SOILS AND GEOMORPHOLOGY
Definitions:
Geomorphology (geo(Greek) = earth; morphos = form): the science that studies the evolution of topographic features by physical and chemical processes operating at or near the earth's surface. In geomorphology, the landscape is viewed as an assemblage of landforms which are individually transformed by landscape evolution. Because soils are an integral part of the landforms and landscape, processes occurring on the landscape have implications for soil processes. Conversely, soil processes can be considered to be a part of landscape evolution.

Landscape: the portion of the land surface that the eye can comprehend in a single view.

Landforms: distinctive geometric configurations of the earth's surface; features of the earth that together comprise the land surface

Geomorphic surface: a part of the surface of the land that has definite geographic boundaries and is formed by one or more agents during a given time span. It should be considered as a surface, i.e. similar to a plane, no thickness (z) - only x and y dimensions. Because it is formed during a specific time it is datable, either by absolute or relative means.

Erosion surface: a land surface shaped by the action of ice, wind, and water; a land surface shaped by the action of erosion

Constructional (depositional) surface: a land surface owing its character to the process of upbuilding, such as accumulation by deposition, for example fluvial, colluvial, or eolian deposits).

Geomorphic principles
Practically all work dealing with the distribution of soils on the earth's surface employs geomorphic concepts, and it is especially important in two areas; (1) age, properties, and development rate of soils and (2) hydrologic patterns on landscapes.

Soil age:

Soil development does not commence until erosion or deposition rate has reached a steady state that is less than the rate of soil formation. Thus, the age of the soil may or not be similar to the age of the deposits underlying the soil.

For depositional surfaces, soil age is similar to the age of deposit (normally, slightly younger but related to the depositional event). Thus, radiocarbon or other dating methods of materials in the deposit are useful for determining soil age.

This is not true for erosional surfaces. There may have been multiple erosion episodes since the material was deposited or exposed to sub-aerial processes. Thus, often the best that can be done is a relative age of the surface compared to other geomorphic surfaces in the area.

Law of Superposition - younger beds occur on older beds if they have not been overturned

Age of erosional surfaces

An erosional surface is:

younger than the youngest material it cuts

younger than any structure it bevels

younger than fossils beneath the surface

is the same age or older than terrestrial deposits lying on it

older than the valleys which have been cut below it

younger than materials forming an erosion remnant above it

older than deposits in the valley below it

younger than any adjacent surface which stands at a higher level

older than any adjacent surface which stands at a lower level

A hillslope is the same age as the alluvial valley fill to which it descends but is younger than the higher surface to which it ascends.
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Examples:

A - Bed 1 is younger than Bed 2 because Bed 1 lies on Bed 2

B - Bed 1 is younger than Bed 2 for same reason as A. Curved surface is younger than Bed 1 because it cuts Bed 1.

C - Bed 2 is younger than Bed 1 because Bed 2 lies above the surface that cuts Bed 1. The surface is younger than Bed 1 because a surface is younger than any material it cuts.
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D - Bed 3 is younger than Bed 2, and Bed 2 is younger than Bed 1 because of their position. Bed 4 is younger than Bed 2. There is no information in this diagram than can be used to determine the relative ages of Beds 3 and 4.

Erosional Surface B is younger than Depositional Surface A because B cuts A.

Erosional Element of Surface B and Depositional Element of Surface B are the same age because B is a continuous surface (no nick points). Surface B is younger than surface A because B cuts A. Surface C is younger than Surface B because C cuts B. [image: image3.wmf]Parallel Slope Retreat (
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Depositional surface B is younger than Depositional surface A because B is about the same age as Bed 3. Bed 3 is younger than Bed 2 because 3 overlies 2. Thus, B is younger than A. The short erosion surface between A and B is younger than A and older than B.
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Depositional surface C is the same age across the landscape because it is an eolian deposit and blankets the landscape. This example points out the need to understand parent materials present in an area as well as landscape position when trying to understand relative ages of surfaces. 
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The landscape and parent materials at left illustrate the impact that weathering and paleosols can have on soil development in addition to surface age effects. Weathering zones I, II, and III are related to Surface A. Surface B is younger than surface A. Thus, soils on surface B are younger and less developed than soils under surface A. In addition, the soils on Surface B become less developed downslope (soil at position “a” is more developed than the soil at position “b” because the loess parent materials were weathered (Zone I was more weathered than Zones II and III; weathering associated with Surface A) prior to cutting of Surface B and initiation of soil development on B. The soils on Surface B where the paleosol outcrops (position “c”) exhibit more soil development other soils on Surface B because the parent material at the inception of soil development associated with Surface B was a soil that had formed prior to deposition of the loess associated with Surface A. Apparent degree of soil development at position “c” is the sum of the development in the paleosol and development since Surface B was cut.

