and education
* Ensures researchers can effectively utilize and interpret data from emerging technologies

Challenges traditional curriculum and skill development in geomorphology
Reliance on complex technologies may disconnect researchers from physical landscape
» Emphasizes importance of maintaining field-based skills and observations

Balances remote sensing with ground-truthing and field verification
Integration of emerging technologies with traditional methods raises questions
» Comparability and continuity of long-term datasets

» Reconciliation of new data with established methodologies and theories in geomorphology
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