Hillslope development

Curved sloping surfaces that make up most landscapes are shaped by the rate at which weathering (or deposition) produces unconsolidated sediments and the rate at which the unconsolidated material (soil) is moved downslope by erosion and other mass wasting processes, primarily creep.

Most upland landscapes have been sculpted by continual erosion and removal of material by streams. Landscape development by erosion, under ideal conditions, can be considered to by cyclic and progress through various stages; youth, maturity, and old age; over time. 

In the early 1900’s, an erosion cycle was proposed by Davis and can be described as follows. 

A recently uplifted surface flat surface has a poorly integrated drainage network with common lakes and swamps. It the youthful stage of landscape development, streams cut channels downward because they are considerably above base level (sea level or elevation of stream outlet). The streams have high gradient (rapid flow velocity and high erosion and transport capacity), the rate of downcutting is high compared to the rate of lateral stream erosion and widening of the valley. Thus, the landscape has broad nearly level interfluves (parts of the landscape between stream valleys) dissected by narrow v-shaped valleys. 

As erosion continues and the landscape enters the “mature” or “normal” stage, streams adjust to load and discharge conditions and become “graded” to the base level. At this point the rate of downcutting and the rate of lateral stream migration and erosion are similar which allows lateral erosion of the valley walls on the outside of stream meanders. As meandering increases, floodplains widen, and the valley walls adjust to hydrologic conditions, i.e. slopes of valley walls become less. The landscape is dominated by valley slopes, interfluve width decreases, and much of the landscape is convex. Continual downwaring of the landscape reduces erosion and the amount of material delivered to streams, and the streams slowly downcut at a rate determined by sediment load in relation to base level (high stream gradient (low base level) and/or minimal sediment load = greater downcutting; low gradient or high sediment load = less downcutting and more lateral migration).
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As these processes continue and the landscape enters “old age”, floodplains and stream valleys become wide and slope adjustment results in a broad, low-relief upland landscape that is only slightly higher than the stream valley. If this landscape is uplifted (or sea level drops), the erosion cycle can begin again. 

T1, T2, etc. = time stages (10,000’s of years separation)

This theory of landscape development had a major influence on theories of soil genesis in the early part of the last century. In mature or normal landscapes, surficial material was being removed at a slow but constant rate determined by climate, landscape characteristics, and rock type. Superposed on the rate of downwaring and loss of surface material was a rate of soil formation also determined by climate, landscape characteristics, and rock type. Thus, the landscape was considered to be in “equilibrium”, i.e. the relative rates of downwaring and soil development determined the characteristics of the soil. While this part of theory is correct, the rest of the theory held that in absence of a change in base level, the two rates changed little over time and the soil developed on the landscape would have the same characteristics over long periods of time. Soils thought to be in this equilibrium were considered to be “normal” soils on “normal” landscapes in equilibrium with the climate. 

An alternant theory of landscape development was proposed by Penck in the 1920’s. 

[image: image9.wmf]B horizon

Paleosol

B 

horizon

Weathering Zone I

Weathering Zone II

Weathering Zone III

Depositional Surface A

Erosional 

Surface B

Unweathered 

Material

a

b

c

Briefly, in Penck’s theory, the youthful stage was the same as that proposed by Davis, i.e. narrow v-shaped valleys. As in Davis’s theory, lateral stream erosion caused valleys to become wider and summits more narrow. However, Penck held that once the valley slope stabilized, it remained constant over time and the valley widened by parallel slope retreat. Interfluves in this model became narrower but little erosion occurred on the upper surface and their elevation remained relatively constant over time. As valleys continually widened, the interfluves would eventually be eroded away, and the “old” landscape would be nearly level similar to that in the Davis model.

Geomorphologists continue to debate which of the two models is “correct”, and landscapes can be observed that support either of the models. Most Pedologists favor Penck’s model because it allows the landscape to have both stable and unstable positions, i.e. backslopes are unstable and “young” because they are continually eroding while interfluves and summit positions erode little and thus, are stable. Soils on stable positions continue to weather and develop as the landscape ages, and soils in advanced stages of development would be present on stable positions on old surfaces. Soils on less stable positions would not be as developed because developed soil at the land surface would be removed continuously and new parent material would enter the zone of soil development. This relationship between degree of soil development and landscape stability can be observed on many landscapes worldwide.

Hillslope position
In humid climates, hillslopes are normally recognized to have 5 components, summit, shoulder, backslope, footslope, and toeslope. Hydrology, soil development, erosion, and parent material are often greatly affected by hillslope position.
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Summit - Most stable element of the landscape. Degree of soil development and soil thickness are a function of the parent materials. If the parent material is permeable, the soils will be well developed and thick. If the summit is level, there is little runoff. If the summit is broad and there is a water restrictive horizon in the soils or underlying strata, restricted runoff and deep percolation will result in most of the rainfall staying on and in the soils and the soils will be wet. Restricted percolation will also limit soil development. Convex summits will be better drained.

Shoulder – This position is convex. Thus, it has the highest runoff of any position on the slope. High runoff limits rainfall infiltration and the amount of water moving through the soil. Thus, solum thickness is commonly at a minimum at this position.

Backslope – The dominant process at this position is movement of soil material and water down slope. Soil material can be transported downslope as creep, slope wash, flow, slump, etc. Water moves downslope both over the surface (runoff) and as throughflow. Runoff and erosion make backslopes unstable positions.

Footslope - Concave slopes at the base of the hill characterize this position. The footslope is the depositional part of slope. Water, sediment. and dissolved components may accumulate in soils at this position. Deposition of colluvium make this an unstable hillslope position.

Toeslope - constructional surface. Because of deposition, the toeslope is also an unstable position. Most of the deposition at this position is alluvium from up valley, but there may also be some material from higher landscape positions.

Other Soil-Geomorphic Concepts

One of the five environmental factors that control soil development and characteristics is nature of the parent material. This includes both mineralogical composition and particle size of the sediment. For example, soils developed from shale containing abundant weatherable minerals typically will be clayey and base rich. In contrast, if the parent material is sand composed entirely of quartz, the resulting soil will be sandy with little evidence of soil development because quartz is very resistant to alteration through weathering. 

The characteristics of sedimentary rocks and unconsolidated sedimentary deposits, especially particle size, are strongly influenced by the environment in which the sediments were deposited. Thus, understanding depositional environments and landforms will often be valuable in understanding soil distribution and characteristics. 

Landforms associated with streams:

Floodplains:

Most of the sediments on a floodplain are more or less continuously reworked as the stream channel meanders back and forth across the floodplain. Erosion occurs on the outside of the meanders, and deposition occurs on the point bar on the inside of the meanders. Point bar deposits are referred to as channel deposits in contrast to overbank deposits that settle out on the floodplain surface during floods. Channel deposits are typically coarse grained (including gravel) while texture of overbank deposits vary across the floodplain, i.e. coarser deposits on natural levees adjacent to the channel, and clayey deposits in lower areas of the floodplain where floodwater ponds for a period of time allowing fine particles to settle. There are several other floodplain features that have characteristic particle size distribution and surface configuration. 

An important point is that both mineralogy and particle size of floodplain deposits depend on properties of the material in the source area from which it was eroded. If the headwaters of the stream are in an area with only silty soils and deposits, the floodplain deposits will contain little sand regardless of the landscape position within the floodplain at which they occur.

Stream terraces:

Channel incision responsible for formation of fluvial terraces results from a change in the flow regime of the stream. Factors that may cause this change include:

1. Change of base level, typically sea level change

2. Tetonic uplift (changes elevation of upland in relation to base level (sea level)

3. Climate change that affects load-discharge relationships. Change in rainfall amount or distribution may cause a change in erosion rates in the uplands and the amount of sediment delivered to the stream and/or a change in the flow velocity and transport capacity of the stream. Temperature changes may also affect evapotranspiration rate which will impact stream flow.

The simplest scenario is a sea level drop (lower base level) which increases stream gradient, flow velocity, and transport capacity. If sediment delivery to the stream remains constant, the added stream energy from the gradient increase may cause the channel bottom to erode and the stream to incise. When the stream reaches equilibrium with the new base level, it will again begin to meander, erode the valley walls (older alluvial deposits), and form a new floodplain at a lower elevation. The abandoned higher-elevation floodplain is referred to as a stream terrace.
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The diagram above illustrates paired terraces (same terrace level on each side of new floodplain) cut into older alluvium. There are many other forms of fluvial terraces. A major consideration associated with stream terraces is that the highest elevation terrace is the oldest and the terraces become progressively younger as elevation decreases. Degree of soil development will parallel terrace age and many of our concepts of time for development of pedogenic horizons and features have been developed from studies on fluvial terraces.

Tectonic landforms:

All continents are part of crustal plates and have two common components; cratons and folded linear mountain belts.

Cratons are expansive, stable regions of low relief typically in the central part of the continent and made up of old igneous and metamorphic rocks buried under a relatively thin mantle of sedimentary rocks. The key part of the concept of a craton is stable. Although the old rocks forming the core may have been extensively metamorphosed in the geologic past, the craton has not undergone appreciable metamorphism or rapid uplift for several hundreds of million years. If other processes have not modified the sedimentary veneer of the cration, soils on the craton can be very old because of low relief and low erosion rates. The northern Great Plains of the U.S. and central Canada form the North American craton.

Folded linear mountain belts are common on the margins of continents. Their occurrence is related to current or past collosions of plates. Rocks are typically extensively metamorphosed with intrusions of igneous rocks (Stone Mountain). Because relief is usually high, high rates of erosion prevent development of very mature soils. 

Both the Appalachian and Rocky Mountains are examples of folded linear mountain belts. The Appalachian Mountain chain formed about 300-350,000,000 years ago as the result of the collision of the North American and African plates. The Piedmont of the eastern U.S. is part of this mountain chain, but erosion has worn down the mountains to the rolling landscape we see today. The Blue Ridge and other higher mountain chains further inland were folded and uplifted slightly later that the Piedmont and have not eroded as much. 

The Rocky Mountains formed from the collision of the North American and Pacific plates during the Tertiary epoch (65-1.8 million years before present (ybp)). Because these mountains are considerably younger than the Appalachians, they are higher and steeper. 

Other examples include the Himalayan Mountains, the Alps, and the Andes. Volcanism is also common during this type of mountain building. Volcanic deposits are common in the western U.S. and have been identified in the Appalachians and Piedmont.

Glacial landforms:

Climate change is the rule rather than the exception during the earth’s history. Continental glaciers that covered much of the high latitude regions of the earth during ice ages have sculpted most of the landforms in these areas. During the Pleistocene epoch (1,800,000 to 12,000 ypb), there were multiple glacial advances and these glaciers covered much of the earth’s higher latitudes. In the U.S., glaciers extended as far south as St. Louis, MO during periods of maximum glaciation. 

Glaciers form a wide variety of landforms, and glacial deposits are widely variable. Till, the most widespread type of glacial deposit, was the material pushed, churned, and modified under the glacial ice. An analogy is a huge bulldozer that pushes all the material across the landscape and the resulting deposit is a mixture of whatever was in the path. Till is typically poorly sorted with particle sizes that range from clay to boulders. Composition of the particles depends on what was present in the path of the glacier. Composition of till in the midwestern U.S. is different than that in the northeast because the rock types encountered by the glacier were different.

One type of deposit not formed by the glacier but that is associated with glaciers is loess; silty eolian materials. Even during glaciation, there was winter and summer. During summer, glaciers melted and large quantities of meltwaters flowed away from the glacier in steams. Along with the water were large quantities of sediment. The result was large stream discharges with large quantities of sediment in major rivers such as the present day Ohio, Missouri, and Mississippi rivers. The river channels were very broad to accommodate the flow and large amounts of sediment were deposited in the channel and on the broad floodplain. During winter, the glaciers melted less, and the flow and associated sediment load in the rivers was substantially reduced. The reduced stream flow left large areas of freshly deposited sediment uncovered by water and with no vegetation. This sediment was entrained by wind and deposited in the adjacent uplands where vegetation was present to trap the eolian sediments. Sands were deposited near the channel as eolian dunes. The finer silt and clay were transported further from the channel before being deposited as what we now refer to as loess. 

Loess deposits are extensive in regions that carried glacial meltwaters including the central U.S., northern Europe, and northern Asia. Because it is an eolian deposit, loess is a blanket that covers all existing landforms and rock types. Thickness is uniform on all surfaces locally, but thickness of the loess deposit decreases with distance away from the river source. Near the river valley, the loess may be many meters thick and gradually thins with distance from the source. Because the Midwest U.S. had numerous stream sources, most of this part of the U.S. is has a loess cap that is <1 to several meters thick and blankets whatever rock or sediment that was present (till, sedimentary rocks and deposits). Along the Mississippi River, whose ancestor drained most of the glaciated region of the U.S., thick loess deposits occur as far south as central Mississippi. The loess is several meters thick near the river and thins away from the river to the point that it cannot be identified more than 80-100 km from the river.

Soils associated with glacial landforms have a known age which cannot be older than the time of the glacial advance. The last glacial maximum in North America was about 12,000 ybp. Thus, soils in the central U.S. formed in either glacial deposits or loess are younger than 12,000 years. Soils formed in loess are silty and typically have <10% sand. 

“Marine” landforms and deposits:

The term “marine” deposits is somewhat of a misnomer because most of the deposits we commonly refer to as marine as actually deposited at the sea-land interface. Thus, coastal deposits or continental shelf deposits would be a better term. Most continents have coastal regions, typically with relatively low relief, with unconsolidated sedimentary materials that were deposited in a variety of coastal environments including beaches, dunes, marshes, and deltas similar to those landforms that are currently on the coast. 

As stated earlier, climate change is the norm not the exception. Commonly associated with climate change is a change in sea level. Using Georgia as an example, during the Tertiary epoch, the ocean covered at least the southern half of the State, and some evidence suggests the sea level was as far north as Gainesville at one time during this period (Athens was under water). During the Pleistocene epoch, sea level was as much as 100 m lower than it is currently. 

In coastal plain regions (southern ½ of Georgia), particle size and composition of sediments (soil parent materials) vary with the environment in which they were deposited. For example, soils developed on ancient beach dunes are very sandy. Soils developed in ancient marshes are clayey and the list goes on. Since the sediments were transported to the coast by rivers, mineral composition of the sediments is strongly influenced by the mineralogy of the soils and sediments in the watersheds of the streams.

Limestone is another type of “marine” deposit that is composed of calcite (CaCO3) or dolomite (CaMg(CO3)2). Most limestone was precipitated by marine organisms on the continental shelf some distance from the shoreline (think of coral reefs). Thus, limestone often contains a minimal amount of silicate minerals (quartz, feldspar, clay minerals, etc.). During the Cretaceous epoch (age of the dinosaurs; 146-65 million ybp), warm shallow seas (prime environment for carbonate formation and limestone deposition) covered extensive areas of North America (much of the central part of the continent) and thick limestone deposits occur in these areas. 

As limestone weathers and soil begins to form, the calcite and dolomite dissolve and are leached from the soil in ionic form. Thus, limestone derived soils are formed from the non-carbonate residues which are often clayey. Thus, soils over limestone in humid regions are often clayey and are also often red. In arid regions, limestone derived soils often have accumulations of calcium carbonate in the subsoil because of incomplete leaching of the carbonate. A question to ponder; if a soil derived from limestone that contained 5% silicate residue is 2 m thick, how many feet of limestone were dissolved to form the soil?

Hydrology and Geomorphology

Movement of water and solutes across a landscape depends on geomorphic and stratigraphic relationships including landscape distribution of soil horizons. Landscape configuration of soil and geomorphic surfaces affects surface flow pathways. In a similar manner, landscape configuration and distribution of soil horizons, especially those that are water restrictive, will influence paths for movement of water and solutes in the subsurface.

Water runs downhill over the soil surface and as shallow subsurface lateral water movement. This is captured in Darcy’s Law for saturated flow.

J = Q/A = Ks(dh/L)

Where,

J = flux, units of length/time

Q = volume/time, cm3/day for example

A = area

Ks = saturated hydraulic conductivity, units of length/time

dh = hydraulic head, units of length

L = length of flow path

Darcy’s Law is most commonly applied when discussing vertical water movement through soils, but it is also applicable when considering rate of lateral movement of water across and through a landscape.

Thus, in rolling landscapes with convex hillslope summits such as those in the Piedmont, soils on the lower part of the hillslope will be wetter than soils higher in the landscape. 

In the landscapes with the low relief and broad interfluves (summits), such as the Atlantic Coast Flatwoods, there is little gradient to move water laterally across or through the soil to streams draining the area. As a result, soils in the central part of the interfluve have high seasonal water tables and are often poorly drained. Near streams, the gradient for lateral movement of water is greater and the soils are better drained. This relationship in these landscapes is often referred to as the “Dry Edge” or "Red Edge” effect (soils on edge of the interfluve are better drained and redder than those in the interior). 
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As the width of the interfluve becomes less, the “edge” with sufficient gradient for lateral water movement to the stream comprises a greater proportion of the interfluve and a smaller proportion of the interfluve has poorly drained soils. The endproduct of interfluve narrowing is a rolling landscape in which summits are well drained and lower landscape positions are wetter.
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In addition to differences in soil color, seasonal water table depth also effects other soil properties. For example, greater depths to a seasonal water table results in greater E horizon thickness, more clayey B horizons, less clay in E horizons, decreased BE horizon thickness, and greater content of gibbsite in B horizons of soils in the Atlantic Coast Flatwoods.

The primary reason for these changes in soil properties with depth to seasonal water table is increased water movement through the soil. If the water table is near the surface for much of the year, the soil is not leached because the water table limits vertical water movement. 
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